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TO LOUISE, TATIANA & BRENDAN, ALISON & JOHN, LEAH, OWEN,
ANNA, EMILY & BRIGID

Dear Lord! Kind Lord!
Gracious Lord! I pray

Thou wilt look on all I love,
Tenderly to-day!

Weed their hearts of weariness;
Scatter every care

Down a wake of angel-wings
Winnowing the air.

Bring unto the sorrowing
All release from pain;

Let the lips of laughter
Overflow again;

And with all the needy

O divide, I pray,

This vast treasure of content
That is mine to-day!

James Whitcomb Riley
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PREFACE

The objective of this book is to present methods of power system analysis and
design, particularly with the aid of a personal computer, in sufficient depth
to give the student the basic theory at the undergraduate level. The approach
is designed to develop students’ thinking processes, enabling them to reach a
sound understanding of a broad range of topics related to power system
engineering, while motivating their interest in the electrical power industry.
Because we believe that fundamental physical concepts underlie creative
engineering and form the most valuable and permanent part of an engineering
education, we highlight physical concepts while giving due attention to math-
ematical techniques. Both theory and modeling are developed from simple be-
ginnings so that they can be readily extended to new and complex situations.

This edition of the text features new Chapter 14 entitled, Power Distribu-
tion. During the last decade, major improvements in distribution reliability
have come through automated distribution and more recently through the
introduction of ““smart grids.” Chapter 14 introduces the basic features of pri-
mary and secondary distribution systems as well as basic distribution compo-
nents including distribution substation transformers, distribution transformers,
and shunt capacitors. We list some of the major distribution software vendors
followed by an introduction to distribution reliability, distribution automation,
and smart grids.

This edition also features the following: (1) wind-energy systems model-
ing in the chapter on transient stability; (2) discussion of reactive/pitch control
of wind generation in the chapter on powers system controls; (3) updated case
studies for nine chapters along with four case studies from the previous edition
describing present-day, practical applications and new technologies; (4) an
updated PowerWorld Simulator package; and (5) updated problems at the end
of chapters.

One of the most challenging aspects of engineering education is giving
students an intuitive feel for the systems they are studying. Engineering sys-
tems are, for the most part, complex. While paper-and-pencil exercises can
be quite useful for highlighting the fundamentals, they often fall short in
imparting the desired intuitive insight. To help provide this insight, the book
uses PowerWorld Simulator to integrate computer-based examples, problems,
and design projects throughout the text.

PowerWorld Simulator was originally developed at the University of
Illinois at Urbana—Champaign to teach the basics of power systems to
nontechnical people involved in the electricity industry, with version 1.0 in-
troduced in June 1994. The program’s interactive and graphical design made

xiii
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xiv PREFACE

it an immediate hit as an educational tool, but a funny thing happened—its
interactive and graphical design also appealed to engineers doing analysis of
real power systems. To meet the needs of a growing group of users,
PowerWorld Simulator was commercialized in 1996 by the formation of
PowerWorld Corporation. Thus while retaining its appeal for education, over
the years PowerWorld Simulator has evolved into a top-notch analysis pack-
age, able to handle power systems of any size. PowerWorld Simulator is now
used throughout the power industry, with a range of users encompassing uni-
versities, utilities of all sizes, government regulators, power marketers, and
consulting firms.

In integrating PowerWorld Simulator with the text, our design philoso-
phy has been to use the software to extend, rather than replace, the fully
worked examples provided in previous editions. Therefore, except when the
problem size makes it impractical, each PowerWorld Simulator example in-
cludes a fully worked hand solution of the problem along with a PowerWorld
Simulator case. This format allows students to simultaneously see the details
of how a problem is solved and a computer implementation of the solution.
The added benefit from PowerWorld Simulator is its ability to easily extend
the example. Through its interactive design, students can quickly vary example
parameters and immediately see the impact such changes have on the
solution. By reworking the examples with the new parameters, students get im-
mediate feedback on whether they understand the solution process. The inter-
active and visual design of PowerWorld Simulator also makes it an excellent
tool for instructors to use for in-class demonstrations. With numerous exam-
ples utilizing PowerWorld Simulator instructors can easily demonstrate many
of the text topics. Additional PowerWorld Simulator functionality is in-
troduced in the text problems and design projects.

The text is intended to be fully covered in a two-semester or three-
quarter course offered to seniors and first-year graduate students. The orga-
nization of chapters and individual sections is flexible enough to give the
instructor sufficient latitude in choosing topics to cover, especially in a one-
semester course. The text is supported by an ample number of worked exam-
ples covering most of the theoretical points raised. The many problems to be
worked with a calculator as well as problems to be worked using a personal
computer have been expanded in this edition.

As background for this course, it is assumed that students have had
courses in electric network theory (including transient analysis) and ordinary
differential equations and have been exposed to linear systems, matrix algebra,
and computer programming. In addition, it would be helpful, but not neces-
sary, to have had an electric machines course.

After an introduction to the history of electric power systems along
with present and future trends, Chapter 2 on fundamentals orients the students
to the terminology and serves as a brief review. The chapter reviews phasor
concepts, power, and single-phase as well as three-phase circuits.

Chapters 3 through 6 examine power transformers, transmission-line
parameters, steady-state operation of transmission lines, and power flows
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including the Newton-Raphson method. These chapters provide a basic
understanding of power systems under balanced three-phase, steady-state,
normal operating conditions.

Chapters 7 through 10, which cover symmetrical faults, symmetrical
components, unsymmetrical faults, and system protection, come under the
general heading of power system short-circuit protection. Chapter 11 (pre-
viously Chapter 13) examines transient stability, which includes the swing
equation, the equal-area criterion, and multi-machine stability with modeling
of wind-energy systems as a new feature. Chapter 12 (previously Chapter 11)
covers power system controls, including turbine-generator controls, load-
frequency control, economic dispatch, and optimal power flow, with reactive/
pitch control of wind generation as a new feature. Chapter 13 (previously
Chapter 12) examines transient operation of transmission lines including
power system overvoltages and surge protection. The final and new Chapter 14
introduces power distribution.

ADDITIONAL RESOURCES

Companion websites for this book are available for both students and in-
structors. These websites provide useful links, figures, and other support ma-
terial. The Student Companion Site includes a link to download the free stu-
dent version of PowerWorld. The Instructor Companion Site includes access
to the solutions manual and PowerPoint slides. Through the Instructor Com-
panion Site, instructors can also request access to additional support mate-
rial, including a printed solutions manual.

To access the support material described here along with all additional
course materials, please visit www.cengagebrain.com. At the cengage-
brain.com home page, search for the ISBN of your title (from the back cover
of your book) using the search box at the top of the page. This will take you
to the product page where these resources can be found.
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LISTOF SYMBOLS, UNITS, AND NOTATION

Symbol Description Symbol Description
a operator 1/120° P real power
a, transformer turns ratio q charge
A area Q reactive power
A transmission line parameter r radius
A symmetrical components R resistance
transformation matrix R turbine-governor regulation
B loss coefficient constant
B frequency bias constant R resistance matrix
B phasor magnetic flux density s Laplace operator
B transmission line parameter S apparent power
C capacitance S complex power
C transmission line parameter t time
D distance T period
D transmission line parameter T temperature
E phasor source voltage T torque
E phasor electric field strength o(t) instantaneous voltage
f frequency A% voltage magnitude (rms unless
G conductance otherwise indicated)
G conductance matrix V phasor voltage
H normalized inertia constant vV vector of phasor voltages
H phasor magnetic field intensity X reactance
i(1) instantaneous current X reactance matrix
| current magnitude (rms unless Y phasor admittance
otherwise indicated) Y admittance matrix
1 phasor current Z phasor impedance
1 vector of phasor currents VA impedance matrix
j operator 1/90° o angular acceleration
J moment of inertia o transformer phase shift angle
1 length S current angle
/ length s area frequency response
L inductance characteristic
L inductance matrix 0 voltage angle
N number (of buses, lines, turns, etc.) 0 torque angle
p.f. power factor e permittivity
p(t) instantaneous power r reflection or refraction coefficient

Xix
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XX LIST OF SYMBOLS, UNITS, AND NOTATION

Symbol Description Symbol Description
A magnetic flux linkage 0 impedance angle
A penalty factor 0 angular position
() magnetic flux U permeability
p resistivity v velocity of propagation
T time in cycles w radian frequency
T transmission line transit time
SI Units English Units
A ampere BTU British thermal unit
C coulomb cmil circular mil
F farad ft foot
H henry hp horsepower
Hz hertz in inch
J joule mi mile
kg kilogram
m meter
N newton
rad radian
s second
S siemen
VA voltampere
var voltampere reactive
W watt
Wb weber
Q ohm

Notation

Lowercase letters such as v(t) and i(t) indicate instantaneous values.
Uppercase letters such as V and I indicate rms values.

Uppercase letters in italic such as 7 and [ indicate rms phasors.

Matrices and vectors with real components such as R and I are indicated by
boldface type.

Matrices and vectors with complex components such as Z and [ are indicated
by boldface italic type.

Superscript T denotes vector or matrix transpose.

Asterisk (*) denotes complex conjugate.

B indicates the end of an example and continuation of text.

highlights problems that utilize PowerWorld Simulator.
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1300 MW coal-fired power
plant ( Courtesy of
American Electric Power
Company )

I

INTRODUCTION

Electrical engineers are concerned with every step in the process of genera-
tion, transmission, distribution, and utilization of electrical energy. The elec-
tric utility industry is probably the largest and most complex industry in the
world. The electrical engineer who works in that industry will encounter
challenging problems in designing future power systems to deliver increasing
amounts of electrical energy in a safe, clean, and economical manner.

The objectives of this chapter are to review briefly the history of the
electric utility industry, to discuss present and future trends in electric power
systems, to describe the restructuring of the electric utility industry, and to
introduce PowerWorld Simulator—a power system analysis and simulation
software package.
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CASE STUDY

The following article describes the restructuring of the electric utility industry that has

been taking place in the United States and the impacts on an aging transmission
infrastructure. Independent power producers, increased competition in the generation
sector, and open access for generators to the U.S. transmission system have changed the
way the transmission system is utilized. The need for investment in new transmission and
transmission technologies, for further refinements in restructuring, and for training and
education systems to replenish the workforce are discussed [8].

The Future Beckons: Will the Electric
Power Industry Heed the Call?

CHRISTOPHER E. ROOT

Over the last four decades, the U.S. electric power
industry has undergone unprecedented change. In
the 1960s, regulated utilities generated and deliv-
ered power within a localized service area. The
decade was marked by high load growth and mod-
est price stability. This stood in sharp contrast to
the wild increases in the price of fuel oil, focus on
energy conservation, and slow growth of the 1970s.
Utilities quickly put the brakes on generation ex-
pansion projects, switched to coal or other nonoil
fuel sources, and significantly cut back on the ex-
pansion of their networks as load growth slowed to
a crawl. During the 1980s, the economy in many
regions of the country began to rebound. The
1980s also brought the emergence of independent
power producers and the deregulation of the natu-
ral gas wholesale markets and pipelines. These de-
velopments resulted in a significant increase in nat-
ural gas transmission into the northeastern United
States and in the use of natural gas as the preferred
fuel for new generating plants.

During the last ten years, the industry in many
areas of the United States has seen increased com-
petition in the generation sector and a fundamental
shift in the role of the nation’s electric transmission
system, with the 1996 enactment of the Federal
Energy Regulatory Commission (FERC) Order No.
888, which mandated open access for generators to

(“The Future Beckons,” Christopher E. Root. © 2006 IEEE.
Reprinted, with permission, from Supplement to IEEE Power
& Energy (Mayl/June 2006) pg. 58—65)
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the nation’s transmission system. And while prices
for distribution and transmission of electricity re-
mained regulated, unregulated energy commodity
markets have developed in several regions. FERC
has supported these changes with rulings leading
to the formation of independent system oper-
ators (ISOs) and regional transmission organ-
izations (RTOs) to administer the electricity mar-
kets in several regions of the United States,
including New England, New York, the Mid-Atlantic,
the Midwest, and California.

The transmission system originally was built to
deliver power from a utility’s generator across town
to its distribution company. Today, the transmission
system is being used to deliver power across states
or entire regions. As market forces increasingly
determine the location of generation sources, the
transmission grid is being asked to play an even
more important role in markets and the reliability
of the system. In areas where markets have been
restructured, customers have begun to see signifi-
cant benefits. But full delivery of restructuring’s
benefits is being impeded by an inadequate, under-
invested transmission system.

If the last 30 years are any indication, the struc-
ture of the industry and the increasing demands
placed on the nation’s transmission infrastructure
and the people who operate and manage it are
likely to continue unabated. In order to meet
the challenges of the future, to continue to maintain
the stable, reliable, and efficient system we have
known for more than a century and to support the



continued development of efficient competitive
markets, U.S. industry leaders must address three
significant issues:

* an aging transmission system suffering from
substantial underinvestment, which is exacer-
bated by an out-of-date industry structure

+ the need for a regulatory framework that will
spur independent investment, ownership, and
management of the nation’s grid

* an aging workforce and the need for a suc-
cession plan to ensure the existence of the
next generation of technical expertise in the
industry.

ARE WE SPENDING ENOUGH?

In areas that have restructured power markets,
substantial benefits have been delivered to customers
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in the form of lower prices, greater supplier choice,
and environmental benefits, largely due to the de-
velopment and operation of new, cleaner genera-
tion. There is, however, a growing recognition that
the delivery of the full value of restructuring to cus-
tomers has been stalled by an inadequate transmis-
sion system that was not designed for the new de-
mands being placed on it. In fact, investment in the
nation’s electricity infrastructure has been declining
for decades. Transmission investment has been falling
for a quarter century at an average rate of almost
US$50 million a year (in constant 2003 U.S. dollars),
though there has been a small upturn in the last few
years. Transmission investment has not kept up with
load growth or generation investment in recent
years, nor has it been sufficiently expanded to ac-
commodate the advent of regional power markets
(see Figure I).
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Figure 1

Annual transmission investments by investor-owned utilities, 1975-2003 (Source: Eric Hirst, “U.S. Transmission
Capacity: Present Status and Future Prospects,” 2004. Graph used with permission from the Edison Electric Institute,

2004. All rights reserved)
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TABLE | Transmission investment in the United
States and in international competitive markets
Country Investment Number of
in High Voltage  Transmission-
Transmission Owning
(>230 kV) Entities
Normalized
by Load for
2004-2008 (in
US$M/GWyear)
New Zealand 22.0 |
England & Wales 16.5 |
(NGT)
Denmark 12.5 2
Spain 12.3 |
The Netherlands 12.0 |
Norway 9.2 |
Poland 8.6 |
Finland 72 |
United States 4.6 450
(based on (69 in EEl)

representative
data from EEI)

Outlooks for future transmission development
vary, with Edison Electric Institute (EEl) data sug-
gesting a modest increase in expected transmission
investment and other sources forecasting a con-
tinued decline. Even assuming EEI’s projections are
realized, this level of transmission investment in the
United States is dwarfed by that of other inter-
national competitive electricity markets, as shown
in Table I, and is expected to lag behind what is
needed.

The lack of transmission investment has led to
a high (and increasing in some areas) level of
congestion-related costs in many regions. For in-
stance, total uplift for New England is in the range of
US$169 million per year, while locational installed
capacity prices and reliability must-run charges are
on the rise. In New York, congestion costs have in-
creased substantially, from US$3 10 million in 2001 to
US$525 million in 2002, US$688 million in 2003, and
US$629 million in 2004. In PJM Interconnection
(PJM), an RTO that administers electricity markets
for all or parts of 14 states in the Northeast,
Midwest, and Mid-Atlantic, congestion costs have
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continued to increase, even when adjusted to reflect
PJM’s expanding footprint into western and southern
regions.

Because regions do not currently quantify the
costs of constraints in the same way, it is difficult to
make direct comparisons from congestion data be-
tween regions. However, the magnitude and up-
ward trend of available congestion cost data in-
dicates a significant and growing problem that is
increasing costs to customers.

THE SYSTEM IS AGING

While we are pushing the transmission system
harder, it is not getting any younger. In the north-
eastern United States, the bulk transmission system
operates primarily at 345 kV. The majority of this
system originally was constructed during the 1960s
and into the early 1970s, and its substations, wires,
towers, and poles are, on average, more than 40
years old. (Figure 2 shows the age of National
Grid’s U.S. transmission structures.) While all util-
ities have maintenance plans in place for these sys-
tems, ever-increasing congestion levels in many
areas are making it increasingly difficult to schedule
circuit outages for routine upgrades.

The combination of aging infrastructure, in-
creased congestion, and the lack of significant ex-
pansion in transmission capacity has led to the need
to carefully prioritize maintenance and construc-
tion, which in turn led to the evolution of the
science of asset management, which many utilities
have adopted. Asset management entails quantifying
the risks of not doing work as a means to ensure
that the highest priority work is performed. It has
significantly helped the industry in maintaining reli-
ability. As the assets continue to age, this combina-
tion of engineering, experience, and business risk
will grow in importance to the industry. If this is not
done well, the impact on utilities in terms of reli-
ability and asset replacement will be significant.

And while asset management techniques will
help in managing investment, the age issue un-
doubtedly will require substantial reinvestment at
some point to replace the installed equipment at
the end of its lifetime.
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Age of National Grid towers and poles

TECHNOLOGY WILL HAVE A ROLE

The expansion of the transmission network in the
United States will be very difficult, if not impossi-
ble, if the traditional approach of adding new
overhead lines continues. Issues of land availability,
concerns about property values, aesthetics, and
other licensing concerns make siting new lines a
difficult proposition in many areas of the United
States. New approaches to expansion will be re-
quired to improve the transmission networks of
the future.

Where new lines are the only answer, more
underground solutions will be chosen. In some
circumstances, superconducting cable will become a
viable option. There are several companies, includ-
ing National Grid, installing short superconducting
lines to gain experience with this newly available
technology and solve real problems. While it is

reasonable to expect this solution to become more
prevalent, it is important to recognize that it is not
inexpensive.

Technology has an important role to play in
utilizing existing lines and transmission corridors
to increase capacity. Lightweight, high-temperature
overhead conductors are now becoming available
for line upgrades without significant tower mod-
ifications. Monitoring systems for real-time ratings
and better computer control schemes are providing
improved information to control room operators
to run the system at higher load levels. The devel-
opment and common use of static var compensa-
tors for voltage and reactive control, and the gen-
eral use of new solid-state equipment to solve real
problems are just around the corner and should
add a new dimension to the traditional wires and
transformers approach to addressing stability and
short-term energy storage issues.
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These are just a few examples of some of the ex-
citing new technologies that will be tools for the fu-
ture. It is encouraging that the development of new
and innovative solutions to existing problems con-
tinues. In the future, innovation must take a leading
role in developing solutions to transmission prob-
lems, and it will be important for the regulators to
encourage the use of new techniques and tech-
nologies. Most of these new technologies have
a higher cost than traditional solutions, which will
place increasing pressure on capital investment. It will
be important to ensure that appropriate cost recov-
ery mechanisms are developed to address this issue.

INDUSTRY STRUCTURE

Another factor contributing to underinvestment
in the transmission system is the tremendous frag-
mentation that exists in the U.S. electricity industry.
There are literally hundreds of entities that own
and operate transmission. The United States has
more than 100 separate control areas and more
than 50 regulators that oversee the nation’s grid.
The patchwork of ownership and operation lies in
stark contrast to the interregional delivery de-
mands that are being placed on the nation’s trans-
mission infrastructure.

Federal policymakers continue to encourage
transmission owners across the nation to
join RTOs. Indeed, RTO/ISO formation was in-
tended to occupy a central role in carrying forward
FERC’s vision of restructuring, and an extraordinary
amount of effort has been expended in making this
model work. While RTOs/ISOs take a step toward
an independent, coordinated transmission system, it
remains unclear whether they are the best long-
term solution to deliver efficient transmission sys-
tem operation while ensuring reliability and deliver-
ing value to customers.

Broad regional markets require policies that fa-
cilitate and encourage active grid planning, manage-
ment, and the construction of transmission up-
grades both for reliability and economic needs. A
strong transmission infrastructure or network plat-
form would allow greater fuel diversity, more stable
and competitive energy prices, and the relaxation
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(and perhaps ultimate removal) of administrative
mechanisms to mitigate market power. This would
also allow for common asset management ap-
proaches to the transmission system. The creation
of independent transmission companies (ITCs), i.e.,
companies that focus on the investment in and op-
eration of transmission independent of generation
interests, would be a key institutional step toward
an industry structure that appropriately views
transmission as a facilitator of robust competitive
electricity markets. ITCs recognize transmission as
an enabler of competitive electricity markets. Poli-
cies that provide a more prominent role for such
companies would align the interests of transmission
owners/operators with those of customers, permit-
ting the development of well-designed and enduring
power markets that perform the function of any
market, namely, to drive the efficient allocation of
resources for the benefit of customers. In its policy
statement released in June 2005, FERC reiterated its
commitment to ITC formation to support improving
the performance and efficiency of the grid.

Having no interest in financial outcomes within
a power market, the ITC’s goal is to deliver maxi-
mum value to customers through transmission
operation and investment. With appropriate in-
centives, ITCs will pursue opportunities to leverage
relatively small expenditures on transmission con-
struction and management to create a healthy mar-
ket and provide larger savings in the supply portion
of customer’s bills. They also offer benefits over
nonprofit RTO/ISO models, where the incentives
for efficient operation and investment may be less
focused.

An ideal industry structure would permit ITCs
to own, operate, and manage transmission assets
over a wide area. This would allow ITCs to access
economies of scale in asset investment, planning, and
operations to increase throughout and enhance reli-
ability in the most cost-effective manner. This struc-
ture would also avoid ownership fragmentation
within a single market, which is a key obstacle to
the introduction of performance-based rates that
benefit customers by aligning the interests of trans-
mission companies and customers in reducing con-
gestion. This approach to “horizontal integration” of



the transmission sector under a single regulated
for-profit entity is key to establishing an industry
structure that recognizes the transmission system
as a market enabler and provider of infrastructure
to support effective competitive markets. Market
administration would be contracted out to another
(potentially nonprofit) entity while generators, other
suppliers, demand response providers, and load
serving entities (LSEs) would all compete and in-
novate in fully functioning markets, delivering still-
increased efficiency and more choices for customers.

REGULATORY ISSUES

The industry clearly shoulders much of the respon-
sibility for determining its own future and for taking
the steps necessary to ensure the robustness of the
nation’s transmission system. However, the industry
also operates within an environment governed by
substantial regulatory controls. Therefore, policy-
makers also will have a significant role in helping
to remove the obstacles to the delivery of the full
benefits of industry restructuring to customers. In
order to ensure adequate transmission investment
and the expansion of the system as appropriate, the
following policy issues must be addressed:

* Regional planning: Because the transmission sys-
tem is an integrated network, planning for sys-
tem needs should occur on a regional basis.
Regional planning recognizes that transmission
investment and the benefits transmission can
deliver to customers are regional in nature
rather than bounded by state or service area
lines. Meaningful regional planning processes
also take into account the fact that transmission
provides both reliability and economic benefits.
Comprehensive planning processes provide for
mechanisms to pursue regulated transmission
solutions for reliability and economic needs in
the event that the market fails to respond or is
identified as unlikely to respond to these needs
in a timely manner. In areas where regional
system planning processes have been im-
plemented, such as New England and PJM,
progress is being made towards identifying and
building transmission projects that will address
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regional needs and do so in a way that is cost
effective for customers.

Cost recovery and allocation: Comprehensive re-
gional planning processes that identify needed
transmission projects must be accompanied by
cost recovery and allocation mechanisms that
recognize the broad benefits of transmission
and its role in supporting and enabling regional
electricity markets. Mechanisms that allocate
the costs of transmission investment broadly
view transmission as the regional market en-
abler it is and should be, provide greater cer-
tainty and reduce delays in cost recovery, and,
thus, remove obstacles to provide further
incentives for the owners and operators of
transmission to make such investment.
Certainty of rate recovery and state cooperation: It
is critical that transmission owners are assured
certain and adequate rate recovery under a
regional planning process. Independent admin-
istration of the planning processes will assure
that transmission enhancements required for
reliability and market efficiency do not unduly
burden retail customers with additional costs.
FERC and the states must work together to
provide for certainty in rate recovery from
ultimate customers through federal and state
jurisdictional rates.

Incentives to encourage transmission investment,
independence, and consolidation: At a time when
a significant increase in transmission investment
is needed to ensure reliability, produce an ade-
quate platform for competitive power markets
and regional electricity commerce, and to pro-
mote fuel diversity and renewable sources of
supply, incentives not only for investment but
also for independence and consolidation of
transmission are needed and warranted. In-
centives should be designed to promote trans-
mission organizations that acknowledge the
benefits to customers of varying degrees of
transmission independence and reward that in-
dependence accordingly. These incentives may
take the form of enhanced rates of return or
other financial incentives for assets managed,
operated, and/or owned by an ITC.
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The debate about transmission regulation will
continue. Ultimately, having the correct mixture of
incentives and reliability standards will be a critical
factor that will determine whether or not the na-
tion’s grid can successfully tie markets together and
improve the overall reliability of the bulk transmis-
sion system in the United States. The future trans-
mission system must be able to meet the needs of
customers reliably and support competitive markets
that provide them with electricity efficiently. Failure
to invest in the transmission system now will mean
an increased likelihood of reduced reliability and
higher costs to customers in the future.

WORKFORCE OF THE FUTURE

Clearly, the nation’s transmission system will need
considerable investment and physical work due to
age, growth of the use of electricity, changing mar-
kets, and how the networks are used. As previously
noted, this will lead to a required significant in-
crease in capital spending. But another critical re-
source is beginning to become a concern to many in
the industry, specifically the continued availability of
qualified power system engineers.

Utility executives polled by the Electric Power
Research Institute in 2003 estimated that 50% of
the technical workforce will reach retirement in the
next 5—10 years. This puts the average age near 50,
with many utilities still hiring just a few college
graduates each year. Looking a few years ahead, at
the same time when a significant number of power
engineers will be considering retirement, the need
for them will be significantly increasing. The supply
of power engineers will have to be great enough to
replace the large numbers of those retiring in addi-
tion to the number required to respond to the an-
ticipated increase in transmission capital spending.

Today, the number of universities offering power
engineering programs has decreased. Some uni-
versities, such as Rensselaer Polytechnic Institute,
no longer have separate power system engineering
departments. According to the IEEE, the number of
power system engineering graduates has dropped
from approximately 2,000 per year in the 1980s
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to 500 today. Overall, the number of engineering
graduates has dropped 50% in the last 15 years.
Turning this situation around will require a long-
term effort by many groups working together,
including utilities, consultants, manufacturers, uni-
versities, and groups such as the |EEE Power En-
gineering Society (PES).

Part of the challenge is that utilities are compet-
ing for engineering students against other in-
dustries, such as telecommunications or computer
software development, that are perceived as being
more glamorous or more hip than the power in-
dustry and have no problem attracting large num-
bers of new engineers.

For the most part, the power industry has not
done a great job of selling itself. Too often, headlines
focus on negatives such as rate increases, power
outages, and community relations issues related to a
proposed new generation plant or transmission line.
To a large extent, the industry also has become a
victim of its own success by delivering electricity so
reliably that the public generally takes it for granted,
which makes the good news more difficult to tell. It
is incumbent upon the industry to take a much more
proactive role in helping its public—including tal-
ented engineering students—understand the ded-
ication, commitment, ingenuity, and innovation that is
required to keep the nation’s electricity system
humming. PES can play an important role in this.

On a related note, as the industry continues to
develop new, innovative technologies, they should
be documented and showcased to help generate
excitement about the industry among college-age
engineers and help attract them to power system
engineering.

The utilities, consultants, and manufacturers must
strengthen their relationships with strong technical
institutions to continue increasing support for elec-
trical engineering departments to offer power sys-
tems classes at the undergraduate level. In some
cases, this may even require underwriting a class.
Experience at National Grid has shown that when
support for a class is guaranteed, the number of
students who sign up typically is greater than ex-
pected. The industry needs to further support these



efforts by offering presentations to students on the
complexity of the power system, real problems that
need to be solved, and the impact that a reliable,
cost-efficient power system has on society. Sponsor-
ing more student internships and research projects
will introduce additional students and faculty to the
unique challenges of the industry. In the future, the
industry will have to hire more nonpower engineers
and train them in the specifics of power system en-
gineering or rely on hiring from overseas.

Finally, the industry needs to cultivate relation-
ships with universities to assist in developing pro-
fessors who are knowledgeable about the industry.
This can take the form of research work, consult-
ing, and teaching custom programs for the industry.
National Grid has developed relationships with
several northeastern U.S. institutions that are of-
fering courses for graduate engineers who may not
have power backgrounds. The courses can be of-
fered online, at the university, or on site at the utility.

This problem will only get worse if industry
leaders do not work together to resolve it. The in-
dustry’s future depends on its ability to anticipate
what lies ahead and the development of the neces-
sary human resources to meet the challenges.

CONCLUSIONS

The electric transmission system plays a critical role
in the lives of the people of the United States. It is
an ever-changing system both in physical terms and
how it is operated and regulated. These changes
must be recognized and actions developed accord-
ingly. Since the industry is made up of many orga-
nizations that share the system, it can be difficult to
agree on action plans.

There are a few points on which all can agree.
The first is that the transmission assets continue to
get older and investment is not keeping up with
needs when looking over a future horizon. The is-
sue will only get worse as more lines and sub-
stations exceed the 50-year age mark. Technology
development and application undoubtedly will in-
crease as engineers look for new and creative ways
to combat the congestion issues and increased

CASE STUDY 9

electrical demand—and new overhead transmission
lines will be only one of the solutions considered.

The second is that it will be important for fur-
ther refinement in the restructuring of the industry
to occur. The changes made since the late 1990s
have delivered benefits to customers in the North-
east in the form of lower energy costs and access
to greater competitive electric markets. Regulators
and policymakers should recognize that in-
dependently owned, operated, managed, and widely
planned networks are important to solving future
problems most efficiently. Having a reliable, re-
gional, uncongested transmission system will enable
a healthy competitive marketplace.

The last, but certainly not least, concern is with
the industry’s future workforce. Over the last year,
there has been significant discussion of the issue,
but it will take a considerable effort by many to
guide the future workforce into a position of ap-
preciating the electricity industry and desiring to
enter it and to ensure that the training and educa-
tion systems are in place to develop the new en-
gineers who will be required to upgrade and main-
tain the electric power system.

The industry has many challenges, but it also has
great resources and a good reputation. Through the
efforts of many and by working together through
organizations such as PES, the industry can move
forward to the benefit of the public and the United
States as a whole.
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HISTORY OF ELECTRIC POWER SYSTEMS

In 1878, Thomas A. Edison began work on the electric light and formulated
the concept of a centrally located power station with distributed lighting
serving a surrounding area. He perfected his light by October 1879, and the
opening of his historic Pearl Street Station in New York City on September
4, 1882, marked the beginning of the electric utility industry (see Figure 1.1).
At Pearl Street, dc generators, then called dynamos, were driven by steam
engines to supply an initial load of 30 kW for 110-V incandescent lighting to
59 customers in a one-square-mile area. From this beginning in 1882 through
1972, the electric utility industry grew at a remarkable pace—a growth based
on continuous reductions in the price of electricity due primarily to techno-
logical acomplishment and creative engineering.

The introduction of the practical dc motor by Sprague Electric, as
well as the growth of incandescent lighting, promoted the expansion of
Edison’s dc systems. The development of three-wire 220-V dc systems al-
lowed load to increase somewhat, but as transmission distances and loads
continued to increase, voltage problems were encountered. These limi-
tations of maximum distance and load were overcome in 1885 by William
Stanley’s development of a commercially practical transformer. Stanley
installed an ac distribution system in Great Barrington, Massachusetts, to
supply 150 lamps. With the transformer, the ability to transmit power at
high voltage with corresponding lower current and lower line-voltage
drops made ac more attractive than dc. The first single-phase ac line in
the United States operated in 1889 in Oregon, between Oregon City and
Portland—21 km at 4 kV.
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+ 1882 Thomas A. Edison opens
Pearl St. Station, NYC

Waterwheel-driven 1882 +

dc generator installed

in Appleton, Wisconsin -+ 1882  First transmission lines
installed in Germany
(2400 V dc, 59 km)

Frank J. Sprague 1884 T

produces dc motor
for Edison systems

1885/6 William Stanley
develops commercially
practical transformer

Nikola Tesla 1888 -
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two-phase ac
induction and
synchronous motors

Il
T

1889  First single-phase ac
transmission line in
United States, in Oregon:
Oregon City to Portland
First three-phase ac 1891 + (4 kV, 21 km)
transrnission line in
Germany (12 kV, 179 km)

1893 First three-phase ac
transmission line in
United States, in California
(2.3 kV, 12 km)

FIGURE I.1 Milestones of the early electric utility industry [1] (H.M. Rustebakke et al., Electric
Utility Systems Practice, 4th Ed. (New York: Wiley, 1983). Reprinted with
permission of John Wiley & Sons, Inc. Photos courtesy of Westinghouse Historical
Collection)

The growth of ac systems was further encouraged in 1888 when Nikola Te-
sla presented a paper at a meeting of the American Institute of Electrical En-
gineers describing two-phase induction and synchronous motors, which made ev-
ident the advantages of polyphase versus single-phase systems. The first three-
phase line in Germany became operational in 1891, transmitting power 179 km
at 12 kV. The first three-phase line in the United States (in California) became
operational in 1893, transmitting power 12 km at 2.3 kV. The three-phase induc-
tion motor conceived by Tesla went on to become the workhorse of the industry.

In the same year that Edison’s steam-driven generators were inaugurated,
a waterwheel-driven generator was installed in Appleton, Wisconsin. Since
then, most electric energy has been generated in steam-powered and in water-
powered (called hydro) turbine plants. Today, steam turbines account for more
than 85% of U.S. electric energy generation, whereas hydro turbines account
for about 6%. Gas turbines are used in some cases to meet peak loads. Also,
the addition of wind turbines into the bulk power system is expected to grow
considerably in the near future.
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Steam plants are fueled primarily by coal, gas, oil, and uranium. Of
these, coal is the most widely used fuel in the United States due to its abun-
dance in the country. Although many of these coal-fueled power plants were
converted to oil during the early 1970s, that trend has been reversed back to
coal since the 1973-74 oil embargo, which caused an oil shortage and created
a national desire to reduce dependency on foreign oil. In 2008, approximately
48% of electricity in the United States was generated from coal [2].

In 1957, nuclear units with 90-MW steam-turbine capacity, fueled
by uranium, were installed, and today nuclear units with 1312-MW steam-
turbine capacity are in service. In 2008, approximately 20% of electricity in
the United States was generated from uranium from 104 nuclear power
plants. However, the growth of nuclear capacity in the United States has
been halted by rising construction costs, licensing delays, and public opinion.
Although there are no emissions associated with nuclear power generation,
there are safety issues and environmental issues, such as the disposal of used
nuclear fuel and the impact of heated cooling-tower water on aquatic hab-
itats. Future technologies for nuclear power are concentrated on safety and
environmental issues [2, 3].

Starting in the 1990s, the choice of fuel for new power plants in the
United States has been natural gas due to its availability and low cost as well
as the higher efficiency, lower emissions, shorter construction-lead times,
safety, and lack of controversy associated with power plants that use natural
gas. Natural gas is used to generate electricity by the following processes:
(1) gas combustion turbines use natural gas directly to fire the turbine;
(2) steam turbines burn natural gas to create steam in a boiler, which is then
run through the steam turbine; (3) combined cycle units use a gas combustion
turbine by burning natural gas, and the hot exhaust gases from the combus-
tion turbine are used to boil water that operates a steam turbine; and (4) fuel
cells powered by natural gas generate electricity using electrochemical re-
actions by passing streams of natural gas and oxidants over electrodes that
are separated by an electrolyte. In 2008, approximately 21% of electricity in
the United States was generated from natural gas [2, 3].

In 2008, in the United States, approximately 9% of electricity was gen-
erated by renewable sources and 1% by oil [2, 3]. Renewable sources include
conventional hydroelectric (water power), geothermal, wood, wood waste, all
municipal waste, landfill gas, other biomass, solar, and wind power. Renew-
able sources of energy cannot be ignored, but they are not expected to supply
a large percentage of the world’s future energy needs. On the other hand, nu-
clear fusion energy just may. Substantial research efforts have shown nuclear
fusion energy to be a promising technology for producing safe, pollution-free,
and economical electric energy later in the 21st century and beyond. The fuel
consumed in a nuclear fusion reaction is deuterium, of which a virtually in-
exhaustible supply is present in seawater.

The early ac systems operated at various frequencies including 25, 50,
60, and 133 Hz. In 1891, it was proposed that 60 Hz be the standard fre-
quency in the United States. In 1893, 25-Hz systems were introduced with the
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FIGURE 1.2

Growth of U.S. electric
energy consumption
[1,2,3,5] (H. M.
Rustebakke et al.,
Electric Utility Systems
Practice, 4th ed. (New
York: Wiley, 1983); U.S.
Energy Information
Administration, Existing
Capacity by Energy
Source—2008,
www.eia.gov; U.S.
Energy Information
Administration, Annual
Energy Outlook 2010
Early Release Overview,
www.eia.gov; M.P.
Bahrman and B.K.
Johnson, “The ABCs of
HVDC Transmission
Technologies,” IEEE
Power & Energy
Magazine, 5, 2 (March/
April 2007), pp. 33-44)
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synchronous converter. However, these systems were used primarily for rail-
road electrification (and many are now retired) because they had the dis-
advantage of causing incandescent lights to flicker. In California, the Los
Angeles Department of Power and Water operated at 50 Hz, but converted
to 60 Hz when power from the Hoover Dam became operational in 1937. In
1949, Southern California Edison also converted from 50 to 60 Hz. Today,
the two standard frequencies for generation, transmission, and distribution of
electric power in the world are 60 Hz (in the United States, Canada, Japan,
Brazil) and 50 Hz (in Europe, the former Soviet republics, South America
except Brazil, and India). The advantage of 60-Hz systems is that generators,
motors, and transformers in these systems are generally smaller than 50-Hz
equipment with the same ratings. The advantage of 50-Hz systems is that
transmission lines and transformers have smaller reactances at 50 Hz than at
60 Hz.

As shown in Figure 1.2, the rate of growth of electric energy in the
United States was approximately 7% per year from 1902 to 1972. This corre-
sponds to a doubling of electric energy consumption every 10 years over the
70-year period. In other words, every 10 years the industry installed a new
electric system equal in energy-producing capacity to the total of what it had
built since the industry began. The annual growth rate slowed after the oil
embargo of 1973-74. Kilowatt-hour consumption in the United States in-
creased by 3.4% per year from 1972 to 1980, and by 2.1% per year from 1980
to 2008.

Along with increases in load growth, there have been continuing in-
creases in the size of generating units (Table 1.1). The principal incentive to
build larger units has been economy of scale—that is, a reduction in installed
cost per kilowatt of capacity for larger units. However, there have also
been steady improvements in generation efficiency. For example, in 1934 the
average heat rate for steam generation in the U.S. electric industry was
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TABLE 1.1

Growth of generator
sizes in the United
States [1] (H. M.
Rustebakke et al.,
Electric Utility Systems
Practice, 4th Ed. (New
York: Wiley, 1983).
Reprinted with
permission of John
Wiley & Sons, Inc.)

TABLE 1.2

History of increases in
three-phase transmission
voltages in the United
States [1] (H. M.
Rustebakke et al.,
Electric Utility Systems
Practice, 4th Ed. (New
York: Wiley, 1983).
Reprinted with
permission of John
Wiley & Sons, Inc.)

Voltage Year of
(kV) Installation
23 1893
44 1897
150 1913
165 1922
230 1923
287 1935
345 1953
500 1965
765 1969
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Generators Driven by Single-Shaft,

Hydroelectric Generators 3600 r/min Fossil-Fueled Steam Turbines

Size Year of Size Year of
(MVA) Installation (MVA) Installation
4 1895 5 1914
108 1941 50 1937
158 1966 216 1953
232 1973 506 1963
615 1975 907 1969
718 1978 1120 1974

17,950 BTU/kWh, which corresponds to 19% efficiency. By 1991, the average
heat rate was 10,367 BTU/kWh, which corresponds to 33% efficiency. These
improvements in thermal efficiency due to increases in unit size and in steam
temperature and pressure, as well as to the use of steam reheat, have resulted
in savings in fuel costs and overall operating costs.

There have been continuing increases, too, in transmission voltages
(Table 1.2). From Edison’s 220-V three-wire dc grid to 4-kV single-phase and
2.3-kV three-phase transmission, ac transmission voltages in the United
States have risen progressively to 150, 230, 345, 500, and now 765 kV. And
ultra-high voltages (UHV) above 1000 kV are now being studied. The in-
centives for increasing transmission voltages have been: (1) increases in
transmission distance and transmission capacity, (2) smaller line-voltage
drops, (3) reduced line losses, (4) reduced right-of-way requirements per MW
transfer, and (5) lower capital and operating costs of transmission. Today,
one 765-kV three-phase line can transmit thousands of megawatts over hun-
dreds of kilometers.

The technological developments that have occurred in conjunction with
ac transmission, including developments in insulation, protection, and con-
trol, are in themselves important. The following examples are noteworthy:

1. The suspension insulator

2. The high-speed relay system, currently capable of detecting short-
circuit currents within one cycle (0.017 s)

3. High-speed, extra-high-voltage (EHV) circuit breakers, capable of
interrupting up to 63-kA three-phase short-circuit currents within
two cycles (0.033 s)

4. High-speed reclosure of EHV lines, which enables automatic re-
turn to service within a fraction of a second after a fault has been
cleared

5. The EHYV surge arrester, which provides protection against transient
overvoltages due to lightning strikes and line-switching operations
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6. Power-line carrier, microwave, and fiber optics as communication
mechanisms for protecting, controlling, and metering transmission
lines

7. The principle of insulation coordination applied to the design of an
entire transmission system

8. Energy control centers with supervisory control and data acquisi-
tion (SCADA) and with automatic generation control (AGC) for
centralized computer monitoring and control of generation, trans-
mission, and distribution

9. Automated distribution features, including advanced metering in-
frastructure (AMI), reclosers and remotely controlled sectionalizing
switches with fault-indicating capability, along with automated
mapping/facilities management (AM/FM) and geographic informa-
tion systems (GIS) for quick isolation and identification of outages
and for rapid restoration of customer services

10. Digital relays capable of circuit breaker control, data logging, fault
locating, self-checking, fault analysis, remote query, and relay event
monitoring/recording.

In 1954, the first modern high-voltage dc (HVDC) transmission line was
put into operation in Sweden between Vastervik and the island of Gotland in
the Baltic sea; it operated at 100 kV for a distance of 100 km. The first HVDC
line in the United States was the +400-kV (now + 500 kV), 1360-km Pacific
Intertie line installed between Oregon and California in 1970. As of 2008,
seven other HVDC lines up to 500 kV and eleven back-to-back ac-dc links had
been installed in the United States, and a total of 57 HVDC lines up to 600 kV
had been installed worldwide [4].

For an HVDC line embedded in an ac system, solid-state converters at
both ends of the dc line operate as rectifiers and inverters. Since the cost of an
HVDC transmission line is less than that of an ac line with the same capac-
ity, the additional cost of converters for dc transmission is offset when the
line is long enough. Studies have shown that overhead HVDC transmission is
economical in the United States for transmission distances longer than about
600 km. However, HVDC also has the advantage that it may be the only
feasible method to:

. interconnect two asynchronous networks;

. utilize long underground or underwater cable circuits;
bypass network congestion;

. reduce fault currents;

. share utility rights-of-way without degrading reliability; and
. mitigate environmental concerns [5].

AU A WN =

In the United States, electric utilities grew first as isolated systems, with
new ones continuously starting up throughout the country. Gradually, however,
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neighboring electric utilities began to interconnect, to operate in parallel. This
improved both reliability and economy. Figure 1.3 shows major 230-kV and
higher-voltage, interconnected transmission in the United States in 2000. An in-
terconnected system has many advantages. An interconnected utility can draw
upon another’s rotating generator reserves during a time of need (such as a
sudden generator outage or load increase), thereby maintaining continuity of
service, increasing reliability, and reducing the total number of generators that
need to be kept running under no-load conditions. Also, interconnected utilities
can schedule power transfers during normal periods to take advantage of
energy-cost differences in respective areas, load diversity, time zone differences,
and seasonal conditions. For example, utilities whose generation is primarily
hydro can supply low-cost power during high-water periods in spring/summer,
and can receive power from the interconnection during low-water periods in
fall/winter. Interconnections also allow shared ownership of larger, more effi-
cient generating units.

While sharing the benefits of interconnected operation, each utility is
obligated to help neighbors who are in trouble, to maintain scheduled in-
tertie transfers during normal periods, and to participate in system frequency
regulation.

In addition to the benefits/obligations of interconnected operation,
there are disadvantages. Interconnections, for example, have increased fault
currents that occur during short circuits, thus requiring the use of circuit
breakers with higher interrupting capability. Furthermore, although overall
system reliability and economy have improved dramatically through inter-
connection, there is a remote possibility that an initial disturbance may lead
to a regional blackout, such as the one that occurred in August 2003 in the
northeastern United States and Canada.

1.2

PRESENT AND FUTURE TRENDS

Present trends indicate that the United States is becoming more electrified
as it shifts away from a dependence on the direct use of fossil fuels. The elec-
tric power industry advances economic growth, promotes business develop-
ment and expansion, provides solid employment opportunities, enhances the
quality of life for its users, and powers the world. Increasing electrification in
the United States is evidenced in part by the ongoing digital revolution. To-
day the United States electric power industry is a robust, $342-billion-plus
industry that employs nearly 400,000 workers. In the United States economy,
the industry represents 3% of real gross domestic product (GDP) [6].

As shown in Figure 1.2, the growth rate in the use of electricity in the
United States is projected to increase by about 1% per year from 2008 to
2030 [2]. Although electricity forecasts for the next ten years are based on
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economic and social factors that are subject to change, 1% annual growth
rate is considered necessary to generate the GDP anticipated over that pe-
riod. Variations in longer-term forecasts of 0.5 to 1.5% annual growth from
2008 to 2030 are based on low-to-high ranges in economic growth. Following
a recent rapid decline in natural gas prices, average delivered electricity prices
are projected to fall sharply from 9.8 cents per kilowatt-hour in 2008 to
8.6 cents per kilowatt-hour in 2011 and remain below 9.0 cents per kilowatt-
hour through 2020 [2, 3].

Figure 1.4 shows the percentages of various fuels used to meet U.S.
electric energy requirements for 2008 and those projected for 2015 and 2030.
Several trends are apparent in the chart. One is the continuing use of coal.
This trend is due primarily to the large amount of U.S. coal reserves, which,
according to some estimates, is sufficient to meet U.S. energy needs for the
next 500 years. Implementation of public policies that have been proposed to
reduce carbon dioxide emissions and air pollution could reverse this trend.
Another trend is the continuing consumption of natural gas in the long term
with gas-fired turbines that are safe, clean, and more efficient than com-
peting technologies. Regulatory policies to lower greenhouse gas emissions
could accelerate a switchover from coal to gas, but that would require
an increasing supply of deliverable natural gas. A slight percentage decrease
in nuclear fuel consumption is also evident. No new nuclear plant has been

FIGURE |.4 50. 1012 kwh
. 0,
Electric energy 3. 102KWh (100%)
generation in the United e (100%)
States, by principal fuel
types [2, 3] (U.S. Energy
Information 4.1 10%2kWh 2.21 (44%)
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Capacity by Energy 2.04 (48%)
Source—2008,
www.eia.gov; U.S. .
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> 1.02 20%
Energy Outlook 2010 . (20%)
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www.eia.gov)
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Renewable sources include conventional hydroelectric, geothermal, wood, wood waste,
all municipal waste, landfill gas, other biomass, solar, and wind power
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ordered in the United States for more than 30 years. The projected growth
from 0.80 x 10'> kWh in 2008 to 0.89 x 102 kWh in 2030 in nuclear genera-
tion is based on uprates at existing plants and some new nuclear capacity that
is cost competitive. Safety concerns will require passive or inherently safe re-
actor designs with standardized, modular construction of nuclear units. Also
shown in Figure 1.4 is an accelerating increase in electricity generation from
renewable resources in response to federal subsidies supported by many state
requirements for renewable generation.

Figure 1.5 shows the 2008 and projected 2015 U.S. generating capabil-
ity by principal fuel type. As shown, total U.S. generating capacity is pro-
jected to reach 1,069 GW (1 GW = 1000 MW) by the year 2015. This repre-
sents a 0.8% annual projected growth in generating capacity, which is slightly
above the 0.7% annual projected growth in electric energy production. The
projected increase in generating capacity together with lowered load forecasts
have contributed to generally improved generating capacity reserve margins
for most of the United States and North America [2, 3, 7].

As of 2008, there were 365,058 circuit miles of existing transmission
(above 100 kV) in the United States, with an additional 31,416 circuit miles
(already under construction, planned, and conceptual) projected for the ten-
year period from 2008 to 2018. The North American Electric Reliability
Council (NERC) has identified bulk power system reliability and the integra-
tion of variable renewable generation (particularly wind and solar generation)

FIGURE 1.5 1,069 GW
(100%)
Installed generating
capability in the United 1,010 GW (100%)
States by principal fuel 325 (30%)
types [2] (U.S. Energy
o Information 313 (31%)
Administration, Existing
Capacity by Energy
Source—2008,
www.eia.gov)
446 (42%)
457 (45%)
101 (10%) 105 (10%)
139 (14%) 193 (18%)
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= coal [[T] = gas/oil [_] = nuclear = Renewable sources

Net Summer Capacities
Renewable sources include conventional & pumped storage hydroelectric, geothermal, wood,
wood waste, all municipal waste, landfill gas, other biomass, solar, and wind power
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as the predominant reasons for projected transmission additions and up-
grades. NERC has concluded that while recent progress has been made in the
development of transmission, much work will be required to ensure that
planned and conceptual transmission is sited and built. NERC also concludes
that significant transmission will be required to “unlock” projected renewable
generation resources. Without this transmission, the integration of variable
generation resources could be limited [7].

Siting of new bulk power transmission lines has unique challenges due
to their high visibility, their span through multiple states, and potentially the
amount of coordination and cooperation required among multiple regulating
agencies and authorities. A recent court decision to limit the Federal Energy
Regulatory Commission’s (FERC’s) siting authority will lengthen the permit
issuing process and cause new transmission projects, particularly multiple-
state or regional projects from moving forward in timely manner. This cre-
ates a potential transmission congestion issue and challenges the economic
viability of new generation projects [7].

Growth in distribution construction roughly correlates with growth in
electric energy construction. During the last two decades, many U.S. utilities
converted older 2.4-, 4.1-, and 5-kV primary distribution systems to 12 or
15 kV. The 15-kV voltage class is widely preferred by U.S. utilities for new
installations; 25 kV, 34.5 kV, and higher primary distribution voltages are
also utilized. Secondary distribution reduces the voltage for utilization
by commercial and residential customers. Common secondary distribution
voltages in the United States are 240/120 V, single-phase, three-wire; 208Y/
120 V, three-phase, four-wire; and 480Y /277 V, three-phase, four-wire.

Transmission and distribution grids in the United States as well as other
industrialized countries are aging and being stressed by operational un-
certainties and challenges never envisioned when they were developed many
decades ago. There is a growing consensus in the power industry and among
many governments that smart grid technology is the answer to the uncertainties
and challenges. A smart grid is characterized by the follolwing attributes:

Self-healing from power system disturbances;

Enables active participation by consumers in demand response;
Operates resiliently against both physical and cyber attacks;
Provides quality power that meets 21% century needs;
Accommodates all generation and energy storage technologies;
Enables new products, services, and markets; and

Optimizes asset utilization and operating efficiency.

NAanmE W=

The objective of a smart grid is to provide reliable, high-quality electric
power to digital societies in an environmentally friendly and sustainable
manner [9].

Utility executives polled by the Electric Power Research Institute (EPRI)
in 2003 estimated that 50% of the electric-utility technical workforce in the
United States will reach retirement in the next five to ten years. And according
to the Institute of Electrical and Electronics Engineers (IEEE), the number of
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U.S. power system engineering graduates has dropped from approximately
2,000 per year in the 1980s to 500 in 2006. The continuing availability of quali-
fied power system engineers is a critical resource to ensure that transmission and
distribution systems are maintained and operated efficiently and reliably [8].

1.3

ELECTRIC UTILITY INDUSTRY STRUCTURE

The case study at the beginning of this chapter describes the restructuring of
the electric utility industry that has been ongoing in the United States. The
previous structure of large, vertically integrated monopolies that existed until
the last decade of the twentieth century is being replaced by a horizontal
structure with generating companies, transmission companies, and distribu-
tion companies as separate business facilities.

In 1992, the United States Congress passed the Energy Policy Act,
which has shifted and continues to further shift regulatory power from the
state level to the federal level. The 1992 Energy Policy Act mandates the
Federal Energy Regulatory Commission (FERC) to ensure that adequate
transmission and distribution access is available to Exempt Wholesale Gen-
erators (EWGs) and nonutility generation (NUG). In 1996, FERC issued the
“MegaRule,” which regulates Transmission Open Access (TOA).

TOA was mandated in order to facilitate competition in wholesale gen-
eration. As a result, a broad range of Independent Power Producers (IPPs)
and cogenerators now submit bids and compete in energy markets to match
electric energy supply and demand. In the future, the retail structure of power
distribution may resemble the existing structure of the telephone industry;
that is, consumers would choose which generator to buy power from. Also,
with demand-side metering, consumers would know the retail price of electric
energy at any given time and choose when to purchase it.

Overall system reliability has become a major concern as the electric
utility industry adapts to the new horizontal structure. The North American
Electric Reliability Council (NERC), which was created after the 1965 North-
east blackout, is responsible for maintaining system standards and reliability.
NERC coordinates its efforts with FERC and other organizations such as the
Edison Electric Institute (EEI) [10].

As shown in Figure 1.3, the transmission system in North America is
interconnected in a large power grid known as the North American Power
Systems Interconnection. NERC divides this grid into ten geographic regions
known as coordinating councils (such as WSCC, the Western Systems Coor-
dinating Council) or power pools (such as MAPP, the Mid-Continent Area
Power Pool). The councils or pools consist of several neighboring utility
companies that jointly perform regional planning studies and operate jointly
to schedule generation.
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The basic premise of TOA is that transmission owners treat all trans-
mission users on a nondiscriminatory and comparable basis. In December
1999, FERC issued Order 2000, which calls for companies owning trans-
mission systems to put transmission systems under the control of Regional
Transmission Organizations (RTOs). Several of the NERC regions have
either established Independent System Operators (ISOs) or planned for ISOs
to operate the transmission system and facilitate transmission services.
Maintenance of the transmission system remains the responsibility of the
transmission owners.

At the time of the August 14, 2003 blackout in the northeastern United
States and Canada, NERC reliability standards were voluntary. In August
2005, the U.S. Federal government passed the Energy Policy Act of 2005,
which authorizes the creation of an electric reliability organization (ERO)
with the statutory authority to enforce compliance with reliability standards
among all market participants. As of June 18, 2007, FERC granted NERC
the legal authority to enforce reliability standards with all users, owners, and
operators of the bulk power system in the United States, and made compliance
with those standards mandatory and enforceable. Reliability standards are also
mandatory and enforceable in Ontario and New Brunswick, and NERC is
seeking to achieve comparable results in the other Canadian provinces.

The objectives of electric utility restructuring are to increase competi-
tion, decrease regulation, and in the long run lower consumer prices. There is
a concern that the benefits from breaking up the old vertically integrated
utilities will be unrealized if the new unbundled generation and transmission
companies are able to exert market power. Market power refers to the ability
of one seller or group of sellers to maintain prices above competitive levels
for a significant period of time, which could be done via collusion or by taking
advantage of operational anomalies that create and exploit transmission con-
gestion. Market power can be eliminated by independent supervision of gener-
ation and transmission companies, by ensuring that there are an ample number
of generation companies, by eliminating transmission congestion, and by cre-
ating a truly competitive market, where the spot price at each node (bus) in the
transmission system equals the marginal cost of providing energy at that node,
where the energy provider is any generator bidding into the system [11].

1.4

COMPUTERS IN POWER SYSTEM ENGINEERING

As electric utilities have grown in size and the number of interconnections has
increased, planning for future expansion has become increasingly complex.
The increasing cost of additions and modifications has made it imperative
that utilities consider a range of design options, and perform detailed studies of
the effects on the system of each option, based on a number of assumptions:
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normal and abnormal operating conditions, peak and off-peak loadings, and
present and future years of operation. A large volume of network data must
also be collected and accurately handled. To assist the engineer in this power
system planning, digital computers and highly developed computer programs
are used. Such programs include power-flow, stability, short-circuit, and tran-
sients programs.

Power-flow programs compute the voltage magnitudes, phase angles, and
transmission-line power flows for a network under steady-state operating con-
ditions. Other results, including transformer tap settings and generator reactive
power outputs, are also computed. Today’s computers have sufficient storage
and speed to efficiently compute power-flow solutions for networks with
100,000 buses and 150,000 transmission lines. High-speed printers then print
out the complete solution in tabular form for analysis by the planning engi-
neer. Also available are interactive power-flow programs, whereby power-flow
results are displayed on computer screens in the form of single-line diagrams;
the engineer uses these to modify the network with a mouse or from a key-
board and can readily visualize the results. The computer’s large storage and
high-speed capabilities allow the engineer to run the many different cases nec-
essary to analyze and design transmission and generation-expansion options.

Stability programs are used to study power systems under disturbance
conditions to determine whether synchronous generators and motors remain
in synchronism. System disturbances can be caused by the sudden loss of a
generator or transmission line, by sudden load increases or decreases, and by
short circuits and switching operations. The stability program combines
power-flow equations and machine-dynamic equations to compute the angu-
lar swings of machines during disturbances. The program also computes crit-
ical clearing times for network faults, and allows the engineer to investigate
the effects of various machine parameters, network modifications, distur-
bance types, and control schemes.

Short-circuits programs are used to compute three-phase and line-to-
ground faults in power system networks in order to select circuit breakers for
fault interruption, select relays that detect faults and control circuit breakers,
and determine relay settings. Short-circuit currents are computed for each
relay and circuit-breaker location, and for various system-operating con-
ditions such as lines or generating units out of service, in order to determine
minimum and maximum fault currents.

Transients programs compute the magnitudes and shapes of transient over-
voltages and currents that result from lightning strikes and line-switching oper-
ations. The planning engineer uses the results of a transients program to deter-
mine insulation requirements for lines, transformers, and other equipment, and to
select surge arresters that protect equipment against transient overvoltages.

Other computer programs for power system planning include relay-
coordination programs and distribution-circuits programs. Computer pro-
grams for generation-expansion planning include reliability analysis and
loss-of-load probability (LOLP) programs, production cost programs, and
investment cost programs.
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1.5

POWERWORLD SIMULATOR

PowerWorld Simulator (PowerWorld) version 15 is a commercial-grade power
system analysis and simulation package that accompanies this text. The purposes
of integrating PowerWorld with the text are to provide computer solutions to ex-
amples in the text, to extend the examples, to demonstrate topics covered in the
text, to provide a software tool for more realistic design projects, and to provide
the readers with experience using a commercial grade power system analysis
package. To use this software package, you must first install PowerWorld, along
with all of the necessary case files onto your computer. The PowerWorld soft-
ware and case files can be downloaded by going to the www.powerworld.com/
GloverSarmaOverbye webpage, and clicking on the DownLoad PowerWorld
Software and Cases for the 5th Edition button. The remainder of this section pro-
vides the necessary details to get up and running with PowerWorld.

EXAMPLE I.1 Introduction to PowerWorld Simulator

After installing PowerWorld, double-click on the PW icon to start the pro-
gram. Power system analysis requires, of course, that the user provide the pro-
gram with a model of the power system. With PowerWorld, you can either
build a new case (model) from scratch or start from an existing case. Initially,
we’ll start from an existing case. PowerWorld uses the common Ribbon user
interface in which common commands, such as opening or saving a case, are
available by clicking on the blue and white PowerWorld icon in the upper left-
hand corner. So to open a case click on the icon and select Open Case. This
displays the Open Dialog. Select the Example 1.1 case in the Chapter 1 direc-
tory, and then click Open. The display should look similar to Figure 1.6.

For users familiar with electric circuit schematics it is readily apparent
that Figure 1.6 does NOT look like a traditional schematic. This is because
the system is drawn in what is called one-line diagram form. A brief explana-
tion is in order. Electric power systems range in size from small dc systems
with peak power demands of perhaps a few milliwatts (mW) to large continent-
spanning interconnected ac systems with peak demands of hundreds of Giga-
watts (GW) of demand (1 GW = 1 x 10° Watt). The subject of this book and
also PowerWorld are the high voltage, high power, interconnected ac sys-
tems. Almost without exception these systems operate using three-phase ac
power at either 50 or 60 Hz. As discussed in Chapter 2, a full analysis of an
arbitrary three-phase system requires consideration of each of the three phases.
Drawing such systems in full schematic form quickly gets excessively compli-
cated. Thankfully, during normal operation three-phase systems are usually
balanced. This permits the system to be accurately modeled as an equivalent
single-phase system (the details are discussed in Chapter 8, Symmetrical Com-
ponents). Most power system analysis packages, including PowerWorld,
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FIGURE 1.6
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use this approach. Then connections between devices are then drawn with a
single line joining the system devices, hence the term “one-line” diagram.
However, do keep in mind that the actual systems are three phase.

Figure 1.6 illustrates how the major power system components are rep-
resented in PowerWorld. Generators are shown as a circle with a “‘dog-bone”
rotor, large arrows represent loads, and transmission lines are simply drawn
as lines. In power system terminology, the nodes at which two or more de-
vices join are called buses. In PowerWorld thicker lines usually represent
buses; the bus voltages are shown in kilovolts (kV) in the fields immediately
to the right of the buses. In addition to voltages, power engineers are also
concerned with how power flows through the system (the solution of the
power flow problem is covered in Chapter 6, Power Flows). In PowerWorld,
power flows can be visualized with arrows superimposed on the generators,
loads, and transmission lines. The size and speed of the arrows indicates the
direction of flow. One of the unique aspects of PowerWorld is its ability to
animate power systems. To start the animation, select the Tools tab on the
Ribbon and then click on the green and black arrow button above Solve (i.e.,
the “Play” button). The one-line should spring to life! While the one-line is
being animated you can interact with the system. Figure 1.6 represents a sim-
ple power system in which a generator is supplying power to a load through a
16 kV distribution system feeder. The solid red blocks on the line and load
represent circuit breakers. To open, a circuit breaker simply click on it. Since
the load is series connected to the generator, clicking on any of the circuit
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breakers isolates the load from the generator resulting in a blackout. To re-
store the system click again on the circuit breaker to close it and then again
select the button on the Tools ribbon. To vary the load click on the up or
down arrows between the load value and the “MW” field. Note that because
of the impedance of the line, the load’s voltage drops as its value is increased.

You can view additional information about most of the elements on the
one-line by right-clicking on them. For example right-clicking on the generator
symbol brings up a local menu of additional information about the generator,
while right-clicking on the transmission line brings up local menu of information
about the line. The meaning of many of these fields will become clearer as you
progress through the book. To modify the display itself simply right-click on a
blank area of the one-line. This displays the one-line local menu. Select Oneline
Display Options to display the Oneline Display Options Dialog. From this dia-
log you can customize many of the display features. For example, to change the
animated flow arrow color select the “Animated Flows™ from the options shown
on the left side of the dialog. Then click on the green colored box next to the
“Actual MW field (towards the bottom of the dialog) to change its color.

There are several techniques for panning and/or zooming on the one-
line. One method to pan is to first click in an empty portion of the display
and then press the keyboard arrow keys in the direction you would like to
move. To zoom just hold down the Ctrl key while pressing the up arrow to
zoom in, or the down arrow to zoom out. Alternatively you can drag the
one-line by clicking and holding the left mouse button down and then mov-
ing the mouse—the one-line should follow. To go to a favorite view from the
one-line local menu select the Go To View to view a list of saved views.

If you would like to retain your changes after you exit PowerWorld you
need to save the results. To do this, select the PowerWorld icon in the upper left
portion of the Ribbon and then Save Case As; enter a different file name so as
to not overwrite the initial case. One important note: PowerWorld actually
saves the information associated with the power system model itself in a differ-
ent file from the information associated with the one-line. The power system
model is stored in *.pwb files (PowerWorld binary file) while the one-line dis-
play information is stored in *.pwd files (PowerWorld display file). For all the
cases discussed in this book, the names of both files should be the same (except
the different extensions). The reason for the dual file system is to provide flexi-
bility. With large system models, it is quite common for a system to be dis-
played using multiple one-line diagrams. Furthermore, a single one-line diagram
might be used at different times to display information about different cases. H

EXAMPLE 1.2 PowerWorld Simulator—Edit Mode

PowerWorld has two major modes of operations. The Run Mode, which was
just introduced, is used for running simulations and performing analysis. The
Edit Mode, which is used for modifying existing cases and building new
cases, is introduced in this example. To switch to the Edit Mode click on the
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Edit Mode button, which is located in the upper left portion of the display
immediately below the PowerWorld icon. We’ll use the edit mode to add an
additional bus and load as well as two new lines to the Example 1.1 system.
When switching to the Edit Mode notice that the Ribbon changes slightly,
with several of the existing buttons and icons disabled and others enabled. Also,
the one-line now has a superimposed grid to help with alignment (the grid can
be customized using the Grid/Highlight Unlinked options category on the One-
line Display Options Dialog). In the Edit Mode, we will first add a new bus to
the system. This can be done graphically by first selecting the Draw tab, then
clicking on the Network button and selecting Bus. Once this is done, move the
mouse to the desired one-line location and click (note the Draw tab is only
available in the Edit Mode). The Bus Options dialog then appears. This dialog
is used to set the bus parameters. For now leave all the bus fields at their default
values, except set Bus Name to “Bus 3" and set the nominal voltage to 16.0;
note that the number for this new bus was automatically set to the one greater
than the highest bus number in the case. The one-line should look similar to
Figure 1.7. You may wish to save your case now to avoid losing your changes.
By default, when a new bus is inserted a “bus field” is also inserted. Bus
fields are used to show information about buses on the one-lines. In this case
the new field shows the bus name, although initially in rather small fonts. To
change the field’s font size click on the field to select it, and then select the
Format button (on the Draw Ribbon) to display the Format dialog. Click on
the Font tab and change the font’s size to a larger value to make it easier to see.
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You can also change the size of the bus itself using the Format dialog, Display/
Size tab. Since we would also like to see the bus voltage magnitude, we need to
add an additional bus field. On the Draw ribbon select Field, Bus Field, and
then click near bus 3. This displays the Bus Field Options dialog. Make sure the
bus number is set to 3, and that the “Type of Field” is Bus Voltage. Again, re-
size with the Format, Font dialog.

Next, we’ll insert some load at bus 3. This can be done graphically by
selecting Network, Load, and then clicking on bus 3. The Load Options dia-
log appears, allowing you to set the load parameters. Note that the load was
automatically assigned to bus 3. Leave all the fields at their default values,
except set the orientation to “Down,” and enter 10.0 in the Constant Power
column MW Value field. As the name implies, a constant power load treats
the load power as being independent of bus voltage; constant power load
models are commonly used in power system analysis. By default PowerWorld
“anchors™ each load symbol to its bus. This is a handy feature when chang-
ing a drawing since when you drag the bus the load and all associated fields
move as well. Note that two fields showing the load’s real (MW) and reactive
(Mvar) power were also auto-inserted with the load. Since we won’t be need-
ing the reactive field right now, select this field and then select click Delete
(located towards the right side of the Tools Ribbon) to remove it. You should
also resize the MW field using the Format, Font command.

Now we need to join the bus 3 load to the rest of the system. We’ll do
this by adding a line from bus 2 to bus 3. Select Network, Transmission Line
and then click on bus 2. This begins the line drawing. During line drawing
PowerWorld adds a new line segment for each mouse click. After adding
several segments place the cursor on bus 3 and double-click. The Transmis-
sion Line/Transformer Options dialog appears allowing you to set the line
parameters. Note that PowerWorld should have automatically set the “from”
and “to” bus numbers based upon the starting and ending buses (buses 2
and 3). If these values have not been set automatically then you probably did
not click exactly on bus 2 or bus 3; manually enter the values. Next, set the
line’s Series Resistance (R) field to 0.3, the Series Reactance (X) field to 0.6,
and the MVA Limits Limit (A) field to 20 (the details of transformer and
transmission line modeling is covered in Chapters 3 through 5). Select OK to
close the dialog. Note that Simulator also auto-inserted two circuit breakers
and a round “pie chart” symbol. The pie charts are used to show the per-
centage loading of the line. You can change the display size for these objects
by right-clicking on them to display their option dialogs. |

EXAMPLE 1.3 PowerWorld Simulator—Run Mode

Next, we need to switch back to Run Mode to animate the new system de-
veloped in Example 1.2. Click on the Run Mode button (immediately below
the Edit Mode button), select the Tools on the ribbon and then click the green
and black button above Solve to start the simulation. You should see the
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arrows flow from bus 1 to bus 2 to bus 3. Note that the total generation is now
about 16.2 MW, with 15 MW flowing to the two loads and 1.2 MW lost to the
wire resistance. To add the load variation arrows to the bus 3 load right click
on the load MW field (not the load arrow itself) to display the field’s local
menu. Select Load Field Information Dialog to view the Load Field Options
dialog. Set the “Delta per Mouse Click™ field to “1.0,” which will change the
load by one MW per click on the up/down arrows. You may also like to set
the “Digits to Right of Decimal” to 2 to see more digits in the load field. Be
sure to save your case. The new system now has one generator and two loads.
The system is still radial, meaning that a break anywhere on the wire joining
bus 1 to bus 2 would result in a blackout of all the loads. Radial power sys-
tems are quite common in the lower voltage distribution systems. At higher
voltage levels, networked systems are typically used. In a networked system,
each load has at least two possible sources of power. We can convert our sys-
tem to a networked system simply by adding a new line from bus 1 to bus 3.
To do this switch back to Edit Mode and then repeat the previous line inser-
tion process except you should start at bus 1 and end at bus 3; use the same
line parameters as for the bus 2 to 3 line. Also before returning to Run Mode,
right click on the blue “Two Bus Power System” title and change it to “Three
Bus Power System.” Return to Run Mode and again solve. Your final system
should look similar to the system shown in Figure 1.8. Note that now you can
open any single line and still supply both loads—a nice increase in reliability!
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With this introduction you now have the skills necessary to begin using
PowerWorld to interactively learn about power systems. If you’d like to take
a look at some of the larger systems you’ll be studying, open PowerWorld
case Example 6.13. This case models a power system with 37 buses. Notice
that when you open any line in the system the flow of power immediately re-
distributes to continue to meet the total load demand. |

REFERENCES

I.  H. M. Rustebakke et al., Electric Utility Systems Practice, 4th ed. (New York: Wiley,
1983). Photos courtesy of Westinghouse Historical Collection.

2. U.S. Energy Information Administration, Existing Capacity by Energy Source—2008,
wWWwWw.eia.gov.

3. U.S. Energy Information Administration, Annual Energy Outlook 2010 Early Release
Overview, Www.eia.gov.

4. Wikipedia Encyclopedia, List of HVDC Projects, en.wikipedia.org.
M.P. Bahrman and B.K. Johnson, “The ABCs of HVDC Transmission Tech-
nologies,” IEEE Power & Energy Magazine, 5,2 (March/April 2007), pp. 33-44.
Edison Electric Institute, About the Industry, www.eei.org.

North American Electric Reliability Council (NERC), 2009 Long-Term Reliability
Assessment (Princeton, NJ: www.nerc.com, October 2009).

8. C.E. Root, “The Future Beckons,” Supplement to IEEE Power & Energy Magazine,
4.3 (May/June 2006), pp. 58—65.

9. E. Santacana, G. Rackliffe, L. Tang & X. Feng, “Getting Smart,” IEEE Power &
Energy Magazine, 8,2 (March/April 2010), pp. 41-48.

10. North American Electric Reliability Council (NERC), About NERC (Princeton, NJ:
WWww.nerc.com).

Il. T.J. Overbye and J. Weber, ‘“Visualizing the Electric Grid”, IEEE Spectrum, 38,2
(February 2001), pp. 52-58.

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.


http://www.eia.gov
http://www.eia.gov
http://www.eei.org
http://www.nerc.com
http://www.nerc.com

Fossil-fuel (oil/gas) power
plant with two 850-MV A
generating units ( Courtesy
of PacifiCorp)

FUNDAMENTALS

The objective of this chapter is to review basic concepts and establish termi-
nology and notation. In particular, we review phasors, instantaneous power,
complex power, network equations, and elementary aspects of balanced three-
phase circuits. Students who have already had courses in electric network
theory and basic electric machines should find this chapter to be primarily re-
fresher material.
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CASE STUDY

Throughout most of the 20®-century, electric utility companies built increasingly larger
generation plants, primarily hydro or thermal (using coal, gas, oil, or nuclear fuel). At the
end of the twentieth century, following the ongoing deregulation of the electric utility
industry with increased competition in the United States and in other countries, smaller

generation sources that connect directly to distribution systems have emerged.
Distributed energy resources are sources of energy including generation and storage
devices that are located near local loads. Distributed generation sources include
renewable technologies (including geothermal, ocean tides, solar and wind) and
nonrenewable technologies (including internal combustion engines, combustion turbines,
combined cycle, microturbines, and fuel cells). Microgrids are systems that have
distributed energy resources and associated loads that can form intentional islands in
distribution systems. The following article describes the benefits of microgrids and
several microgrid technologies under development in the United States and other

countries. [5].

Making Microgrids Work

Distributed energy resources (DER), including distributed
generation (DG) and distributed storage (DS), are sour-
ces of energy located near local loads and can provide a
variety of benefits including improved reliability if they are
properly operated in the electrical distribution system.
Microgrids are systems that have at least one distributed
energy resource and associated loads and can form in-
tentional islands in the electrical distribution systems.
Within microgrids, loads and energy sources can be dis-
connected from and reconnected to the area or local
electric power system with minimal disruption to the
local loads. Any time a microgrid is implemented in an
electrical distribution system, it needs to be well planned
to avoid causing problems.

For microgrids to work properly, an upstream switch
must open (typically during an unacceptable power quality
condition), and the DER must be able to carry the load
on the islanded section. This includes maintaining suitable
voltage and frequency levels for all islanded loads. De-
pending on switch technology, momentary interruptions
may occur during transfer from grid-connected to
islanded mode. In this case, the DER assigned to carry the
island loads should be able to restart and pick up the is-
land load after the switch has opened. Power flow analy-
sis of island scenarios should be performed to insure that
proper voltage regulation is maintained and to establish
that the DER can handle inrush during “starting” of the
island. The DER must be able to supply the real and

(“Making Microgrids Work” by Benjamin Kroposki et al.
© 2008 IEEE. Reprinted, with permission, from |EEE Power
& Energy (May/June 2008), pg. 40-53)
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reactive power requirements during islanded operation
and to sense if a fault current has occurred downstream
of the switch location. When power is restored on the
utility side, the switch must not close unless the utility
and “island” are synchronized. This requires measuring
the voltage on both sides of the switch to allow synchro-
nizing the island and the utility.

Microgrids’ largest impact will be in providing higher
reliability electric service and better power quality to the
end customers. Microgrids can also provide additional
benefits to the local utility by providing dispatchable
power for use during peak power conditions and allevi-
ating or postponing distribution system upgrades.

MICROGRID TECHNOLOGIES

Microgrids consist of several basic technologies for oper-
ation. These include DG, DS, interconnection switches,
and control systems. One of the technical challenges is
the design, acceptance, and availability of low-cost tech-
nologies for installing and using microgrids. Several
technologies are under development to allow the safe in-
terconnection and use of microgrids (see Figure I).

DISTRIBUTED GENERATION

DG units are small sources of energy located at or near the
point of use. DG technologies (Figures 2-5) typically in-
clude photovoltaic (PV), wind, fuel cells, microturbines, and
reciprocating internal combustion engines with generators.
These systems may be powered by either fossil or renew-
able fuels.
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Microgrids and components

Some types of DG can also provide combined heat
and power by recovering some of the waste heat gen-
erated by the source such as the microturbine in Figure 2.
This can significantly increase the efficiency of the DG
unit. Most of the DG technologies require a power elec-
tronics interface in order to convert the energy into grid-
compatible ac power. The power electronics interface
contains the necessary circuitry to convert power from
one form to another. These converters may include both
a rectifier and an inverter or just an inverter. The con-
verter is compatible in voltage and frequency with the
electric power system to which it will be connected and

Figure 2
Microturbines with heat recovery

plications where the generation and loads
of the microgrid cannot be exactly matched.
Distributed storage provides a bridge in
meeting the power and energy require-
ments of the microgrid. Storage capacity is
defined in terms of the time that the nominal energy capacity
can cover the load at rated power. Storage capacity can be
then categorized in terms of energy density requirements (for
medium- and long-term needs) or in terms of power density
requirements (for short- and very short-term needs). Dis-
tributed storage enhances the overall performance of micro-
grid systems in three ways. First, it stabilizes and permits
DG units to run at a
constant and stable out-
put, despite load fluctua-
tions. Second, it provides
the ride-through capa-
bility when there are
dynamic variations of
primary energy (such
as those of sun, wind,
and hydropower sour-
ces). Third, it permits
DG to seamlessly oper-
ate as a dispatchable unit.
Moreover, energy stor-
age can benefit power
systems by damping
peak surges in electric-
ity demand, countering
momentary power dis-
turbances, providing out-
age ride-through while
backup generators re-
spond, and reserving en-
ergy for future demand.

Figure 3
Wind turbine
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There are several forms of energy storage available
that can be used in microgrids; these include batteries,
supercapacitors, and flywheels. Battery systems store
electrical energy in the form of chemical energy
(Figure 6). Batteries are dc power systems that require
power electronics to convert the energy to and from ac
power. Many utility connections for batteries have bidir-
ectional converters, which allow energy to be stored
and taken from the batteries. Supercapacitors, also
known as ultracapacitors, are electrical energy storage
devices that offer high power density and extremely high
Figure 4 cycling capability. Flywheel systems have recently re-
Fuel cell gained consideration as a viable means of supporting
critical load during grid power interruption because of
their fast response compared to electrochemical energy
storage. Advances in power electronics and digitally
controlled fields have led to better flywheel designs that
deliver a cost-effective alternative in the power quality
market. Typically, an electric motor supplies mechanical
energy to the flywheel and a generator is coupled on the
same shaft that outputs the energy, when needed,
through a converter. It is also possible to design a bi-
directional system with one machine that is capable of
motoring and regenerating operations.

INTERCONNECTION SWITCH

The interconnection switch (Figure 7) ties the point of
Figure 5 connection between the microgrid and the rest of the
PV array distribution system. New technology in this area con-
solidates the various power and switching functions
(e.g., power switching, protective relaying, metering, and
communications) traditionally provided by relays, hard-
ware, and other components at the utility interface into
a single system with a digital signal processor (DSP).
Grid conditions are measured both on the utility and
microgrid sides of the switch through current trans-
formers (CTs) and potential transformers (PTs) to
determine operational conditions (Figure 8). The inter-
connection switches are designed to meet grid inter-
connection standards (IEEE 1547 and UL 1741 for North
America) to minimize custom engineering and site-spe-
cific approval processes and lower cost. To maximize
applicability and functionality, the controls are also de-
signed to be technology neutral and can be used with a
circuit breaker as well as faster semiconductor-based
static switches like thyristors and integrated gate bipolar
transistor technologies and are applicable to a variety
Figure 6 of DG assets with conventional generators or power
Large lead-acid battery bank converters.
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CONTROL
SYSTEMS

The control system of
a microgrid is de-
signed to safely operate
the system in grid-
connected and stand-
alone modes. This sys-
tem may be based on a
central controller or
imbedded as autono-
mous parts of each
distributed generator.
When the utility is dis-
connected the control
system must control
the local voltage and
frequency, provide (or
absorb) the instanta-
neous real power dif-
ference between gen-
eration and loads,
provide the difference
between generated re-
active power and the
actual reactive power consumed by the load; and protect
the internal microgrid.

In stand-alone mode, frequency control is a challenging
problem. The frequency response of larger systems is
based on rotating masses and these are regarded as

DSP Control Board

Figure 7
Interconnection switch and
control board
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essential for the inherent stability of these systems. In
contrast, microgrids are inherently converter-dominated
grids without or with very little directly connected rotating
masses, like flywheel energy storage coupled through a
converter. Since microturbines and fuel cells have slow re-
sponse to control signals and are inertia-less, isolated op-
eration is technically demanding and raises load-tracking
problems. The converter control systems must be adapted
to provide the response previously obtained from directly
connected rotating masses. The frequency control strategy
should exploit, in a cooperative way, the capabilities of the
micro sources to change their active power, through fre-
quency control droops, the response of the storage de-
vices, and load shedding.

Appropriate voltage regulation is necessary for local
reliability and stability. Without effective local voltage
control, systems with high penetration of distributed en-
ergy resources are likely to experience voltage and/or re-
active power excursions and oscillations. Voltage control
requires that there are no large circulating reactive cur-
rents between sources. Since the voltage control is in-
herently a local problem, voltage regulation faces the same
problems in both modes of operation; i.e., isolated or in-
terconnected. In the grid-interconnected mode, it is con-
ceivable to consider that DG units can provide ancillary
services in the form of local voltage support. The capabil-
ity of modern power electronic interfaces offers solutions
to the provision of reactive power locally by the adoption
of a voltage versus reactive current droop controller,
similar to the droop controller for frequency control.

MICROGRID TESTING

Circuit Breaker
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EXPERIENCE

Around the world, there are several active

experiments in the microgrid area covering an

array of technologies. As part of this research,

microgrid topologies and operational config-
| urations are being defined and design criteria
| established for all possibilities of microgrid
| applications.

TESTING EXPERIENCE IN
THE UNITED STATES

Consortium for Electric Reliability
| Solutions (CERTS) Testbed
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utity [
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Figure 8

Schematic diagram of a circuit breaker-based interconnection switch

The objective of the CERTS microgrid testbed
is to demonstrate a mature system approach
that allows for high penetration of DER
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equipment by providing a resilient platform for plug-and-
play operation, use of waste heat and intermittent sour-
ces, and enhancement of the robustness and reliability of
the customers’ electrical supply. The CERTS microgrid
has two main components: a static switch and autono-
mous sources. The static switch has the ability to auton-
omously island the microgrid from disturbances such as
faults, IEEE 1547 events, or power quality events. After
islanding, the reconnection of the microgrid is achieved
autonomously after the tripping event is no longer pres-
ent. This synchronization is achieved by using the fre-
quency difference between the islanded microgrid and the
utility grid. Each source can seamlessly balance the power
on the islanded microgrid using real power versus fre-
quency droop and maintain voltage using the reactive
power versus voltage droop. The coordination between
sources is through frequency, and the voltage controller
provides local stability. Without local voltage control,
systems with high penetrations of DG could experience
voltage and/or reactive power oscillations. Voltage con-
trol must also insure that there are no large circulating
reactive currents between sources. This requires a volt-
age versus reactive power droop controller so that, as
the reactive power generated by the source becomes
more capacitive, the local voltage set point is reduced.
Conversely, as reactive power becomes more inductive,
the voltage set point is increased.

The CERTS microgrid has no “master” controller or
source. Each source is connected in a peer-to-peer fashion
with a localized control scheme implemented with each
component. This arrangement increases the reliability of
the system in comparison to a master—slave or centralized
control scheme. In the case of a master—slave architecture,
the failure of the master controller could compromise the
operation of the whole system. The CERTS testbed uses a
central communication system to dispatch DG set points
as needed to improve overall system operation. However,
this communication network is not used for the dynamic
operation of the microgrid. This plug-and-play approach
allows expansion of the microgrid to meet the require-
ments of the site without extensive re-engineering.

The CERTS testbed (Figure 9) is located at American
Electric Power’s Walnut test site in Columbus, Ohio. It
consists of three 60-kW converter based sources and a
thyristor based static switch. The prime mover in this
case is an automobile internal combustion engine con-
verted to run on natural gas. It drives a synchronous
generator at variable speeds to achieve maximum effi-
ciencies over a wide range of loads. The output is rec-
tified and inverted to insure a constant ac frequency
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Figure 9
CERTS/AEP microgrid testbed

at the microgrid. To insure that the converter can provide
the necessary energy demanded by the CERTS controls
there is storage on the dc bus. This also insures that the
dynamics of the permanent magnet and generator are
decoupled from the dynamics of the converter. This in-
sures that a variety of energy sources can have the same
dynamic response as the sources used at the testbed.

The testbed has three feeders, two of which have DG
units connected and can be islanded. One of these feeders
has two sources separated by 170 m of cable. The other
feeder has a single source, which allows for testing parallel
operation of sources. The third feeder stays connected to
the utility but can receive power from the micro sources
when the static switch is closed without injecting power
into the utility. The objective of the testing is to demon-
strate the system dynamics of each component of the
CERTS microgrid. This includes smooth transitions from
grid-connected to islanded operation and back, high power
quality, system protection, speed of response of the sour-
ces, operation under difficult loads, and autonomous load
tracking.

Figure 10 is an example of islanding dynamics be-
tween two sources on a single feeder at the CERTS
testbed. Initially, the microgrid is utility connected with
unit A and unit B output at 6 kW and 54 kW, respec-
tively. The load is such that the grid provides 42 kW.
Upon islanding, unit B exceeds 60 kW and quickly settles
at its maximum steady-state operating point of 60 kW
with a reduced frequency of 59.8 Hz due to the power
versus frequency droop. Unit A increases to 42 kW and
converges to the same islanded frequency. The smooth-
ness and speed of the transition is seen in the invert
currents and the microgrid voltages. The loads do not
see the islanding event.

Figure 1l shows voltage across the switch and the
phase currents through the static switch during autono-
mous synchronization. This synchronization is achieved
by using the frequency difference between the islanded
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Operation of two 60-kWV sources using CERTS autonomous controls during an islanding event

300 T T y T T

200F 1

VaslV)
=

—100}

—200f

-300— : : .
B BT o N (] 0.1
Time (s)

(a)

1

-0.05 0 0.05

Time (s)
(b)

Figure 11
Synchronization of the microgrid to the utility

microgrid and the utility grid. This results in a low-
frequency beat voltage across the switch. When the two
voltages come in phase due to this frequency difference
the switch will close. The phase currents display a smooth
transition due to closing at zero voltage phase difference.
The unbalanced currents are driven by a utility voltage
unbalance of around 1% and a balanced voltage created by
the DG source. All loads see balanced voltages provided

by the DG sources. The neutral third harmonic current
and phase current distortion are due to transformer
magnetization currents.

The fundamental and third-harmonic frequency
component from the transformer magnetization is ap-
parent. As the loading of the transformer increases, the
distortion becomes a smaller component of the total
current.
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Interconnection Switch Testing

The National Renewable Energy Laboratory has worked
with a variety of US. interconnection switch manu-
facturers on the development of advanced interconnection
technologies that allow paralleling of distributed gen-
erators with the utility for uninterrupted electrical ser-
vice and the ability to parallel and sell electricity back to
the utility. This research promotes the development of
new products and technologies that enable faster switch-
ing, greater reliability, and lower fault currents on the
electrical grids, thereby providing fewer disruptions for
customers while expanding capabilities as an energy-
intensive world becomes more energy efficient in the
future.

Testing of the various switch technologies includes typ-
ical protective relay function tests such as detection and
tripping for over- and undervoltage, over- and under-
frequency, phase sequence, reverse power, instantaneous
over-current, and discrete event trip tests. To evaluate the
switches’ interconnection requirements, conformance
tests to the IEEE 1547.1 standard are conducted. These
tests evaluate if the unit detects and trips for over- and
undervoltage, over- and underfrequency, synchronization,
unintentional islanding, reconnection, and open-phase
tests. To evaluate the power quality functions of the
switch, tests are performed to verify that the switch re-
sponded as expected, which was to disconnect the grid
and DG terminals when a power quality event occurred.
Figure 12 shows results from the power quality testing
done on a circuit-breaker-based switch. This testing
showed that there is a minimum trip time for the breaker
(0.005 s) and that the control logic for the breaker needs
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Testing of a circuit breaker-based microgrid switch
versus the ITl curve
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to be more accurately tuned to stay within the Information
Technology Industry (ITl) Council curve.

TESTING EXPERIENCE IN JAPAN

The New Energy and Industrial Technology Development
Organization (NEDO) is currently supporting a variety of
microgrid demonstration projects applying renewable and
distributed generation. The first group of projects, called
Regional Power Grids with Various New Energies, was
implemented at three locations in Japan: Expo 2005 Aichi,
recently moved to the Central Japan Airport City (Aichi
project), Kyoto Eco-Energy project (Kyotango project),
and Regional Power Grid with Renewable Energy Re-
sources in Hachinohe City (Hachinohe project). In these
three projects, control systems capable of matching en-
ergy demand and supply for microgrid operation were
established. An important target in all of the projects is
achieving a matched supply and demand of electricity. In
each project, a standard for the margin of error between
supplied energy and consumed energy over a certain pe-
riod was set as a control target.

In the Aichi project, a power supply system utilizing
fuel cells, PV, and a battery storage system, all equipped
with converters, was constructed. A block diagram of the
supply system for the project is shown in Figure 13. The
fuel cells adopted for the system include two molten car-
bonate fuel cells (MCFCs) with capacities of 270 kW and
300 kW, one 25-kW solid oxide fuel cell (SOFC), and
four 200-kWV phosphoric acid fuel cells (PAFCs). The to-
tal capacity of the installed PV systems is 330 kVV, and the
adopted cell types include multicrystalline silicon, amor-
phous silicon, and a single crystalline silicon bifacial type.
A sodium-sulfur (NaS) battery is used to store energy
within the supply system and it plays an important role in
matching supply and demand. In the Aichi project, the
load-generation balancing has been maintained at 3% for
as short as ten-minute intervals. The Aichi project expe-
rienced a second grid-independent operation mode in
September 2007. In this operational mode, the NaS$ bat-
tery converter controls voltage and balancing of the load.

In the Kyotango project, the energy supply facilities and
demand sites are connected to a utility grid and are in-
tegrated by a master control system. The energy supply
system functions as a “virtual microgrid” A management
system for matching the demand and supply of electricity is
being demonstrated and a reduction in imbalances to within
3% of expected demand for five-minute intervals was ach-
ieved. Several criteria related to power quality (outages,
voltage fluctuations, and frequency fluctuations) are being
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Diagram of Aichi Microgrid project

monitored during the demonstration period to determine if
the system can achieve and maintain the same power qual-
ity level as a utility network. In the plant, gas engines with a
total capacity of 400 kW were installed together with a
250-kW MCFC and a 100-kWV lead-acid battery. In remote
locations, two PV systems and one 50-kW small wind tur-
bine were also installed. The power generation equipment
and end-user demand are managed by remote monitoring
and control. One of the interesting features of the system is
that it is managed not by a state-of-the-art information
network system but by conventional information networks,
which are the only network systems available in rural areas.

The Hachinohe project (Figure 14) features a microgrid
system constructed using a private distribution line mea-
suring more than 5 km. The private distribution line was
constructed to transmit electricity primarily generated by
the gas engine system. Several PV systems and small wind
turbines are also connected to the microgrid. At the
sewage plant, three 170-kW gas engines and a 50-kW PV
system have been installed. To support the creation of di-
gestion gas by the sewage plant, a wood-waste steam
boiler was also installed due to a shortage of thermal heat
to safeguard the bacteria. Between the sewage plant and
city office, four schools and a water supply authority office

are connected to the private distribution line. At the
school sites, renewable energy resources are used to cre-
ate a power supply that fluctuates according to weather
conditions in order to prove the microgrid’s control sys-
tem’s capabilities to match demand and supply. The control
system used to balance supply and demand consists of
three facets: weekly supply and demand planning, eco-
nomic dispatch control once every three minutes, and
second-by-second power flow control at interconnection
points. The control target is a margin of error between
supply and demand of less than 3% for every six-minute
interval. During testing, a margin of error rate of less than
3% was achieved during 99.99% of the system’s operational
time. The Hachinohe project experienced one week of
grid-independent operation in November 2007. In this
operational mode, imbalance among the three phases was
compensated by the PV converter.

The New Power Network Systems project is evaluat-
ing new test equipment installed on a test distribution
network (Figure |15) constructed at the Akagi Test Center
of the Central Research Institute of the Electric Power
Industry (CRIEPI). This equipment includes a static var
compensator (SVC), a step voltage regulator (SVR), and
loop balance controllers (LBCs). The SVC and SVR are
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Overview of the Hachinohe project
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supplies high-quality power that reduces interruptions
and voltage drops. In one of these cases, the wave pattern
is guaranteed. Two additional lower service levels have
only short-term voltage drops compensated by a series
compensator. This work will evaluate the possibility of
providing various service levels to customers located in
the same area. Since summer of 2007, the Sendai system
has been in operation and has improved the power qual-
ity at the site. Before starting actual operation, the com-
pensation equipment was tested by using a BTB power
supply system to create artificial voltage sag.

In addition to the NEDO-sponsored projects, there
are several private microgrid projects. Tokyo Gas has
been evaluating a 100-kW microgrid test facility since
September 2006 at the Yokohama Research Institute,
consisting of gas-engine combined heat and power (CHP),
PV, wind power, and battery-incorporated power elec-
tronics. Shimizu Corp. has developed a microgrid control
system with a small microgrid that consists of gas engines,
gas turbines, PV, and batteries. The system is designed for
load following and includes load forecasting and in-
tegrated control for heat and power.

TESTING EXPERIENCE IN CANADA

Planned microgrid islanding application, also known as in-
tentional islanding, is an early utility adaptation of the mi-
crogrid concept that has been implemented by BC Hydro
and Hydro Quebec, two of the major utility companies in
Canada. The main objective of planned islanding projects
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is to enhance customer-based power supply reliability on
rural feeders by utilizing an appropriately located inde-
pendent power producer (IPP), which is, for instance, lo-
cated on the same or adjacent feeder of a distribution
substation. In one case, the customers in Boston Bar
town, part of the BC Hydro rural areas, which is supplied
by three 25-kV medium-voltage distribution feeders, had
been exposed to power outages of 12 to 20 hrs two or
three times per year. This area, as shown in Figure 16, is
supplied by a 69/25-kV distribution substation and is
connected to the BC Hydro high-voltage system through
60 km of 69-kV line. Most of the line is built off a highway
in a canyon that is difficult to access with high potential of
rock/mud/snow slides. The implemented option to re-
duce sustained power-outage durations is based on uti-
lizing a local IPP to operate in an intentional island mode
and supply the town load on one or more feeders of the
substation. The Boston Bar IPP has two 3.45-MW hydro
power generators and is connected to one of the three
feeders with a peak load of 3.0 MW. Depending on the
water level, the Boston Bar IPP can supply the community
load on one or more of the feeders during the islanding
operation. If the water level is not sufficient, the load on
one feeder can be sectioned to adequate portions.

Based on the BC Hydro islanding guideline, to perform
planned islanding, an IPP should be equipped with additional
equipment and control systems for voltage regulation, fre-
quency stabilization, and fault protection. In addition, the
island-load serving capability of an IPP needs to be tested
prior to and during the project commissioning to ensure

Figure 16

System configuration for the Boston Bar IPP and BC Hydro planned islanding site
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42 CHAPTER 2 FUNDAMENTALS

that the IPP can properly respond to load transients such as
a step change in load and still sustain the island.

The functional requirements added to the Boston Bar
IPP to support planned islanding are as follows:

* governor speed control with fixed-frequency (iso-
chronous) mode for single-unit operation and speed-
droop settings for two-unit operation in parallel

engineering mass of generators and hydro turbines
to increase inertia and improve transient response

excitation system control with positive voltage field
forcing for output current boost during the feeder

fault to supply high fault current for proper coordi-
nation of protection relays

automatic voltage regulation control to regulate
voltages at the point of common coupling

two sets of overcurrent protection set-points for the
grid-connected and the islanding operating modes

real-time data telemetry via a leased telephone line
between the IPP remote control site and the utility
area control center

* black start capability via an onsite 55-kW diesel
generator.

In addition to the above upgrades, the auto-recloser
on the connecting IPP feeder is equipped with a second-
ary voltage supervision function for voltage supervisory
close and blocking of the auto-reclosing action. Remote
auto-synchronization capability was also added at the
substation level to synchronize and connect the island
area to the 69-kV feeder without causing load interrup-
tion. When a sustain power outage event, such as a per-
manent fault or line breakdown, occurs on the utility side
of the substation, the main circuit breaker and feeder re-
closers are opened (Figure 16). Then, the substation
breaker open position is telemetered to the IPP operator.
Subsequently, the IPP changes the control and protection
settings to the island mode and attempts to hold the
island downstream of the feeder 2 recloser. If the IPP fails
to sustain the island, the IPP activates a black-start pro-
cedure and picks up the dead feeder load under the utility
supervision. The island load may be supplied by one gen-
erator or both generators in parallel.

Two sets of tests were performed during the genera-
tor commissioning as follows:

1) grid parallel operation tests including a) the auto-
matic and manual synchronization, and b) output
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load, voltage and frequency controls, and load re-
jection tests

2) island operation tests comprising a) load pick-up and
drop-off tests in 350-kW increments, b) dead load
pick-up of 1.2 MW when only one of the two gen-
erators is in operation, and c) islanded operation
and load following capability when one unit is gen-
erating and/or both units are operating in parallel.

The planned islanding operation of the Boston Bar IPP
has been successfully demonstrated and performed sev-
eral times during power outages caused by adverse envi-
ronmental effects. Building on the knowledge and experi-
ence gained from this project, BC Hydro has recently
completed a second case of planned islanding and is
presently assessing a third project.

TESTING IN EUROPE

At the international level, the European Union has sup-
ported two major research efforts devoted exclusively to
microgrids: the Microgrids and More Microgrids projects.
The Microgrids project focused on the operation of a
single microgrid, has successfully investigated appropriate
control techniques, and demonstrated the feasibility of
microgrid operation through laboratory experiments.
The Microgrids project investigated a microgrid central
controller (MCC) that promotes technical and economi-
cal operation, interfaces with loads and micro sources
and demand-side management, and provides set points or
supervises local control to interruptible loads and micro
sources. A pilot installation was installed in Kythnos
Island, Greece, that evaluated a variety of DER to create a
microgrid.

Continuing microgrid projects in Greece include a
laboratory facility (Figure 17) that has been set up at
the National Technical University of Athens (NTUA),
with the objective to test small-scale equipment and
control strategies for micro-grid operation. The system
comprises two poles, each equipped with local (PV and
wind) generation and battery storage, connected to
each other via a low-voltage line as well as to the main
grid. Each pole may operate as a micro-grid via its own
connection to the grid, or both poles may be con-
nected via the low-voltage line to form a two-bus
micro-grid connected to the main grid at one end. The
battery converters are the main regulating units in
island mode, regulated via active power-frequency and
reactive power-voltage droops. Multi-agent technology
has been implemented for the control of the sources
and the loads.
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Figure 17
Laboratory microgrid facility at NTUA, Greece:
(a) single-line diagram and (b) view of one pole

Figure 18 shows indicative test results demonstrating
the seamless transition of the microgrid from grid-
connected to island mode and vice-versa (one-pole
microgrid operation). The first diagram illustrates the
variation of the frequency and the second of the voltage.
The change of the component power flows is shown in
the third illustration. While the load and the PV continue
operating at the same power, the output of the battery
converter and the power flow from the grid change to
maintain the power equilibrium in the microgrid.

Testing on microgrid components has also been ex-
tensively conducted by ISET in Germany. Figure 19 shows
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Figure 18

Changes of the microgrid operating mode from island
to interconnected mode and vice-versa: (a) frequency,
(b) voltage, and (c) component powers

testing conducted to examine voltage and current tran-
sient when microgrids transfer from grid-connected to
islanded mode. This figure shows that with proper design,
there can be minimal load disruption during the transfer.
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Voltage and current changes as the microgrid switches to islanded mode

The More Microgrids project aims at the increase of
penetration of microgeneration in electrical networks
through the exploitation and extension of the Microgrids
concept, involving the investigation of alternative micro-
generator control strategies and alternative network
designs, development of new tools for multimicrogrid
management operation and standardization of technical
and commercial protocols, and field trials on actual
microgrids and evaluation of the system performance on
power system operation.

One of the More Microgrids projects is located at
Bronsbergen Holiday Park, located near Zutphen in the
Netherlands. It comprises 210 cottages, 108 of which
are equipped with grid-connected PV systems. The park
is electrified by a traditional three-phase 400-V net-
work, which is connected to a 10-kV medium-voltage
network via a distribution transformer located on the
premises (Figure 20). The distribution transformer does
not feed any low-voltage loads outside of the holiday
park. Internally in the park, the 400-V supply from the
distribution transformer is distributed over four cables,
each protected by 200-A fuses on the three phases.
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The peak load is approximately 90 kW. The installed
power of all the PV systems together is 315 kW. The
objective of this project is experimental validation of
islanded microgrids by means of smart storage (coupled
by a flexible ac distribution system) including evaluation
of islanded operation, automatic isolation and re-
connection, fault level of the microgrid, harmonic volt-
age distortion, energy management and lifetime opti-
mization of the storage system, and parallel operation
of converters.

Another More Microgrids project involves field test on
the transfer between interconnected and islanding mode
with German utility MVV Energie. MVV Energie is planning
to develop an efficient solution to cope with the expected
future high penetration of renewable energy sources and
distributed generation in the low-voltage distribution grid.
If integrated in an intelligent way, these new players in the
distribution grid will improve independence from energy
imports, reliability, and power quality at lower cost than
the “business as usual” regarding replacement or rein-
forcement of the regional energy infrastructure. A suc-
cessful transfer between interconnected and islanding
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mode would provide a substantial benefit for the grid
operator.

This project will evaluate decentralized control in a
residential site in the ecological settlement in Mannheim-
Wallstadt. The new control structures for the decentral-
ized control with agents will be tested and allow the
transition from grid connection to islanding operation
without interruptions. This would improve reliability of
the grid and support for black start after failure of the
grid.

The CESI RICERCA test facility in Italy will also be
used to experiment, demonstrate, and validate the oper-
ation of an actual microgrid field test of different micro-
grid topologies at steady and transient state and power
quality analysis. During a transient state, the behavior
during short-duration voltage variation for single/three-
phase ac faults, or dynamic response to sudden load
changes and to conditions of phase imbalance or loss of
phase, the islanding conditions following interruption of
the supply will be analyzed.

CONCLUSIONS

Microgrids will provide improved electric service reli-
ability and better power quality to end customers and
can also benefit local utilities by providing dispatchable
load for use during peak power conditions and alleviat-
ing or postponing distribution system upgrades. There
are a number of active microgrid projects around
the world involved with testing and evaluation of these
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2.1

PHASORS

A sinusoidal voltage or current at constant frequency is characterized by two
parameters: a maximum value and a phase angle. A voltage

0(1) = Vinax cos(wt +0) (2.1.1)

has a maximum value Vy,,x and a phase angle 6 when referenced to cos(wt).
The root-mean-square (rms) value, also called effective value, of the sinusoi-
dal voltage is

Vmax
V2

Euler’s identity, e/# = cos ¢ -+ sin ¢, can be used to express a sinusoid
in terms of a phasor. For the above voltage,

V =

(2.1.2)

v(t) = Re[Vipaxe/ 9]
= Re[V2(Ve®)e/) (2.1.3)

where j = v/—1 and Re denotes “‘real part of.” The rms phasor representation
of the voltage is given in three forms—exponential, polar, and rectangular:

V= Ve’ =V/6=Vcosd+;Vsind (2.1.4)
—— ~ —
exponential polar rectangular

A phasor can be easily converted from one form to another. Conver-
sion from polar to rectangular is shown in the phasor diagram of Figure 2.1.
Euler’s identity can be used to convert from exponential to rectangular form.
As an example, the voltage

v(t) = 169.7 cos(wt + 60°)  volts (2.1.5)

has a maximum value V,,x = 169.7 volts, a phase angle 6 = 60° when refer-
enced to cos(wt), and an rms phasor representation in polar form of

V' =120/60° volts (2.1.6)
Also, the current
i(#) =100 cos(wt +45°) A (2.1.7)

FIGURE 2.1 Imaginary axis

Phasor diagram for
converting from polar to

v o
rectangular form jVsin &
8
\ Real axis
| V cos &
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FIGURE 2.2 - Is -
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has a maximum value I, = 100 A, an rms value I = 100/\/5 =70.7 A, a
phase angle of 45°, and a phasor representation

I=170.7/45° =70.7¢/* = 50 +50 A (2.1.8)

The relationships between the voltage and current phasors for the three
passive elements—resistor, inductor, and capacitor—are summarized in
Figure 2.2, where sinusoidal-steady-state excitation and constant values of R,
L, and C are assumed.

When voltages and currents are discussed in this text, lowercase letters
such as v(7) and i(7) indicate instantaneous values, uppercase letters such as V
and I indicate rms values, and uppercase letters in italics such as " and [ in-
dicate rms phasors. When voltage or current values are specified, they shall
be rms values unless otherwise indicated.

2.2

INSTANTANEOUS POWER IN SINGLE-PHASE AC
CIRCUITS

Power is the rate of change of energy with respect to time. The unit of power
is a watt, which is a joule per second. Instead of saying that a load absorbs
energy at a rate given by the power, it is common practice to say that a load
absorbs power. The instantaneous power in watts absorbed by an electrical
load is the product of the instantaneous voltage across the load in volts and
the instantaneous current into the load in amperes. Assume that the load
voltage is

0(1) = Viax cos(wt +0)  volts (2.2.1)

We now investigate the instantaneous power absorbed by purely re-
sistive, purely inductive, purely capacitive, and general RLC loads. We also
introduce the concepts of real power, power factor, and reactive power. The
physical significance of real and reactive power is also discussed.
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PURELY RESISTIVE LOAD

For a purely resistive load, the current into the load is in phase with the load
voltage, I = V' /R, and the current into the resistive load is

iR (1) = Irmax cos(wt +0) A (2.2.2)
where Irmax = Vmax/R. The instantaneous power absorbed by the resistor is
Pr(1) = v()ir (1) = VimaxIRmax cosz(wt +9)
=1 ViaIrmax{1 + cos[2(w? + )]}
= VIgR{l 4 cos[2(wt +9)]} W (2.2.3)

As indicated by (2.2.3), the instantaneous power absorbed by the resis-
tor has an average value

V2
P =VIg == IZR W (2.2.4)

plus a double-frequency term VIR cos[2(w? + 9)].

PURELY INDUCTIVE LOAD

For a purely inductive load, the current lags the voltage by 90°, Iy =
V/(jXy), and

iL(?) = ILmax cos(wt +0 —90°) A (2.2.5)

where Ijmax = Vimax/XL, and X = oL is the inductive reactance. The in-
stantaneous power absorbed by the inductor is*

pL(t) = v(2)iL (1) = ViaxILmax cos(wt + o) cos(wt + 0 — 90°)
= %VmaxILmaX cos[2(wt + J) — 90°]
= VI, sin2(wt +9)] W (2.2.6)

As indicated by (2.2.6), the instantaneous power absorbed by the in-
ductor is a double-frequency sinusoid with zero average value.

PURELY CAPACITIVE LOAD

For a purely capacitive load, the current leads the voltage by 90°, I =
V/(—jXc), and

ic(t) = Icmax cos(wt +0+90°) A (2.2.7)
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where Icmax = Vinax/Xc, and X¢ = 1/(wC) is the capacitive reactance. The
instantaneous power absorbed by the capacitor is

pe(t) = v()ic(t) = VinaxIcmax cos(wt +0) cos(wt 4+ + 90°)
=1 Vinaxlcmax cos[2(wt + 8) + 90°)]
= —VIcsin2(wt +0)] W (2.2.8)

The instantaneous power absorbed by a capacitor is also a double-frequency
sinusoid with zero average value.

GENERAL RLC LOAD

For a general load composed of RLC elements under sinusoidal-steady-state
excitation, the load current is of the form

i(1) = Ipax cos(wt + ) A (2.2.9)
The instantaneous power absorbed by the load is then*
p(t) = v(2)i(1) = ViaxImax cos(wt + 0) cos(wt + f)
=1 VinaxImax {cos(6 — B) + cos[2(wt +J) — (6 — B)]}
= VI cos(0 — ) + VI cos(d — f) cos[2(wt + 9)]
+ VI sin(o — f) sin2(wt + 0)]
p(t) = VIcos(d — f){1 + cos2(wt + )]} + VI sin(d — f) sin2(wt + 9)]
Letting I cos(0 — ) = Ir and Isin(d — ) = Ix gives
p(t) = VIR{l + cos[2(wt +9)]} + VIx sin[2(wt + J)] (2.2.10)

Pr(1) px(2)

As indicated by (2.2.10), the instantaneous power absorbed by the load
has two components: One can be associated with the power pg(f) absorbed
by the resistive component of the load, and the other can be associated with
the power px(f) absorbed by the reactive (inductive or capacitive) component
of the load. The first component pg(¢) in (2.2.10) is identical to (2.2.3), where
Ir =T cos(o — f5) is the component of the load current in phase with the load
voltage. The phase angle (0 — f8) represents the angle between the voltage
and current. The second component px(#) in (2.2.10) is identical to (2.2.6) or
(2.2.8), where Ix = Isin(0 — f§) is the component of load current 90° out of
phase with the voltage.

*Use the identity: cos A cos B = 1[cos(A — B) + cos(A + B)].
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REAL POWER

Equation (2.2.10) shows that the instantaneous power pg () absorbed by the
resistive component of the load is a double-frequency sinusoid with average
value P given by

P=VIg =VIcos(@—f) W (2.2.11)

The average power P is also called real power or active power. All three terms
indicate the same quantity P given by (2.2.11).

POWER FACTOR

The term cos(d — f) in (2.2.11) is called the power factor. The phase angle
(0 — ), which is the angle between the voltage and current, is called the
power factor angle. For dc circuits, the power absorbed by a load is the prod-
uct of the dc load voltage and the dc load current; for ac circuits, the average
power absorbed by a load is the product of the rms load voltage V, rms load
current I, and the power factor cos(d — f8), as shown by (2.2.11). For induc-
tive loads, the current lags the voltage, which means f is less than J, and the
power factor is said to be lagging. For capacitive loads, the current leads the
voltage, which means f is greater than J, and the power factor is said to be
leading. By convention, the power factor cos(d — ) is positive. If |0 — ff] is
greater than 90°, then the reference direction for current may be reversed, re-
sulting in a positive value of cos(d — f).

REACTIVE POWER

The instantaneous power absorbed by the reactive part of the load, given by
the component px(f) in (2.2.10), is a double-frequency sinusoid with zero
average value and with amplitude Q given by

Q= VIx = VIsin(d — ) var (2.2.12)

The term Q is given the name reactive power. Although it has the same units
as real power, the usual practice is to define units of reactive power as volt-
amperes reactive, or var.

EXAMPLE 2.1 Instantaneous, real, and reactive power; power factor

The voltage v(f) = 141.4 cos(wt) is applied to a load consisting of a 10-Q re-
sistor in parallel with an inductive reactance X; = wL = 3.77 Q. Calculate
the instantaneous power absorbed by the resistor and by the inductor. Also
calculate the real and reactive power absorbed by the load, and the power
factor.
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FIGURE 2.3 oslt)
Circuit and phasor 1
diagram for Example 2.1 / 2y o
ir(t)
X = /377 Q
w T 3_1T 21 ot
b1 2 2
p ()
- Q = max p (1)
it
Imaginary -
axis vi
27
f Y LS
R Re_al o 3777 ot
B) axis 2 2
/ I
{a) Circuit and phasor diagram (b) Waveforms

SOLUTION The circuit and phasor diagram are shown in Figure 2.3(a). The
load voltage is

141.4
V=——+-/0°=100/0° volts
7 /0°
The resistor current is
Vo100, . .
IR—ﬁ—W 0°=10/0° A
The inductor current is
V 100
L =—=—++-—-/0°=26.53/-90° A
b (J'3-77)L

The total load current is
I=1Ig+1I =10—;26.53 =28.35/—-69.34° A
The instantaneous power absorbed by the resistor is, from (2.2.3),
pr(2) = (100)(10)[1 + cos(2w?)]
= 1000[1 + cos(2w?)] W
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The instantaneous power absorbed by the inductor is, from (2.2.6),
pL(t) = (100)(26.53) sin(2wt)
= 2653 sin2wt) W
The real power absorbed by the load is, from (2.2.11),
P = VI cos(d — ) = (100)(28.53) cos(0° + 69.34°)
=1000 W

(Note: P is also equal to VIg = V?/R.)
The reactive power absorbed by the load is, from (2.2.12),

Q = VIsin(o — f) = (100)(28.53) sin(0° + 69.34°)
= 2653 var

(Note: Q is also equal to VI = V?/Xy.)
The power factor is

p.f. =cos(0 — ) = cos(69.34°) = 0.3528 lagging

Voltage, current, and power waveforms are shown in Figure 2.3(b).

As shown for this parallel RL load, the resistor absorbs real power
(1000 W) and the inductor absorbs reactive power (2653 vars). The resistor
current ir (¢) is in phase with the load voltage, and the inductor current iy (¢)
lags the load voltage by 90°. The power factor is lagging for an RL load.

Note that pgr(¢) and px(¢), given by (2.2.10), are strictly valid only for a
parallel R-X load. For a general RLC load, the voltages across the resistive
and reactive components may not be in phase with the source voltage v(¢),
resulting in additional phase shifts in pr(z) and px(z) (see Problem 2.13).
However, (2.2.11) and (2.2.12) for P and Q are valid for a general RLC load.

|

PHYSICAL SIGNIFICANCE OF REAL AND
REACTIVE POWER

The physical significance of real power P is easily understood. The total
energy absorbed by a load during a time interval T, consisting of one cycle of
the sinusoidal voltage, is PT watt-seconds (Ws). During a time interval of n
cycles, the energy absorbed is P(nT) watt-seconds, all of which is absorbed by
the resistive component of the load. A kilowatt-hour meter is designed to
measure the energy absorbed by a load during a time interval (¢, — #), con-
sisting of an integral number of cycles, by integrating the real power P over
the time interval (£, — f;).

The physical significance of reactive power Q is not as easily under-
stood. Q refers to the maximum value of the instantaneous power absorbed
by the reactive component of the load. The instantaneous reactive power,

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



SECTION 2.3 COMPLEX POWER 53

given by the second term px(f) in (2.2.10), is alternately positive and nega-
tive, and it expresses the reversible flow of energy to and from the reactive
component of the load. Q may be positive or negative, depending on the sign
of (0 — f) in (2.2.12). Reactive power Q is a useful quantity when describing
the operation of power systems (this will become evident in later chapters).
As one example, shunt capacitors can be used in transmission systems to de-
liver reactive power and thereby increase voltage magnitudes during heavy
load periods (see Chapter 5).

2.3

COMPLEX POWER

For circuits operating in sinusoidal-steady-state, real and reactive power are
conveniently calculated from complex power, defined below. Let the voltage
across a circuit element be V' =V/J, and the current into the element be
I =1/B. Then the complex power S is the product of the voltage and the
conjugate of the current:

S=VI"=[V/o][I/B]" =V1/6 - p
= VIcos(d — f§) + jVIsin(d — f) (2.3.1)

where (0 — ) is the angle between the voltage and current. Comparing (2.3.1)
with (2.2.11) and (2.2.12), S is recognized as

S=P+/Q (2.3.2)

The magnitude S = VI of the complex power S is called the apparent power.
Although it has the same units as P and Q, it is common practice to define
the units of apparent power S as voltamperes or VA. The real power P is
obtained by multiplying the apparent power S = VI by the power factor
p.f. =cos(0 — p).

The procedure for determining whether a circuit element absorbs or
delivers power is summarized in Figure 2.4. Figure 2.4(a) shows the load

FIGURE 2.4 / (a) Load convention. Current enters positive terminal of
Load and generator + circuit element. If P is positive, then positive real power

conventions v is absorbed. If Q is positive, then positive reactive power is
- absorbed. If P {Q) is negative, then positive real
{reactive) power is delivered.
pE———
(b) Generator convention. Current leaves positive
+ terminal of the circuit element. If P is positive, then
v positive real power is delivered. If Q is positive, then

_ positive reactive power is defivered. If P (Q) is
negative, then positive real (reactive) power is absorbed.
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convention, where the current enters the positive terminal of the circuit ele-
ment, and the complex power absorbed by the circuit element is calculated
from (2.3.1). This equation shows that, depending on the value of (6 — f8), P
may have either a positive or negative value. If P is positive, then the circuit
element absorbs positive real power. However, if P is negative, the circuit el-
ement absorbs negative real power, or alternatively, it delivers positive real
power. Similarly, if Q is positive, the circuit element in Figure 2.4(a) absorbs
positive reactive power. However, if Q is negative, the circuit element absorbs
negative reactive power, or it delivers positive reactive power.

Figure 2.4(b) shows the generator convention, where the current leaves
the positive terminal of the circuit element, and the complex power delivered
is calculated from (2.3.1). When P is positive (negative) the circuit element
delivers positive (negative) real power. Similarly, when Q is positive (nega-
tive), the circuit element delivers positive (negative) reactive power.

EXAMPLE 2.2 Real and reactive power, delivered or absorbed

A single-phase voltage source with V= 100/130° volts delivers a current
I =10/10° A, which leaves the positive terminal of the source. Calculate the
source real and reactive power, and state whether the source delivers or ab-
sorbs each of these.

SOLUTION Since [ leaves the positive terminal of the source, the generator
convention is assumed, and the complex power delivered is, from (2.3.1),

S = VI*=[100/130°][10/10°]"
S =1000/120° = —500 + ;866
P =Re[S] = —500 W
Q = Im[S] = +866 var

where Im denotes “imaginary part of.” The source absorbs 500 W and delivers
866 var. Readers familiar with electric machines will recognize that one exam-
ple of this source is a synchronous motor. When a synchronous motor operates
at a leading power factor, it absorbs real power and delivers reactive power. W

The load convention is used for the RLC elements shown in Figure 2.2.
Therefore, the complex power absorbed by any of these three elements can be
calculated as follows. Assume a load voltage V' = V/J. Then, from (2.3.1),

_ V2
resistor: Sg = VIg = [V/J] %{—6} =R (2.3.3)
. . Y% ' V2
inductor: Sy = VI = [V/J] XL —0| = —|—]X— (2.34)
[—JXL L
Y V?
capacitor: Sc = VI: = [V/J] Xe —(5} = —jX—C (2.3.5)
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FIGURE 2.5

Power triangle

\\ Q = VI sin{é — g} var

(8 ~ /3)\I
P = Vlcos(6 - I W

From these complex power expressions, the following can be stated:

A (positive-valued) resistor absorbs (positive) real power, Pg = V2/R
W, and zero reactive power, Qg = 0 var.

An inductor absorbs zero real power, PL =0 W, and positive reactive
power, Qp = V?/Xy var.

A capacitor absorbs zero real power, Pc =0 W, and negative reactive
power, Qc = —V?/Xc var. Alternatively, a capacitor delivers positive
reactive power, +V?/Xc.

For a general load composed of RLC elements, complex power S is also
calculated from (2.3.1). The real power P = Re(SS) absorbed by a passive load
is always positive. The reactive power Q = Im(SS) absorbed by a load may be
either positive or negative. When the load is inductive, the current lags the
voltage, which means f is less than ¢ in (2.3.1), and the reactive power ab-
sorbed is positive. When the load is capacitive, the current leads the voltage,
which means f is greater than ¢, and the reactive power absorbed is negative;
or, alternatively, the capacitive load delivers positive reactive power.

Complex power can be summarized graphically by use of the power tri-
angle shown in Figure 2.5. As shown, the apparent power S, real power P, and
reactive power Q form the three sides of the power triangle. The power factor
angle (0 — /) is also shown, and the following expressions can be obtained:

S=1/P?+Q? (2.3.6)

(0 —p) = tan”'(Q/P) (2.3.7)
Q=Ptan(d - f) (2.3.8)
p.f. =cos(0 — f) = LN (2.3.9)

EXAMPLE 2.3 Power triangle and power factor correction

A single-phase source delivers 100 kW to a load operating at a power factor
of 0.8 lagging. Calculate the reactive power to be delivered by a capacitor
connected in parallel with the load in order to raise the source power factor
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FIGURE 2.6 [
Circuit and power S, l Py ‘l' Q. _t, Q¢
triangle for Example 2.3 19 [
v P =
| source load capacitor
S, = 125 kVA Qc = 42.13 kvar

L Q, = 75 kvar

A\
6, = 36.87°

Qs = 32.87 kvar
'

6 = 18.19°
P = Ps = Py = 100 kW

to 0.95 lagging. Also draw the power triangle for the source and load.
Assume that the source voltage is constant, and neglect the line impedance
between the source and load.

SOLUTION The circuit and power triangle are shown in Figure 2.6. The real
power P = Pg = Pr delivered by the source and absorbed by the load is not
changed when the capacitor is connected in parallel with the load, since the
capacitor delivers only reactive power Qc. For the load, the power factor
angle, reactive power absorbed, and apparent power are

Op = (0 — B) = cos™1(0.8) = 36.87°

Qp =P tan 61 = 100 tan(36.87°) =75 kvar

P
SL = =125 kVA
cos 0.

After the capacitor is connected, the power factor angle, reactive power
delivered, and apparent power of the source are

Os = (0 — fs) = cos~1(0.95) = 18.19°
Qs = P tan 05 = 100 tan(18.19°) = 32.87 kvar

P 100

=——=——=1053 kVA
Ss cos O 0.95

The capacitor delivers

Qc=0Q — Qg =75—-32.87=42.13 kvar
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The method of connecting a capacitor in parallel with an inductive load is
known as power factor correction. The effect of the capacitor is to increase the
power factor of the source that delivers power to the load. Also, the source ap-
parent power Sg decreases. As shown in Figure 2.6, the source apparent power
for this example decreases from 125 kVA without the capacitor to 105.3 kVA
with the capacitor. The source current Is = Sg/V also decreases. When line im-
pedance between the source and load is included, the decrease in source current
results in lower line losses and lower line-voltage drops. The end result of power
factor correction is improved efficiency and improved voltage regulation.

To see an animated view of this example, open PowerWorld Simulator
case Example 2.3 (see Figure 2.7). From the Ribbon select the green and
black “Play” button to begin the simulation. The speed and size of the green
arrows are proportional to the real power supplied to the load bus, and the
blue arrows are proportional to the reactive power. Here reactive compensa-
tion can be supplied in discrete 20-kVar steps by clicking on the arrows in the
capacitor’s kvar field, and the load can be varied by clicking on the arrows in
the load field. Notice that increasing the reactive compensation decreases
both the reactive power flow on the supply line and the kVA power supplied
by the generator; the real power flow is unchanged. |
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2.4

NETWORK EQUATIONS

For circuits operating in sinusoidal-steady-state, Kirchhoff’s current law
(KCL) and voltage law (KVL) apply to phasor currents and voltages. Thus
the sum of all phasor currents entering any node is zero and the sum of the
phasor-voltage drops around any closed path is zero. Network analysis
techniques based on Kirchhoff’s laws, including nodal analysis, mesh or loop
analysis, superposition, source transformations, and Thévenin’s theorem or
Norton’s theorem, are useful for analyzing such circuits.

Various computer solutions of power system problems are formulated
from nodal equations, which can be systematically applied to circuits. The
circuit shown in Figure 2.8, which is used here to review nodal analysis, is
assumed to be operating in sinusoidal-steady-state; source voltages are repre-
sented by phasors Eg, Esy, and Egs; circuit impedances are specified in ohms.
Nodal equations are written in the following three steps:

STEP | For a circuit with (N + 1) nodes (also called buses), select one
bus as the reference bus and define the voltages at the remain-
ing buses with respect to the reference bus.

The circuit in Figure 2.8 has four buses—that is,
N +1=4 or N =3. Bus 0 is selected as the reference bus,
and bus voltages Vo, V29, and V73p are then defined with re-
spect to bus 0.

STEP 2 Transform each voltage source in series with an impedance to
an equivalent current source in parallel with that impedance.
Also, show admittance values instead of impedance values on
the circuit diagram. Each current source is equal to the volt-
age source divided by the source impedance.

FIGURE 2.8

Circuit diagram for
reviewing nodal analysis

—

oy
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FIGURE 2.9 -42S
Circuit of Figure 2.8
with equivalent current 1 i3S 2 /18 3
sources replacing voltage 1t 4

sources. Admittance
values are also shown

+ +
~ Db 1D
Vig % —/10S ! Voo 3415 U Vao 3 —/4S

Ee.
‘—1— T/2=—,- %:i

'

In Figure 2.9 equivalent current sources 11, I, and I3 are
shown, and all impedances are converted to corresponding
admittances.

STEP 3 Write nodal equations in matrix format as follows:

Yo Yo Y - Yy Vio I
Yo Y Yn oo Yoy V20 L
Ysi0 Yoo Yz oo Yoy || Vao| = |5 | (24.0)
Yvi Yno Yy oo Yan Vo Iy

Using matrix notation, (2.4.1) becomes
Yv=1I (2.4.2)

where Y is the N x N bus admittance matrix, V is the column
vector of N bus voltages, and I is the column vector of N cur-
rent sources. The elements Yy, of the bus admittance matrix Y
are formed as follows:

diagonal elements:  Yj; = sum of admittances
connected to bus k
(k=1,2,...,N) (2.4.3)

off-diagonal elements: Y}, = —(sum of admittances
connected between buses k
and n) (k #n) (2.4.4)

The diagonal element Yy is called the self-admittance or the
driving-point admittance of bus k, and the off-diagonal element
Yin for k # n is called the mutual admittance or the transfer
admittance between buses k and n. Since Y, = Y, the ma-
trix Y is symmetric.
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For the circuit of Figure 2.9, (2.4.1) becomes

(j3-/10) —(J3) 0 Vio
—(j3) | (U3—jl+j1=52) | —(j1—-,2) Va0
0 —(j1=42) (J1=j2=j4) || Vo
I
- | b
I3
-7 =3 0 Vio I
J1=3 1 1| |Vo|=|L (2.4.5)
0 1 -5 V30 I

The advantage of this method of writing nodal equations is that a digi-
tal computer can be used both to generate the admittance matrix ¥ and to
solve (2.4.2) for the unknown bus voltage vector V. Once a circuit is specified
with the reference bus and other buses identified, the circuit admittances and
their bus connections become computer input data for calculating the ele-
ments Yy, via (2.4.3) and (2.4.4). After Y is calculated and the current source
vector I is given as input, standard computer programs for solving simul-
taneous linear equations can then be used to determine the bus voltage
vector V.

When double subscripts are used to denote a voltage in this text, the
voltage shall be that at the node identified by the first subscript with respect
to the node identified by the second subscript. For example, the voltage 1V
in Figure 2.9 is the voltage at node 1 with respect to node 0. Also, a current
1, shall indicate the current from node @ to node b. Voltage polarity marks
(+/—) and current reference arrows (—) are not required when double sub-
script notation is employed. The polarity marks in Figure 2.9 for Vi, Vs,
and V73, although not required, are shown for clarity. The reference arrows
for sources I, I, and I3 in Figure 2.9 are required, however, since single sub-
scripts are used for these currents. Matrices and vectors shall be indicated in
this text by boldface type (for example, Y or V).

2.5

BALANCED THREE-PHASE CIRCUITS

In this section we introduce the following topics for balanced three-phase cir-
cuits: Y connections, line-to-neutral voltages, line-to-line voltages, line cur-
rents, A loads, A-Y conversions, and equivalent line-to-neutral diagrams.
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FIGURE 2.10 c— C
Circuit diagram of a a A J
three-phase Y-connected

source feeding a 4 —_
balanced-Y load |  E.. b Z, Z

En- " — N

BALANCED-Y CONNECTIONS

Figure 2.10 shows a three-phase Y-connected (or “wye-connected”) voltage
source feeding a balanced-Y-connected load. For a Y connection, the neu-
trals of each phase are connected. In Figure 2.10 the source neutral connec-
tion is labeled bus n and the load neutral connection is labeled bus N. The
three-phase source is assumed to be ideal since source impedances are ne-
glected. Also neglected are the line impedances between the source and load
terminals, and the neutral impedance between buses n and N. The three-
phase load is balanced, which means the load impedances in all three phases
are identical.

BALANCED LINE-TO-NEUTRAL VOLTAGES

In Figure 2.10, the terminal buses of the three-phase source are labeled a, b,
and ¢, and the source line-to-neutral voltages are labeled E,,, Ep,, and E,,.
The source is balanced when these voltages have equal magnitudes and an
equal 120°-phase difference between any two phases. An example of balanced
three-phase line-to-neutral voltages is

FIGURE 2.11
E, = 10&
Phasor diagram
of balanced Ey,, = 10/—120° = 10/4240° (2.5.1)
positive-sequence . .
line-to-neutral voltages E. = 10/4120° = 10/—240° volts

with E,, as the reference ) ) ) )
where the line-to-neutral voltage magnitude is 10 volts and E,, is the refer-

ence phasor. The phase sequence is called positive sequence or abc sequence
when E,, leads Ej, by 120° and Ejp, leads E., by 120°. The phase sequence is
called negative sequence or acb sequence when E,, leads E., by 120° and E,,
leads Ej, by 120°. The voltages in (2.5.1) are positive-sequence voltages, since
E,, leads Ej;, by 120°. The corresponding phasor diagram is shown in
Figure 2.11.
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BALANCED LINE-TO-LINE VOLTAGES

The voltages E,;, Ep., and E., between phases are called line-to-line voltages.
Writing a KVL equation for a closed path around buses «, b, and n in
Figure 2.10,

Ey = E, — Epy (2.5.2)

For the line-to-neutral voltages of (2.5.1),

E,; =10/0° —10/—120° =10 — 10 [_1_2]\6]
(2.5.3)
E. = V3(10) <\/§;J1> =/3(10/30°) volts
Similarly, the line-to-line voltages Ej. and E,, are

Ep. = Epy — Ey = 10/=120° — 10/4+120°

= V/3(10/=90°) volts (2.5.4)
Eq = Eo — Egn = 10/4120° — 10/0°

=/3(10/150°) volts (2.5.5)

The line-to-line voltages of (2.5.3)—(2.5.5) are also balanced, since they
have equal magnitudes of v/3(10) volts and 120° displacement between any
two phases. Comparison of these line-to-line voltages with the line-to-neutral
voltages of (2.5.1) leads to the following conclusion:

In a balanced three-phase Y-connected system with positive-sequence
sources, the line-to-line voltages are v/3 times the line-to-neutral volt-
ages and lead by 30°. That is,

Eu = V3Eq/430°
Epe = V3Ep,/+30° (2.5.6)
E(a = \/gEcn! +3OO

This very important result is summarized in Figure 2.12. In Figure 2.12(a)
each phasor begins at the origin of the phasor diagram. In Figure 2.12(b)
the line-to-line voltages form an equilateral triangle with vertices labeled «, b, ¢
corresponding to buses a, b, and ¢ of the system; the line-to-neutral
voltages begin at the vertices and end at the center of the triangle, which is la-
beled n for neutral bus n. Also, the clockwise sequence of the vertices abc in
Figure 2.12(b) indicates positive-sequence voltages. In both diagrams, E,, is the
reference. However, the diagrams could be rotated to align with any other
reference.

Since the balanced line-to-line voltages form a closed triangle in Fig-
ure 2.12, their sum is zero. In fact, the sum of line-to-line voltages (Eq + Epe + Ecq)
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FIGURE 2.12 £, £,

Eab
Positive-sequence
line-to-neutral and 30°
line-to-line voltages in a Ean
balanced three-phase
Y-connected system
Ebn
Ebc
(a) Phasor diagram (b) Voltage triangle

is always zero, even if the system is unbalanced, since these voltages form a
closed path around buses a, b, and c. Also, in a balanced system the sum of the
line-to-neutral voltages (E,, + Ep, + E.,) equals zero.

BALANCED LINE CURRENTS

Since the impedance between the source and load neutrals in Figure 2.10 is
neglected, buses n and N are at the same potential, £,y = 0. Accordingly, a
separate KVL equation can be written for each phase, and the line currents
can be written by inspection:

Ia = Ean/ZY
Iy = Ep,/Zy (2.5.7)
Ic == E(?n/ZY

For example, if each phase of the Y-connected load has an impedance
Zy =2/30° Q, then

10/0° .

L= 2{300 - Sﬂ A
10/=120° .

Ib - 2—300 - 5( —150 A (258)
10/+120° .

lo=—3— =59 A

The line currents are also balanced, since they have equal magnitudes
of 5 A and 120° displacement between any two phases. The neutral current 7,
is determined by writing a KCL equation at bus N in Figure 2.10.

In = Ia + Ib + Ic (259)
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FIGURE 2.13  Using the line currents of (2.5.8),

Phasor diagram of line

currents in a balanced I, = 5/=30° +5/—=150° + 5/90°
three-phase system

31 V3 —jl (2.5.10)

,n:5<f71> +5<L> Ls=0

2 2
Iy

The phasor diagram of the line currents is shown in Figure 2.13. Since
fe these line currents form a closed triangle, their sum, which is the neutral
current [, is zero. In general, the sum of any balanced three-phase set of
la phasors is zero, since balanced phasors form a closed triangle. Thus, al-

though the impedance between neutrals » and N in Figure 2.10 is assumed
to be zero, the neutral current will be zero for any neutral impedance rang-
ing from short circuit (0 Q) to open circuit (co Q), as long as the system is
balanced. If the system is not balanced—which could occur if the source
voltages, load impedances, or line impedances were unbalanced—then the
line currents will not be balanced and a neutral current 7, may flow between
buses n and N.

BALANCED A LOADS

Figure 2.14 shows a three-phase Y-connected source feeding a balanced-A-
connected (or “delta-connected”) load. For a balanced-A connection, equal
load impedances Z, are connected in a triangle whose vertices form the
buses, labeled A, B, and C in Figure 2.14. The A connection does not have a
neutral bus.

Since the line impedances are neglected in Figure 2.14, the source line-
to-line voltages are equal to the load line-to-line voltages, and the A-load
currents Iag, Igc, and Ica are

IAB = Ea/)/ZA

Ipc = Epc/Z (2.5.11)
Ica = Eca/ZA
FIGURE 2.14 ¢ — I
Circuit diagram of a Y- a j
connected source feeding
a balanced-A load — ;
C CA A
/BC \
Zy Zy
— V4
B /AB
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For example, if the line-to-line voltages are given by (2.5.3)—(2.5.5) and
if Zy = 5/30° Q, then the A-load currents are

10/30° .

Ing = ﬁ(s 3()0) =3.464/0° A
10/—90°

Ipc = ﬂ( 5/30°
10/150°

fea = ﬁ( 5/30°

Also, the line currents can be determined by writing a KCL equation at each
bus of the A load, as follows:

) =3.464/-120° A (2.5.12)

) = 3.464/4120° A

I, = Ing — Ica = 3.464/0° —3.464/120° = v/3(3.464/—30°)
I = Inc — Inp = 3.464/—120° — 3.464/0° = v/3(3.464/—150°)  (2.5.13)
I = Ica — Ipc = 3.464/120° — 3.464/—120° = \/3(3.464/+90°)

Both the A-load currents given by (2.5.12) and the line currents given
by (2.5.13) are balanced. Thus the sum of balanced A-load currents
(Iap + Inc + Ica) equals zero. The sum of line currents (I, + I, + 1) is al-
ways zero for a A-connected load even if the system is unbalanced, since there
is no neutral wire. Comparison of (2.5.12) and (2.5.13) leads to the following
conclusion:

For a balanced-A load supplied by a balanced positive-sequence source,
the line currents into the load are /3 times the A-load currents and lag
by 30°. That is,

I, = V3Ixp/=30°
Iy = V3Igc/—30° (2.5.14)
I, = V3Ica/=30°

This result is summarized in Figure 2.15.

FIGURE 2.15 I

Phasor diagram of line
currents and load
currents for a
balanced-A load
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FIGURE 2.16

A-Y conversion for
balanced loads

(a) Balanced-A load {b) Equivalent balanced-Y load

A-Y CONVERSION FOR BALANCED LOADS

Figure 2.16 shows the conversion of a balanced-A load to a balanced-Y load.
If balanced voltages are applied, then these loads will be equivalent as viewed
from their terminal buses A, B, and C when the line currents into the A load
are the same as the line currents into the Y load. For the A load,

In = V3Ixp/—30° = % (2.5.15)
A
and for the Y load,
1y = Eax _ Eap/=30° (2.5.16)
ZY \/§ZY

Comparison of (2.5.15) and (2.5.16) indicates that I, will be the same for
both the A and Y loads when

V4
Zy:TA

Also, the other line currents /g and Ic into the Y load will equal those into the
A load when Zy = Z, /3, since these loads are balanced. Thus a balanced-A
load can be converted to an equivalent balanced-Y load by dividing the A-load
impedance by 3. The angles of these A- and equivalent Y-load impedances
are the same. Similarly, a balanced-Y load can be converted to an equivalent
balanced-A load using Zx = 3Zy.

(2.5.17)

EXAMPLE 2.4 Balanced A and Y loads

A balanced, positive-sequence, Y-connected voltage source with E,;, = 480/0°
volts is applied to a balanced-A load with Zx = 30/40° Q. The line impedance
between the source and load is Z; = 1/85° Q for each phase. Calculate the
line currents, the A-load currents, and the voltages at the load terminals.
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FIGURE 2.17

Circuit diagram for
Example 2.4

2 = 240 0

ZL = 1/85° Q

B

SOLUTION The solution is most easily obtained as follows. First, convert
the A load to an equivalent Y. Then connect the source and Y-load neutrals
with a zero-ohm neutral wire. The connection of the neutral wire has no
effect on the circuit, since the neutral current 7, = 0 in a balanced system.
The resulting circuit is shown in Figure 2.17. The line currents are

480
2 _30°
I = Ean = V3
ZLt 2y 850 4 ? /40°
- 277.1/=30°
~ (0.0872 + j0.9962) + (7.660 + j6.428) (2.5.18)

277.1/-30° 277.1/-30° )
= 7748+ j7428) ~ 1073/a3 g A= BIE A

Iy =25.83/166.22° A
Ic =25.83/46.22° A
The A-load currents are, from (2.5.14),

1 25.83
Iag = —“[+30° =——/-73.78°+30° = 14.91/-43.78° A
AR 3 V3
Igc = 1491/-163.78° A (2.5.19)

Ica =1491/+76.22° A
The voltages at the load terminals are
Eap = Zalag = (30/40°)(14.91/—43.78°) = 447.3/—3.78°
Epc = 447.3/—-123.78° (2.5.20)
Eca =447.3/116.22°  volts

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



68 CHAPTER 2 FUNDAMENTALS

FIGURE 2.18 a Z =1/85°Q A
Equivalent line-to- +
neutral diagram for the
circuit of Example 2.4 E, = 480 30 Z, =10 /40° Q
V3
- neutral wire
n N

EQUIVALENT LINE-TO-NEUTRAL DIAGRAMS

When working with balanced three-phase circuits, only one phase need be
analyzed. A loads can be converted to Y loads, and all source and load neu-
trals can be connected with a zero-ohm neutral wire without changing the
solution. Then one phase of the circuit can be solved. The voltages and cur-
rents in the other two phases are equal in magnitude to and +120° out of
phase with those of the solved phase. Figure 2.18 shows an equivalent line-to-
neutral diagram for one phase of the circuit in Example 2.4.

When discussing three-phase systems in this text, voltages shall be
rms line-to-line voltages unless otherwise indicated. This is standard industry
practice.

2.6

POWER IN BALANCED THREE-PHASE CIRCUITS

In this section, we discuss instantaneous power and complex power for bal-
anced three-phase generators and motors and for balanced-Y and A-impedance
loads.

INSTANTANEOUS POWER: BALANCED
THREE-PHASE GENERATORS

Figure 2.19 shows a Y-connected generator represented by three voltage
sources with their neutrals connected at bus n and by three identical genera-
tor impedances Z,. Assume that the generator is operating under balanced
steady-state conditions with the instantaneous generator terminal voltage

given by

van(f) = V2V cos(wt + ) volts (2.6.1)
and with the instantaneous current leaving the positive terminal of phase a
given by

io(1) = V2IL cos(wt + ) A (2.6.2)
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FIGURE 2.19 ¢ 0
—
Y-connected generator
— it
— )

where Vi is the rms line-to-neutral voltage and I is the rms line current.
The instantaneous power p,(¢) delivered by phase a of the generator is

Palt) = van(t)ia(t)
= 2VinIL cos(wt +J) cos(wt + f)
= VNI cos(d — ) + VinIL cosRQut +0+ ) W (2.6.3)

Assuming balanced operating conditions, the voltages and currents of
phases b and ¢ have the same magnitudes as those of phase ¢ and are +120°
out of phase with phase a. Therefore the instantaneous power delivered by
phase b is

py(t) = 2ViNIL cos(wt + 0 — 120°) cos(wt + f — 120°)
= VinIL cos(0 — B) + VinIL cos(Qwt +0 + f —240°) W (2.6.4)
and by phase c,
pe(t) = 2VNIL cos(wt + 0 + 120°) cos(wt + f + 120°)
= VinIL cos(d — B) + VINIL cosRawt + 6 + f+240°) W (2.6.5)

The total instantaneous power ps,4(7) delivered by the three-phase gen-
erator is the sum of the instantaneous powers delivered by each phase. Using
(2.6.3)-(2.6.5):

P3¢(1) = pa(t) + ps(1) + pe(1)
= 3VnIL cos(0 — f) + VinIp[cos(2wt + 0 + f5)
+ cos(2wt + 0 + f — 240°)
+cos(2wt +0 + f+240°)] W (2.6.6)

The three cosine terms within the brackets of (2.6.6) can be represented by a
balanced set of three phasors. Therefore, the sum of these three terms is zero
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for any value of o, for any value of f, and for all values of 7. Equation (2.6.6)
then reduces to

p3¢([) = P3¢ =3VinIL 008(5 — ﬂ) w (267)

Equation (2.6.7) can be written in terms of the line-to-line voltage V| instead
of the line-to-neutral voltage V. Under balanced operating conditions,

VLN = VLL/\/§ and P3¢ = \/§VLLIL COS(& — ﬁ) \W% (2.6.8)

Inspection of (2.6.8) leads to the following conclusion:

The total instantaneous power delivered by a three-phase generator
under balanced operating conditions is not a function of time, but a
constant, p3¢(l) = P3¢.

INSTANTANEOUS POWER: BALANCED
THREE-PHASE MOTORS AND IMPEDANCE LOADS

The total instantaneous power absorbed by a three-phase motor under bal-
anced steady-state conditions is also a constant. Figure 2.19 can be used to
represent a three-phase motor by reversing the line currents to enter rather
than leave the positive terminals. Then (2.6.1)—(2.6.8), valid for power deliv-
ered by a generator, are also valid for power absorbed by a motor. These
equations are also valid for the instantaneous power absorbed by a balanced
three-phase impedance load.

COMPLEX POWER: BALANCED THREE-PHASE

GENERATORS
The phasor representations of the voltage and current in (2.6.1) and (2.6.2)
are
Van = VIN/O  volts (269)
L=1/8 A (2.6.10)

where I, leaves positive terminal “a’ of the generator. The complex power S,
delivered by phase a of the generator is

Sq = Vanl; = VINIL/(0 = f)
= VinIL COS(& - ﬂ) + jVinIy sin(5 — ﬂ) (261 1)

Under balanced operating conditions, the complex powers delivered by
phases b and ¢ are identical to S,, and the total complex power S3, delivered
by the generator is
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S3p = Sa+Sp+ S, =38,
=3VinIL/(6 - B)
= 3VinIL cos(0 — ) + j3VinIL sin(d — f) (2.6.12)
In terms of the total real and reactive powers,
S3p = Pag + Qs (2.6.13)
where
P34 = Re(S34) = 3VinIL cos(6 — f)
= V3ViLIL cos(d — ) W (2.6.14)
and
Q34 = Im(S34) = 3VLnIL sin(d — f)
=3Vl sin@ — p) var (2.6.15)
Also, the total apparent power is

S3p = |S3| = 3VinlL = V3Vl VA (2.6.16)

COMPLEX POWER: BALANCED THREE-PHASE
MOTORS

The preceding expressions for complex, real, reactive, and apparent power
delivered by a three-phase generator are also valid for the complex, real, reac-
tive, and apparent power absorbed by a three-phase motor.

COMPLEX POWER: BALANCED-Y AND BALANCED-A
IMPEDANCE LOADS

Equations (2.6.13)—(2.6.16) are also valid for balanced-Y and -A impedance
loads. For a balanced-Y load, the line-to-neutral voltage across the phase «
load impedance and the current entering the positive terminal of that load
impedance can be represented by (2.6.9) and (2.6.10). Then (2.6.11)—(2.6.16)
are valid for the power absorbed by the balanced-Y load.

For a balanced-A load, the line-to-line voltage across the phase a—b
load impedance and the current into the positive terminal of that load im-
pedance can be represented by

Vap = Vip/0 volts (2.6.17)
Iy = IAﬁ A (2.6.18)

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



72 CHAPTER 2 FUNDAMENTALS

where Vi is the rms line-to-line voltage and I, is the rms A-load current.
The complex power S, absorbed by the phase a—b load impedance is then

Sab = Vaply, = ViLIa /(6 — B) (2.6.19)
The total complex power absorbed by the A load is
S3p = Sap + Spe + Sea = 38w
=3VLLIA/(0 - f)
= 3VrLIA cos(d — f) + j3ViLIA sin(o — ff) (2.6.20)
Rewriting (2.6.19) in terms of the total real and reactive power,
S3p = Pyy + jQsy (2.6.21)
P34 = Re(S34) = 3ViLla cos(d — f)

= V3Vl cos(0—f) W (2.6.22)
Q3¢ = Im(S3¢) = 3VLLIA Sil’l(5 - ﬁ)
= V3V sin(@@ — ) var (2.6.23)

where the A-load current I, is expressed in terms of the line current Iy = /314
in (2.6.22) and (2.6.23). Also, the total apparent power is

S3p = [S3g] =3ViLla = V3ViLIL VA (2.6.24)
Equations (2.6.21)—(2.6.24) developed for the balanced-A load are identical
to (2.6.13)-(2.6.16).

EXAMPLE 2.5 Power in a balanced three-phase system

Two balanced three-phase motors in parallel, an induction motor drawing
400 kW at 0.8 power factor lagging and a synchronous motor drawing
150 kVA at 0.9 power factor leading, are supplied by a balanced, three-phase
4160-volt source. Cable impedances between the source and load are neglected,
(a) Draw the power triangle for each motor and for the combined-motor load.
(b) Determine the power factor of the combined-motor load. (c) Determine the
magnitude of the line current delivered by the source. (d) A delta-connected ca-
pacitor bank is now installed in parallel with the combined-motor load. What
value of capacitive reactance is required in each leg of the capacitor bank to
make the source power factor unity? (¢) Determine the magnitude of the line
current delivered by the source with the capacitor bank installed.

SOLUTION (a) For the induction motor, P = 400 kW and:
S =P/p.f. =400/0.8 = 500 kVA

Q = V$2 — P2 = 1/(500)* — (400)* = 300 kvar absorbed
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FIGURE 2.20 5
» 8 WP <
Power triangles for 0\49 2z 6%5(7, ©
Example 2.5 L o P=135kwW @ 57 S
6 8 =< o
o S0 kiy @ o
P = 400 kW C“)' P =535 kW
Induction Motor Synchronous Motor Combined-Motor Load

For the synchronous motor, S = 150 kVA and
P = S(p.f.) = 150(0.9) = 135 kW

Q = VS2 — P2 = /(150)* — (135)* = 65.4 kvar delivered

For the combined-motor load:

P =400+ 135=535 kW Q =300 — 65.4 = 234.6 kvar absorbed

S=+P2+ Q= \/ (535)% + (234.6)* = 584.2 kVA

(a) The power triangles for each motor and the combined-motor load
are shown in Figure 2.20.

() The power factor of the combined-motor load is p.f. = P/S = 535/
584.2 = 0.916 lagging.

(¢) The line current delivered by the source is I = S/(v/3 V), where S
is the three-phase apparent power of the combined-motor load
and V is the magnitude of the line-to-line load voltage, which
is the same as the source voltage for this example.
I=1584.2/(v/3 4160 V) = 0.0811 kA = 81.1 per phase.

(d) For unity power factor, the three-phase reactive power supplied by
the capacitor bank should equal the three-phase reactive power ab-
sorbed by the combined-motor load. That is, Q. = 234.6 kvar. For
a delta-connected capacitor bank, Q. = 3V?/X, where V is the line-
to-line voltage across the bank and X, the capacitive reactance of
each leg of the bank. The capacitive reactance of each leg is

Xa = 3VYQ. = 3(4160%)/234.6 x 10° = 2213 Q

(e) With the capacitor bank installed, the source power factor is unity
and the apparent power S delivered by the source is the same as the
real power P delivered by the source. The line current magnitude is

I1=S/(/3V)=P/(V3V)=535/(\/3 4160) = 0.0743kA = 74.3 A per phase.

In this example, the source voltage of 4160 V is not specified as a line-to-
line voltage or line-to-neutral voltage, RMS or peak. Therefore, it is as-
sumed to be an RMS line-to-line voltage, which is the convention
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throughout this text and a standard practice in the electric power industry.
The combined-motor load absorbs 535 kW of real power. The induction
motor, which operates at lagging power factor, absorbs reactive power (300
kvar) and the synchronous motor, which operates at leading power factor,
delivers reactive power (65.4 kvar). The capacitor bank also delivers reac-
tive power (234.6 kvar). Note that the line current delivered by the source is
reduced from 81.1 A without the capacitor bank to 74.3 A with the capaci-
tor bank. Any I’R losses due to cable resistances and voltage drops due to
cable reactances between the source and loads (not included in this example)
would also be reduced. |

2.7

ADVANTAGES OF BALANCED THREE-PHASE
VERSUS SINGLE-PHASE SYSTEMS

Figure 2.21 shows three separate single-phase systems. Each single-phase sys-
tem consists of the following identical components: (1) a generator repre-
sented by a voltage source and a generator impedance Z,; (2) a forward and
return conductor represented by two series line impedances Zi; (3) a load
represented by an impedance Zy. The three single-phase systems, although
completely separated, are drawn in a Y configuration in the figure to illus-
trate two advantages of three-phase systems.

Each separate single-phase system requires that both the forward and
return conductors have a current capacity (or ampacity) equal to or greater
than the load current. However, if the source and load neutrals in Figure 2.21
are connected to form a three-phase system, and if the source voltages are

FIGURE 2.21

Three single-phase
systems
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balanced with equal magnitudes and with 120° displacement between phases,
then the neutral current will be zero [see (2.5.10)] and the three neutral con-
ductors can be removed. Thus, the balanced three-phase system, while deliv-
ering the same power to the three load impedances Zy, requires only half the
number of conductors needed for the three separate single-phase systems.
Also, the total IR line losses in the three-phase system are only half those of
the three separate single-phase systems, and the line-voltage drop between the
source and load in the three-phase system is half that of each single-phase
system. Therefore, one advantage of balanced three-phase systems over sepa-
rate single-phase systems is reduced capital and operating costs of transmis-
sion and distribution, as well as better voltage regulation.

Some three-phase systems such as A-connected systems and three-wire
Y-connected systems do not have any neutral conductor. However, the ma-
jority of three-phase systems are four-wire Y-connected systems, where a
grounded neutral conductor is used. Neutral conductors are used to reduce
transient overvoltages, which can be caused by lightning strikes and by line-
switching operations, and to carry unbalanced currents, which can occur
during unsymmetrical short-circuit conditions. Neutral conductors for trans-
mission lines are typically smaller in size and ampacity than the phase con-
ductors because the neutral current is nearly zero under normal operating
conditions. Thus, the cost of a neutral conductor is substantially less than
that of a phase conductor. The capital and operating costs of three-phase
transmission and distribution systems with or without neutral conductors are
substantially less than those of separate single-phase systems.

A second advantage of three-phase systems is that the total instanta-
neous electric power delivered by a three-phase generator under balanced
steady-state conditions is (nearly) constant, as shown in Section 2.6. A three-
phase generator (constructed with its field winding on one shaft and with its
three-phase windings equally displaced by 120° on the stator core) will also
have a nearly constant mechanical input power under balanced steady-state
conditions, since the mechanical input power equals the electrical output
power plus the small generator losses. Furthermore, the mechanical shaft
torque, which equals mechanical input power divided by mechanical radian
frequency (Tmech = Pmech/@n) is nearly constant.

On the other hand, the equation for the instantaneous electric power
delivered by a single-phase generator under balanced steady-state conditions
is the same as the instantaneous power delivered by one phase of a three-
phase generator, given by p,(¢) in (2.6.3). As shown in that equation, p,(¢)
has two components: a constant and a double-frequency sinusoid. Both the
mechanical input power and the mechanical shaft torque of the single-phase
generator will have corresponding double-frequency components that create
shaft vibration and noise, which could cause shaft failure in large machines.
Accordingly, most electric generators and motors rated 5 kVA and higher
are constructed as three-phase machines in order to produce nearly constant
torque and thereby minimize shaft vibration and noise.
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MULTIPLE CHOICE QUESTIONS
SECTION 2.1

2.1  The rms value of v() = Vyax cos(w? + 9) is given by
(a) Vmax (b) \/max/\/j (C) 2 Vmax (d) \/5 Vmax

2.2 If the rms phasor of a voltage is given by V = 120/60° volts, then the corresponding
v(?) is given by
(a) 120v/2 cos(wt + 60°) (b) 120 cos(wt + 60°)
(c) 120v/2 sin(ewt + 60°)

2.3 If a phasor representation of a current is given by I = 70.7/45° A, it is equivalent to
(a) 100 /4 (b) 100 + 100
(c) 50 + 50

2.4 With sinusoidal steady-state excitation, for a purely resistive circuit, the voltage and
current phasors are
(a) in phase
(b) perpendicular with each other with V leading I
(c) perpendicular with each other with I leading V.

2.5 For a purely inductive circuit, with sinusoidal steady-state excitation, the voltage and
current phasors are
(a) in phase
(b) perpendicular to each other with V leading I
(c) perpendicular to each other with I leading V.

2.6 For a purely capacitive circuit, with sinusoidal steady-state excitation, the voltage and
current phasors are
(a) in phase
(b) perpendicular to each other with V leading I
(c) perpendicular to each other with I leading V.

SECTION 2.2

2.7 With sinusoidal steady-state excitation, the average power in a single-phase ac circuit
with a purely resistive load is given by
(a) I, R (b) V2,,/R (¢) Zero

2.8 The average power in a single-phase ac circuit with a purely inductive load, for sinus-
oidal steady-state excitation, is
(a) 12 X7 (b) V2 /X1 (c) Zero

rms max

[Note: X, — wL is the inductive reactance]

2.9 The average power in a single-phase ac circuit with a purely capacitive load, for
sinusoidal steady-state excitation, is
(a) zero (b) V2, /Xc (c) 2 X¢

rms

[Note: X¢ = 1/(wL,) is the capacitive reactance]

2.10 The average value of a double-frequency sinusoid, sin 2(wt + J), is given by
(a) 1 (b) o (c) zero
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2.11 The power factor for an inductive circuit (R-L load), in which the current lags the
voltage, is said to be
(a) Lagging (b) Leading (c) Zero

2.12 The power factor for a capacitive circuit (R-C load), in which the current leads the
voltage, is said to be
(a) Lagging (b) Leading (c) One

SECTION 2.3

2.13 In a single-phase ac circuit, for a general load composed of RLC elements under
sinusoidal-steady-state excitation, the average reactive power is given by
(@) Vims Irms cos ¢ (b) Vims Lims sin ¢
(c) zero

[Note: ¢ is the power-factor angle]
2.14 The instantaneous power absorbed by the load in a single-phase ac circuit, for a gen-
eral RLC load under sinusoidal-steady-state excitation, is
(a) Nonzero constant (b) zero
(c) containing double-frequency components

2.15 With load convention, where the current enters the positive terminal of the circuit ele-
ment, if Q is positive then positive reactive power is absorbed.
(a) True (b) False

2.16 With generator convention, where the current leaves the positive terminal of the cir-
cuit element, if P is positive then positive real power is delivered.

(a) False (b) True

2.17 Consider the load convention that is used for the RLC elements shown in Figure 2.2
of the Text.
A. If one says that an inductor absorbs zero real power and positive reactive power,
is it
(a) True (b) False

B. If one says that a capacitor absorbs zero real power and negative reactive power
(or delivers positive reactive power), is it
(a) False (b) True

C. If one says that a (positive-valued) resistor absorbs (positive) real power and zero
reactive power, is it
(a) True (b) False

2.18 In an ac circuit, power factor connection or improvement is achieved by
(a) connecting a resistor in parallel with the inductive load.
(b) connecting an inductor in parallel with the inductive load.
(c) connecting a capacitor in parallel with the inductive load.

SECTION 2.4

2.19 The admittance of the impedance —j%Q is given by
(@) =28 (b)j2s (c) —j4S
2.20 Consider Figure 2.9 of the text. Let the nodal equations in matrix form be given by
Eq. (2.4) of the text.
A. The element Y;; is given by
(a) 0 (b)/ 13 (©) =7
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B. The element Y3 is given by

(a) 0 (b) =5 (€)1
C. The admittance matrix is always symmetric square.
(a) False (b) True

SECTION 2.5 AND 2.6

2.21  The three-phase source line-to-neutral voltages are given by
E. = 10/0°, Ep, = 10/4240°, and E.,, = 10/ —240° volts.
Is the source balanced?
(a) Yes (b) No

2.22 In a balanced 3-phase wye-connected system with positive-sequence source, the line-
to-line voltages are /3 times the line-to-neutral voltages and lend by 30°.
(a) True (b) False

2.23 In a balanced system, the phasor sum of line-to-line voltages and the phasor sum of

line-to-neutral voltages are always equal to zero.
(a) False (b) True

2.24 Consider a three-phase Y-connected source feeding a balanced-Y load. The phasor
sum of the line currents as well as the neutral current are always zero.
(a) True (b) False

2.25 For a balanced-A load supplied by a balanced positive-sequence source, the line cur-
rents into the load are v/3 times the A-load currents and lag by 30°.
(a) True (b) False

2.26 A balanced A-load can be converted to an equivalent balanced-Y load by dividing the
A-load impedance by
(a) V3 (b) 3 (©) 13

2.27 When working with balanced three-phase circuits, per-phase analysis is commonly
done after converting A loads to Y loads, thereby solving only one phase of the
circuit.
(a) True (b) False

2.28 The total instantaneous power delivered by a three-phase generator under balanced
operating conditions is
(a) a function of time (b) a constant

2.29 The total instantaneous power absorbed by a three-phase motor (under balanced
steady-state conditions) as well as a balanced three-phase impedance load is
(a) a constant (b) a function of time

2.30 Under balanced operating conditions, consider the 3-phase complex power delivered
by the 3-phase source to the 3-phase load. Match the following expressions, those on
the left to those on the right.

(i) Real power, P34 (a) (v/3 VL IL)VA

(ii) Reactive power, Q34 (b) (v/3 VoL Iy sin ¢) var
(iii) Total apparent power S (c) (V3 ViLIL cosg) W
(iv) Complex power, Sz, (d) P3y +jQsy

Note that VLL is the rms line-to-line voltage, Iy is the rms line current, and ¢ is the
power-factor angle.

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



PROBLEMS 79

2.31 One advantage of balanced three-phase systems over separate single-phase systems is
reduced capital and operating costs of transmission and distribution.
(a) True (b) False

2.32 While the instantaneous electric power delivered by a single-phase generator under
balanced steady-state conditions is a function of time having two components of
a constant and a double-frequency sinusoid, the total instantaneous electric power
delivered by a three-phase generator under balanced steady-state conditions is a
constant.
(a) True (b) False

PROBLEMS
SECTION 2.1

2.1  Given the complex numbers 4; = 5/30° and 4, = —3 + j4, (a) convert A; to rectan-
gular form; (b) convert A, to polar and exponential form; (c) calculate
A3z = (A1 + A4»), giving your answer in polar form; (d) calculate A4 = 4,4, giving
your answer in rectangular form; (e) calculate As = A4,/(A43), giving your answer in
exponential form.

2.2 Convert the following instantaneous currents to phasors, using cos(wt) as the re-
ference. Give your answers in both rectangular and polar form.
(a) i(1) = 400V/2 cos(wt — 30°);

(b) i(7) = 5 sin(wt + 15°);
(c) i(t) = 4 cos(wt — 30°) + 5v/2 sin(wt + 15°).

2.3  The instantaneous voltage across a circuit element is v(z) = 359.3 sin(wt + 15°) volts,
and the instantaneous current entering the positive terminal of the circuit element
is i(7) = 100 cos(wt + 5°) A. For both the current and voltage, determine (a) the
maximum value, (b) the rms value, (c) the phasor expression, using cos(wt) as the
reference.

2.4 For the single-phase circuit shown in Figure 2.22, 7 = 10/0° A. (a) Compute the pha-
sors I, I, and V. (b) Draw a phasor diagram showing 7, [;, I, and V.

FIGURE 2.22 /
Circuit for Problem 2.4

<
()
o/
©
o)
)|

f -6 Q
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80 CHAPTER 2 FUNDAMENTALS

2.5 A 60-Hz, single-phase source with V' = 277/30° volts is applied to a circuit element.
(a) Determine the instantaneous source voltage. Also determine the phasor and in-
stantaneous currents entering the positive terminal if the circuit element is (b) a 20-Q
resistor, (c) a 10-mH inductor, (d) a capacitor with 25-Q reactance.

2.6 (a) Transform v(7) = 100 cos(377¢ — 30°) to phasor form. Comment on whether w =
377 appears in your answer. (b) Transform J” = 100/20° to instantaneous form. Assume
that w = 377. (c) Add the two sinusoidal functions a(¢) and b(¢) of the same frequency
given as follows: a(f) = Av/2 cos(wt +«) and b(t) = Bv/2 cos(wt + ). Use phasor
methods and obtain the resultant ¢(7). Does the resultant have the same frequency?

2.7 Let a 100-V sinusoidal source be connected to a series combination of a 3-Q resistor,
an 8-Q inductor, and a 4-Q capacitor. (a) Draw the circuit diagram. (b) Compute the
series impedance. (¢) Determine the current 7 delivered by the source. Is the current
lagging or leading the source voltage? What is the power factor of this circuit?

2.8 Consider the circuit shown in Figure 2.23 in time domain. Convert the entire circuit
into phasor domain.

FIGURE 2.23 R;=5.76 mQL; = 30.6 uH
Circuit for Problem 2.8 —VWA\—"
4 R =50
v(t) = 120v2c0s(377t-309V (=) C=9214F ==
- L,=5mH

2.9 For the circuit shown in Figure 2.24, compute the voltage across the load terminals.

FIGURE 2.24 0.1Q 0.5Q I =60/0°A
Circuit for Problem 2.9 —VWN— " —

+

+
(=) 1ol Viow [LOAD)

SECTION 2.2

2.10 For the circuit element of Problem 2.3, calculate (a) the instantaneous power ab-
sorbed, (b) the real power (state whether it is delivered or absorbed), (c) the reactive
power (state whether delivered or absorbed), (d) the power factor (state whether lag-
ging or leading).
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[Note: By convention the power factor cos(o — f8) is positive. If |0 — f| is greater
than 90°, then the reference direction for current may be reversed, resulting in a posi-
tive value of cos(d — f3)].

2.11 Referring to Problem 2.5, determine the instantaneous power, real power, and reactive
power absorbed by: (a) the 20-Q resistor, (b) the 10-mH inductor, (c) the capacitor
with 25-Q reactance. Also determine the source power factor and state whether lag-
ging or leading.

2.12 The voltage v(z) = 359.3 cos(wt) volts is applied to a load consisting of a 10-Q resistor
in parallel with a capacitive reactance X¢ = 25 Q. Calculate (a) the instantaneous
power absorbed by the resistor, (b) the instantaneous power absorbed by the capaci-
tor, (c) the real power absorbed by the resistor, (d) the reactive power delivered by the
capacitor, (e) the load power factor.

2.13 Repeat Problem 2.12 if the resistor and capacitor are connected in series.

2.14 A single-phase source is applied to a two-terminal, passive circuit with equivalent
impedance Z = 2.0/ —45° Q measured from the terminals. The source current is
i(1) = 4v/2 cos(wt) kA. Determine the (a) instantaneous power, (b) real power, and
(c) reactive power delivered by the source. (d) Also determine the source power factor.

2.15 Let a voltage source v(f) =4 cos(wt+ 60°) be connected to an impedance Z =
2/30° Q. (a) Given the operating frequency to be 60 Hz, determine the expressions
for the current and instantaneous power delivered by the source as functions of time.
(b) Plot these functions along with v(¢) on a single graph for comparison. (c) Find the
frequency and average value of the instantaneous power.

2.16 A single-phase, 120-V (rms), 60-Hz source supplies power to a series R-L circuit con-
sisting of R = 10 Q and L = 40 mH. (a) Determine the power factor of the circuit and
state whether it is lagging or leading. (b) Determine the real and reactive power
absorbed by the load. (c) Calculate the peak magnetic energy Wi, stored in the
inductor by using the expression Wiy = L(Lms)2 and check whether the reactive
power Q = wW is satisfied. (Note: The instantaneous magnetic energy storage fluc-
tuates between zero and the peak energy. This energy must be sent twice each cycle to
the load from the source by means of reactive power flows.)

SECTION 2.3

2.17 Consider a load impedance of Z = jwL connected to a voltage V' let the current
drawn be 1.
(a) Develop an expression for the reactive power Q in terms of w, L, and I, from
complex power considerations.
(b) Let the instantaneous current be i(f) = v/2I cos(wt + 0). Obtain an expression for
the instantaneous power p(¢) into L, and then express it in terms of Q.
(c) Comment on the average real power P supplied to the inductor and the instanta-
neous power supplied.

2.18 Let a series R-L-C network be connected to a source voltage V', drawing a current /.
(a) In terms of the load impedance Z = Z < Z, find expressions for P and Q, from
complex power considerations.

(b) Express p(t) in terms of P and Q, by choosing i(z) = v/2I cos wt.

(c) For the case of Z = R+ jwL + 1/jwe, interpret the result of part (b) in terms of P,
Q;, and Qc. In particular, if @>LC = 1, when the inductive and capacitive reactances
cancel, comment on what happens.
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2.19 Consider a single-phase load with an applied voltage v(7) = 150 cos(wz + 10°) volts
and load current i(z) = 5 cos(wz — 50°) A. (a) Determine the power triangle. (b) Find
the power factor and specify whether it is lagging or leading. (c) Calculate the reactive
power supplied by capacitors in parallel with the load that correct the power factor to
0.9 lagging.

2.20 A circuit consists of two impedances, Z; = 20/30° Q and Z, = 25/60° Q, in parallel,
supplied by a source voltage V' = 100/60° volts. Determine the power triangle for
each of the impedances and for the source.

2.21  An industrial plant consisting primarily of induction motor loads absorbs 500 kW at
0.6 power factor lagging. (a) Compute the required kVA rating of a shunt capacitor to
improve the power factor to 0.9 lagging. (b) Calculate the resulting power factor if a
synchronous motor rated 500 hp with 90% efficiency operating at rated load and at
unity power factor is added to the plant instead of the capacitor. Assume constant
voltage. (1 hp = 0.746 kW)

2.22 The real power delivered by a source to two impedances, Z; =3+ j4 Q and
Z; =10 Q, connected in parallel, is 1100 W. Determine (a) the real power absorbed
by each of the impedances and (b) the source current.

2.23 A single-phase source has a terminal voltage V' = 120/0° volts and a current [ =
10/30° A, which leaves the positive terminal of the source. Determine the real and
reactive power, and state whether the source is delivering or absorbing each.

2.24 A source supplies power to the following three loads connected in parallel: (1) a light-
ing load drawing 10 kW, (2) an induction motor drawing 10 kVA at 0.90 power factor
lagging, and (3) a synchronous motor operating at 10 hp, 85% efficiency and 0.95
power factor leading (1 hp = 0.746 kW). Determine the real, reactive, and apparent
power delivered by the source. Also, draw the source power triangle.

2.25 Consider the series R-L-C circuit of Problem 2.7 and calculate the complex power ab-
sorbed by each of the elements R, L, and C, as well as the complex power absorbed
by the total load. Draw the resultant power triangle. Check whether the complex
power delivered by the source equals the total complex power absorbed by the load.

2.26 A small manufacturing plant is located 2 km down a transmission line, which has a
series reactance of 0.5 Q/km. The line resistance is negligible. The line voltage at the
plant is 480/0° V (rms), and the plant consumes 120 kW at 0.85 power factor lagging.
Determine the voltage and power factor at the sending end of the transmission line by
using (a) a complex power approach and (b) a circuit analysis approach.

2.27 An industrial load consisting of a bank of induction motors consumes 50 kW at a
power factor of 0.8 lagging from a 220-V, 60-Hz, single-phase source. By placing a
bank of capacitors in parallel with the load, the resultant power factor is to be raised
to 0.95 lagging. Find the net capacitance of the capacitor bank in puF that is required.

2.28 Three loads are connected in parallel across a single-phase source voltage of 240 V
(RMS).
Load 1 absorbs 12 kW and 6.667 kVAR;
Load 2 absorbs 4 kVA at 0.96PF leading;
Load 3 absorbs 15 kW at unity power factor.
Calculate the equivalent impedance, Z, for the three parallel loads, for two cases:
(i) Series combination of R and X, and (ii) parallel combination of R and X.
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2.29 Modeling the transmission lines as inductors, with Sij = S,
Compute Si3, S31, S23, S32, and Sgs, in Figure 2.25. (Hint: complex power balance
holds good at each bus, statisfying KCL.)

FIGURE 2.25 o Generator
Symbol

System diagram for

Problem 2.29 BUS
Codmg‘ 1 Se2=0.5+/0.5
) . Load Symbol
0.4+,0.2 —0.4+j0.2 - Y
BUS Symbol”~ / / :
) Spo=1+/1
Spi=1-/1

Transmission Line
Symbol

2.30 Figure 2.26 shows three loads connected in parallel across a 1000-V (RMS), 60-Hz
single-phase source.
Load 1: Inductive load, 125 kVA, 0.28PF lagging
Load 2: Capacitive load, 10 kW, 40 kVAR
Load 3: Resistive load, 15 kW
(a) Determine the total kW, kvar, kva, and supply power factor.
(b) In order to improve the power factor to 0.8 lagging, a capacitor of negligible resis-
tance is connected in parallel with the above loads. Find the KVAR rating of that ca-
pacitor and the capacitance in puf.
Comment on the magnitude of the supply current after adding the capacitor.

FIGURE 2.26
Circuit for Problem 2.30

1000 V <f> Load Load Load

2.31 Consider two interconnected voltage sources connected by a line of impedance
Z = jx Q, as shown in Figure 2.27.
(a) Obtain expressions for Py, and Q,.
(b) Determine the maximum power transfer and the condition for it to occur.
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FIGURE 2.27
Circuit for Problem 2.31

2.32

FIGURE 2.28
Screen for Problem 2.32

2.33
2.34

2.35

FIGURE 2.29

Circuit diagram for
Problems 2.35 and 2.36

CHAPTER 2 FUNDAMENTALS

v=vife, () O v=vt

In PowerWorld Simulator Problem 2.32 (see Figure 2.28) a 8 MW/4 Mvar load is
supplied at 13.8 kV through a feeder with an impedance of 1+ ;2 Q. The load is
compensated with a capacitor whose output, Q,,, can be varied in 0.5 Mvar steps
between 0 and 10.0 Mvars. What value of Q.,, minimizes the real power line losses?
What value of Q,, minimizes the MVA power flow into the feeder?

Source Voltage = 14.98 kV

Feeder Impedance = 1 + j2 Ohms
Power into Feeder at Source *

8.42 MW
4.84 Mvar +
9.71 MVA
= 13.80 kV
Feeder Losses = 0.420 MW + .
0.840 Mvar Y 8.0y
/T\ 4.0 Mvar

0.0yMvar
For the system from Problem 2.32, plot the real and reactive line losses as Q,, is var-
ied between 0 and 10.0 Mvars.

For the system from Problem 2.32, assume that half the time the load is 10 MW/5
Muvar, and for the other half it is 20 MW/10 Mvar. What single value of Q,, would
minimize the average losses? Assume that Q,, can only be varied in 0.5 Mvar steps.

SECTION 2.4

For the circuit shown in Figure 2.29, convert the voltage sources to equivalent current
sources and write nodal equations in matrix format using bus 0 as the reference bus.
Do not solve the equations.

1 020 120

: AA——T Y YL 2
10 10
j 50 /.50
A =10 —i1Q == ”
Es; =1.0/30°V Es;=1.0/0°V
0=
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2.36 For the circuit shown in Figure 2.29, write a computer program that uses the sources,
impedances, and bus connections as input data to (a) compute the 2 x 2 bus admit-
tance matrix Y, (b) convert the voltage sources to current sources and compute the
vector of source currents into buses 1 and 2.

2.37 Determine the 4 x 4 bus admittance matrix and write nodal equations in matrix for-
mat for the circuit shown in Figure 2.30. Do not solve the equations.

FIGURE 2.30

40
Circuit for Problem 2.37
1 1Q 2 nQ 3 4
wy 2 0
-j4 Q
N 30

=10 ST L FTENO

I,=2[30°A

[
b

2.38 Given the impedance diagram of a simple system as shown in Figure 2.31, draw the
admittance diagram for the system and develop the 4 x 4 bus admittance matrix Yy
by inspection.

FIGURE 2.31

System diagram for
Problem 2.38
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2.39 (a) Given the circuit diagram in Figure 2.32 showing admittances and current sources
at nodes 3 and 4, set up the nodal equations in matrix format. (b) If the
parameters are given by: Y, = —j0.8 S, Y, =—/j408S, Y. =—j40S, Y4 =—,8.0S,
Ye=—-j5058, Yr=—j258, Y, =—j08S, L =1.0/-90° A, and
Iy = 0.62/—135° A, set up the nodal equations and suggest how you would go about
solving for the voltages at the nodes.

FIGURE 2.32

Circuit diagram for
Problem 2.39

I3 I4

©
I

Reference

SECTIONS 2.5 AND 2.6

2.40 A balanced three-phase 208-V source supplies a balanced three-phase load. If the line
current I, is measured to be 10 A and is in phase with the line-to-line voltage Vpc,
find the per-phase load impedance if the load is (a) Y-connected, (b) A-connected.

2.41 A three-phase 25-kVA, 480-V, 60-Hz alternator, operating under balanced steady-
state conditions, supplies a line current of 20 A per phase at a 0.8 lagging power fac-
tor and at rated voltage. Determine the power triangle for this operating condition.

2.42 A balanced A-connected impedance load with (12 4 j9) Q per phase is supplied by a
balanced three-phase 60-Hz, 208-V source. (a) Calculate the line current, the total real
and reactive power absorbed by the load, the load power factor, and the apparent
load power. (b) Sketch a phasor diagram showing the line currents, the line-to-line
source voltages, and the A-load currents. Assume positive sequence and use V,; as the
reference.

2.43 A three-phase line, which has an impedance of (2+ j4) Q per phase, feeds two
balanced three-phase loads that are connected in parallel. One of the loads is Y-
connected with an impedance of (30 + j40) Q per phase, and the other is A-connected
with an impedance of (60 — j45) Q per phase. The line is energized at the sending end
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from a 60-Hz, three-phase, balanced voltage source of 120v/3 V (rms, line-to-line).
Determine (a) the current, real power, and reactive power delivered by the sending-
end source; (b) the line-to-line voltage at the load; (c) the current per phase in each
load; and (d) the total three-phase real and reactive powers absorbed by each load and
by the line. Check that the total three-phase complex power delivered by the source
equals the total three-phase power absorbed by the line and loads.

2.44 Two balanced three-phase loads that are connected in parallel are fed by a three-phase
line having a series impedance of (0.4 + j2.7) Q per phase. One of the loads absorbs
560 kVA at 0.707 power factor lagging, and the other 132 kW at unity power factor.
The line-to-line voltage at the load end of the line is 2200v/3 V. Compute (a) the line-
to-line voltage at the source end of the line, (b) the total real and reactive power losses
in the three-phase line, and (c) the total three-phase real and reactive power
supplied at the sending end of the line. Check that the total three-phase complex power
delivered by the source equals the total three-phase complex power absorbed by the line
and loads.

2.45 Two balanced Y-connected loads, one drawing 10 kW at 0.8 power factor lagging and
the other 15 kW at 0.9 power factor leading, are connected in parallel and supplied by
a balanced three-phase Y-connected, 480-V source. (a) Determine the source current.
(b) If the load neutrals are connected to the source neutral by a zero-ohm neutral wire
through an ammeter, what will the ammeter read?

2.46 Three identical impedances Z, = 30/30° Q are connected in A to a balanced three-
phase 208-V source by three identical line conductors with impedance Z; =
(0.8 4+ j0.6) Q per line. (a) Calculate the line-to-line voltage at the load terminals.
(b) Repeat part (a) when a A-connected capacitor bank with reactance (—;60) Q
per phase is connected in parallel with the load.

2.47 Two three-phase generators supply a three-phase load through separate three-phase
lines. The load absorbs 30 kW at 0.8 power factor lagging. The line impedance is
(1.4 + j1.6) Q per phase between generator G1 and the load, and (0.8 + j1) Q per
phase between generator G2 and the load. If generator G1 supplies 15 kW at
0.8 power factor lagging, with a terminal voltage of 460 V line-to-line, determine
(a) the voltage at the load terminals, (b) the voltage at the terminals of generator
G2, and (c) the real and reactive power supplied by generator G2. Assume balanced
operation.

2.48 Two balanced Y-connected loads in parallel, one drawing 15 kW at 0.6 power factor
lagging and the other drawing 10 kVA at 0.8 power factor leading, are supplied by a
balanced, three-phase, 480-volt source. (a) Draw the power triangle for each load and
for the combined load. (b) Determine the power factor of the combined load and state
whether lagging or leading. (c) Determine the magnitude of the line current from the
source. (d) A-connected capacitors are now installed in parallel with the combined
load. What value of capacitive reactance is needed in each leg of the A to make the
source power factor unity? Give your answer in Q. (¢) Compute the magnitude of the
current in each capacitor and the line current from the source.

2.49 Figure 2.33 gives the general A-Y transformation. (a) Show that the general transfor-
mation reduces to that given in Figure 2.16 for a balanced three-phase load. (b) Deter-
mine the impedances of the equivalent Y for the following A impedances: Zxg = /10,
ZBC = j20, and ZCA = 7]425 Q.
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FIGURE 2.33 7 A
General A-Y C J—Z—‘ C
transformation Leca]
% 7
B B
7 = ZpZs + ZZc + ZcZa Z =  Zwelen
he Z: Zng T Zoc + Zea
7o = ZpZs + 2l + ZcZn Zy = ZnaZac
5 Zn Zne + Zoc + Zea
7= 2pZp + Lol + Zcln Zo = ZeaZsc
* Zs Zpg + Zoe + Zea

2.50 Consider the balanced three-phase system shown in Figure 2.34. Determine v (¢) and
i>(). Assume positive phase sequence.

FIGURE 2.34 j0.1Q
A A
Circuit for Problem 2.50
fa
Va = 100/0°V _joo
c’' B’

2.51 A three-phase line with an impedance of (0.2 + j1.0)Q/phase feeds three balanced
three-phase loads connected in parallel.
Load 1: Absorbs a total of 150 kW and 120 kVAR; Load 2: Delta connected with an
impedance of (150 — j48)Q/phase; Load 3: 120 kVA at 0.6 PF leading. If the line-to-
neutral voltage at the load end of the line is 2000 v (RMS), determine the magnitude
of the line-to-line voltage at the source end of the line.

2.52 A balanced three-phase load is connected to a 4.16-kV, three-phase, four-wire,
grounded-wye dedicated distribution feeder. The load can be modeled by an im-
pedance of Zj = (4.7 + j9)Q/phase, wye-connected. The impedance of the phase
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conductors is (0.3 + j1)Q. Determine the following by using the phase A to neutral
voltage as a reference and assume positive phase sequence:

(a) Line currents for phases A, B, and C.

(b) Line-to-neutral voltages for all three phases at the load.

(c) Apparent, active, and reactive power dissipated per phase, and for all three phases
in the load.

(d) Active power losses per phase and for all three phases in the phase conductors.

CASE STUDY QUESTIONS

What is a microgrid?

What is an island in an interconnected power system?

Why is a microgrid designed to be able to operate in both grid-connected and stand-
alone modes?

D. When operating in the stand-alone mode, what control features should be associated
with a microgrid?

Owp
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Core and coil assemblies of
a three-phase 20.3 kVA/345
kV'Y step-up transformer.
This oil-immersed
transformer is rated 325
MVA self-cooled (0A)/542
MV A forced oil, forced air-
cooled (FOA)[607MVA
forced oil, forced air-cooled
(FOA) (Courtesy of
General Electric)

POWER TRANSFORMERS

The power transformer is a major power system component that permits
economical power transmission with high efficiency and low series-voltage
drops. Since electric power is proportional to the product of voltage and
current, low current levels (and therefore low I°R losses and low 1Z voltage
drops) can be maintained for given power levels via high voltages. Power
transformers transform ac voltage and current to optimum levels for genera-
tion, transmission, distribution, and utilization of electric power.

The development in 1885 by William Stanley of a commercially practi-
cal transformer was what made ac power systems more attractive than dc
power systems. The ac system with a transformer overcame voltage problems
encountered in dc systems as load levels and transmission distances increased.
Today’s modern power transformers have nearly 100% efficiency, with rat-
ings up to and beyond 1300 MVA.

90
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In this chapter, we review basic transformer theory and develop equiv-
alent circuits for practical transformers operating under sinusoidal-steady-
state conditions. We look at models of single-phase two-winding, three-phase
two-winding, and three-phase three-winding transformers, as well as auto-
transformers and regulating transformers. Also, the per-unit system, which
simplifies power system analysis by eliminating the ideal transformer wind-
ing in transformer equivalent circuits, is introduced in this chapter and used
throughout the remainder of the text.

CASE STUDY The following article describes how transmission transformers are managed in the
Pennsylvania—New Jersey (PJM) Interconnection. PJM is a regional transmission
organization (RTO) that operates approximately 19% of the transmission infrastructure of
the U.S. Eastern Interconnection. As of 2007, there were 188 transmission transformers
(500/230 kV) and 29 dedicated spare transformers in the PJM system. A Probabilistic Risk
assessment (PRA) model is applied to PJM transformer asset management [8].

PJM Manages Aging Transformer Fleet:
Risk-based tools enable regional
transmission owner to optimize asset
service life and manage spares.

BY DAVID EGAN AND KENNETH SEILER
PJM INTERCONNECTION

The PJM interconnection system has experienced
both failures and degradation of older transmission
transformers (Fig. 1). Steps required to mitigate
potential system reliability issues, such as operation
of out-of-merit generation, have led to higher op-
erating costs of hundreds of millions of dollars for
transmission system users over the last several
years.

The PJM (Valley Forge, Pennsylvania, U.S.) system
has 188 transmission transformers (500 kV/230 kV)
in service and 29 dedicated spares. Figure 2 shows
the age distribution of this transformer fleet. Note
that |13 transformers are more than 30 years old
and will reach or exceed their design life over the
course of the next |0 years. To address increasing

Figure |
(“PJM Manages Aging Transformer Fleet” by David Egan and PJM is evaluating the risk of older transformers.
Kenneth Seiler, Transmission & Distribution World Magazine, The Probabilistic Risk Assessment also considers the
March 2007) effectiveness of alternative spares strategies
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facilities. When congestion occurs, higher-
cost generation on the restricted side of the
constraint must operate to keep line flows
under specified limits and to meet customer
demand. The cost of congestion results
from the expense of operating higher-cost
generators. Congestion and its related
costs exist on all electric power systems.
However, in a RTO such as PJM, the cost
of congestion is readily knowable and
identified.

The failure impact of certain 500-kV/
230-kV transformers on the PJM system
can mean annual congestion costs of hun-
dreds of millions of dollars if the failure
cannot be addressed with a spare. Lead

Figure 2
Age distribution of the PJM 500-kV/230-kV transformer fleet.
that more than half of this population is over 30 years old

concerns regarding potential reliability impacts and
the ability to replace failed transformer units in a
timely fashion, PJM and its transmission-owning
members are establishing a systematic, proactive
transformer replacement program to mitigate neg-
ative impacts on PJM stakeholders, operations and
ultimately the consumers. PJM now assesses the risk
exposure from an aging 500-kV/230-kV transformer
fleet through its Probabilistic Risk Assessment (PRA)
model.

CONGESTION

Generally PJM’s backbone high-voltage transmis-
sion system delivers lower-cost power from sour-
ces in the western side of the regional transmission
organization (RTO) to serve load centers in the
eastern side. Delivery of power in PJM includes
transformation from 500-kV lines to 230-kV facili-
ties for further delivery to and consumption by
customers.

Congestion on the electric system can occur
when a transmission transformer unit must be re-
moved from service and the redirected electricity
flow exceeds the capabilities of parallel transmission
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times for replacement transformer units at
this voltage class can take up to 18 months,
and each replacement unit cost is several
million dollars. These costly transformer-loss
consequences, coupled with the age distri-
bution of the transformer population, have raised
PJM’s concern that the existing system spare quanti-
ties could be deficient and locations of existing spares
suboptimal.

Note

DEVELOPING PRA

PJM reviewed existing methods for determining
transformer life expectancy, assessing failure im-
pacts, mitigating transformer failures, ensuring
spare-quantity adequacy and locating spares. Each
of these methodologies has weaknesses when ap-
plied to an RTO scenario. In addition, no existing
method identified the best locations for spare
transformers on the system.

Transformer condition assessments are the pri-
mary means for predicting failures. Although tech-
nology advancements have improved condition-
monitoring data, unless a transformer exhibits signs
of imminent failure, predicting when a transformer
will fail based on a condition assessment is still
mostly guesswork. Traditional methods have quan-
tified the impacts of transformer failure based on
reliability criteria; they have not typically included
economic considerations. Also, while annual failure



rate analysis is used to determine the number of
spares required, assuming a constant failure rate
may be a poor assumption if a large portion of the
transformer fleet is entering the wear-out stage of
asset life.

Recognizing the vulnerabilities of existing meth-
ods, PJM proceeded to develop a risk-based approach
to transformer asset management. The PJM PRA
model couples the loss consequence of a transformer
with its loss likelihood (Fig. 3). The product of these
inputs, risk, is expressed in terms of annual risk-
exposure dollars.

PRA requires a detailed understanding of failure
consequences. PJM projects the dollar value of each
transformer’s failure consequence, including cost
estimates for replacement, litigation, environmental
impact and congestion. PJM’s PRA also permits the
assessment of various spare-unit and replacement
policies based on sensitivity analysis of these four
cost drivers.

PRA MODEL INPUTS

The PRA model depends on several inputs to de-
termine the likelihood of asset failure. One key in-
put is the number of existing fleet transformers.
Individual utilities within PJM may not have enough
transformers to develop statistically significant assess-
ment results. However, PJM’s region-wide perspective
permits evaluation of the entire transformer popula-
tion within its footprint.

Second, rather than applying the annual failure
rate of the aggregate transformer population, each
transformer’s failure rate is determined as a function
of its effective age. PJM developed its own method
for determining this effective age-based failure rate,
or hazard rate. Effective age combines condition
data with age-based failure history. By way of anal-
ogy, consider a 50-year-old person who smokes and
has high cholesterol and high blood pressure (con-
dition data). This individual may have the same risk
of death as a healthy 70-year-old non-smoker. Thus,
while the individual’s actual age is 50 years, his
effective age could be as high as 70 years.

Third, the PRA model inputs also include trans-
formers’ interactions with each other in terms of
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Optimal Policy
Lea: 3
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poe-unit basis

Figure 3

The PJM Probabilistic Risk Assessment model uses
drivers to represent overall failure consequences: costs
of replacement, litigation, environmental and congestion

the probabilities of cascading events and large-
impact, low-likelihood events. For example, trans-
formers are cooled with oil, which, if a transformer
ruptures, can become a fuel source for fire. Such a
fire can spread to neighboring units causing them to
fail as well. PJM determined cascading event proba-
bility by reviewing industry events and consulting in-
dustry subject-matter experts. Further, the impacts
of weather events also are considered. For example,
a tornado could damage multiple transformer units
at a substation. PJM uses National Oceanic and At-
mospheric Administration statistical data for proba-
bilities of such weather-related phenomena.

The remaining PRA model inputs include the
possible risk-mitigation alternatives and transformer
groupings. The possible risk-mitigation alternatives
include running to failure, overhauling or retrofitting,
restricting operations, replacing in-kind or with an
upgraded unit, increasing test frequency to better
assess condition, adding redundant transformers or
purchasing a spare. The PRA model objective is to
select the appropriate alternative commensurate
with risk. To accomplish this objective, the PRA
model also requires inputs of the cost and time to
implement each alternative. The time to implement
an alternative is important because failure con-
sequences accumulate until restoration is completed.
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Also, transformers must be grouped by spare
applicability. Design parameters can limit the num-
ber of in-service transformers that can be served by
a designated spare. Additionally, without executed
sharing agreements in place between transmission
owners, PJM cannot recognize transformer spare
sharing beyond the owner’s service territory.

THE QUESTION OF SPARES

PRA determines the amount of transformer-loss
risk exposure to the PJM system and to PJM mem-
bers. To calculate the total risk exposure from
transformer loss, each transformer’s risk is initially
determined assuming no available spare. This initial
total-system transformer-loss risk is a baseline for
comparing potential mitigation approaches. For this
baseline, with no spares available, US$553 million of
annual risk exposure was identified.

A spare’s value is equal to the cumulative risk
reduction, across all facilities that can be served by
a given spare. The existing system spares were
shown to mitigate $396 million of the annual risk,
leaving $157 million of annual exposure. The PRA
showed that planned projects would further miti-
gate $65 million, leaving $92 million of exposed
annual risk.

With the value of existing spares and planned
reliability upgrade projects known, the PRA can
then assess the value of additional spares in re-
ducing this risk exposure. As long as the risk miti-
gated by an additional spare exceeds the payback
value of a new transformer, purchasing a spare is
justified. The PRA identified $75 million of justifi-
able risk mitigation from seven additional spares.

PRA also specifies the best spare type. If a spare
can be cost justified, asset owners can use two
types of spare transformers: used or new. As an in-
service unit begins to show signs of failure, it can be
replaced. Since the unit removed has not yet failed,
it can be stored as an emergency spare. However,
the downsides of this approach are the expense,
work efforts and congestion associated with han-
dling the spare twice. Also, the likelihood of a used
spare unit’s success is lower than that of a new unit
because of its preexisting degradation.
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PJM’s PRA analysis revealed that it is more cost-
effective to purchase a new unit as a spare. In this
case, when a failure occurs, the spare transformer
can be installed permanently to remedy the failure
and a replacement spare purchased. This process
allows expedient resolution of a failure and reduces
handling.

Existing spares may not be located at optimal
sites. PRA also reveals ideal locations for storing
spares. A spare can be located on-site or at a
remote location. An on-site spare provides the
benefit of expedient installation. A remote spare
requires added transportation and handling. Ideally,
spares would be located at the highest risk sites.
Remote spares serve lower risk sites. The PRA
both identifies the best locations to position spares
on the system to minimize risk and evaluates re-
location of existing spares by providing the cost/
benefit analysis of moving a spare to a higher risk
site.

The PRA has shown that the type of spare (no
spare, old spare or new spare) and a transformer’s
loss consequence strongly influence the most cost-
effective retirement age. High-consequence trans-
formers should be replaced at younger ages due to
the risk they impose on the system as their effec-
tive age increases. PRA showed that using new
spares maximizes a transformer’s effective age for
retirement.

STANDARDIZATION IMPACT

Approximately one-third of the number of current
spares would be required if design standardization
and sharing between asset owners were achieved.
This allows a single spare to reduce the loss con-
sequence for a larger number of in-service units.
Increasing the number of transformers covered by a
spare improves the spare’s risk-mitigation value.
Having more transformers covered by spares re-
duces the residual risk exposure that accumulates
with having many spare subgroups.

PJM transmission asset owners have finalized a
standardized 500-kV/230-kV transformer design to
apply to future purchase decisions. For the benefits
of standardization to be achieved, PJM asset owners
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PJM BACKGROUND

Formally established on Sept. 16, 1927, the
Pennsylvania-New Jersey Interconnection allowed
Philadelphia Electric, Pennsylvania Power & Light,
and Public Service Electric & Gas of New Jersey
to share their electric loads and receive power
from the huge new hydroelectric plant at Con-
owingo, Maryland, U.S. Throughout the years,
neighboring utilities also connected into the sys-
tem. Today, the interconnection, now called the
PJM Interconnection, has far exceeded its original
footprint.

PJM is the operator of the world’s largest
centrally dispatched grid, serving about 51 million
people in |3 states and the District of Columbia.
A regional transmission organization that oper-
ates 19% of the transmission infrastructure of the
U.S. Eastern Interconnection on behalf of trans-
mission system owners, PJM dispatches 164,634
MW of generating capacity over 56,000 miles

also are developing a spare-sharing agreement.
Analysis showed that $50 million of current spare
transformer requirements could be avoided by
standardization and sharing.

The PRA model is a useful tool for managing
PJM’s aging 500-kV/230-kV transformer infra-
structure. While creating the PRA model was chal-
lenging, system planners and asset owners have
gained invaluable insights from both the develop-
ment process and the model use. Knowing and un-
derstanding risk has better prepared PJM and its
members to proactively and economically address
their aging transformer fleet. PRA results have been
incorporated into PJM’s regional transmission-
expansion planning process. PRA will be performed
annually to ensure minimum transformer fleet risk
exposure. PJM is also investigating the use of this
risk quantification approach for other power-
system assets.

Kenneth Seiler is manager of power system coor-
dination at PJM Interconnection. He is responsible

(91,800 km) of transmission. Within PJM,
12 utilities individually own the 500-kV/230-kV
transformer assets.

® 26% of generation in
Eastern Interconnection

® 23% of load in Eastern
Interconnection

® 19% of transmission
nssets in Eastern
Interconnection

» 17% of LS. GDP
produced in PJM

PJM system information breakdown and location

for the interconnection coordination of generation,
substation and transmission projects, and outage
planning. He has been actively involved in the PJM
Planning Committee and the development of the
PJM’s aging infrastructure initiatives. Prior to work-
ing for PJM, he was with GPU Energy for nearly
I5 years in the Electrical Equipment Construction and
Maintenance and System Operation departments.
Seiler earned his BSEE degree from Pennsylvania State
University and MBA from Lebanon Valley College,
seilek@pjm.com

David Egan is a senior engineer in PJM’s Inter-
connection Planning department, where he has
worked for three years. He earned his BSME de-
gree from Binghamton University. Previously he
worked at Oyster Creek Generating Station for
I3 years. During this time, he worked as a thermal
performance engineer and turbine-generator sys-
tems’ manager, and coordinated implementation of
the site’s Maintenance Rule program, egand@
pjm.com
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3.1

THE IDEAL TRANSFORMER

Figure 3.1 shows a basic single-phase two-winding transformer, where the
two windings are wrapped around a magnetic core [1, 2, 3]. It is assumed
here that the transformer is operating under sinusoidal-steady-state excita-
tion. Shown in the figure are the phasor voltages E; and E; across the wind-
ings, and the phasor currents /; entering winding 1, which has N; turns, and
I, leaving winding 2, which has N, turns. A phasor flux @, set up in the core
and a magnetic field intensity phasor H, are also shown. The core has a
cross-sectional area denoted A, a mean length of the magnetic circuit /., and
a magnetic permeability x,, assumed constant.
For an ideal transformer, the following are assumed:

1. The windings have zero resistance; therefore, the I’R losses in the
windings are zero.

2. The core permeability u, is infinite, which corresponds to zero core
reluctance.

3. There is no leakage flux; that is, the entire flux @, is confined to the
core and links both windings.

4. There are no core losses.
A schematic representation of a two-winding transformer is shown in
Figure 3.2. Ampere’s and Faraday’s laws can be used along with the preced-

ing assumptions to derive the ideal transformer relationships. Ampere’s law
states that the tangential component of the magnetic field intensity vector

FIGURE 3.1 Core permeability u,

Basic single-phase

o Core cross-sectional area, A,
two-winding transformer

Mean length of the magnetic circuit, 2,

D, )
/1 A=< —_—
— [ WD e S
+ - ! _—
3 T + | _——
— o] ! i winding 2
winding1 N J (N5 turns)
(N turns) H,
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FIGURE 3.2 S — —5,
L ] L]
Schematic representation h— e 2 f
of a single-phase two- & E,
winding transformer . =
Ny N,
s
t /\/2

integrated along a closed path equals the net current enclosed by that path;
that is,

1; Htan dl = Ienclosed (311)

If the core center line shown in Figure 3.1 is selected as the closed path,
and if H, is constant along the path as well as tangent to the path, then
(3.1.1) becomes

H.l = NI, — N-by (3.1.2)

Note that the current I; is enclosed N; times and I, is enclosed N,
times, one time for each turn of the coils. Also, using the right-hand rule*,
current /; contributes to clockwise flux but current I, contributes to counter-
clockwise flux. Thus, in (3.1.2) the net current enclosed is NI} — N>I,. For
constant core permeability x,, the magnetic flux density B, within the core,
also constant, is

B, = u.H, Wb/m? (3.1.3)
and the core flux @, is

®.=BA, Wb (3.1.4)
Using (3.1.3) and (3.1.4) in (3.1.2) yields

NiI, = Nab = 1B /ji, = <ﬁ> o, (3.1.5)
We define core reluctance R, as
R, = L (3.1.6)
WA,
Then (3.1.5) becomes
NI, — N, = R, D, (3.1.7)

*The right-hand rule for a coil is as follows: Wrap the fingers of your right hand around the coil
in the direction of the current. Your right thumb then points in the direction of the flux.
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98 CHAPTER 3 POWER TRANSFORMERS

Equation (3.1.7) can be called “Ohm’s law” for the magnetic circuit,
wherein the net magnetomotive force mmf = N;I; — N, I, equals the product
of the core reluctance R, and the core flux ®@,.. Reluctance R, which impedes
the establishment of flux in a magnetic circuit, is analogous to resistance in
an electric circuit. For an ideal transformer, y,. is assumed infinite, which,
from (3.1.6), means that R, is 0, and (3.1.7) becomes

NI = Ny (3.1.8)

In practice, power transformer windings and cores are contained within
enclosures, and the winding directions are not visible. One way of conveying
winding information is to place a dot at one end of each winding such that
when current enters a winding at the dot, it produces an mmf acting in the
same direction. This dot convention is shown in the schematic of Figure 3.2.
The dots are conventionally called polarity marks.

Equation (3.1.8) is written for current I; entering its dotted terminal and
current I, leaving its dotted terminal. As such, I} and I, are in phase, since
I} = (N,/N,)L,. If the direction chosen for I, were reversed, such that both
currents entered their dotted terminals, then /; would be 180° out of phase
with .

Faraday’s law states that the voltage e(7) induced across an N-turn
winding by a time-varying flux ¢(¢) linking the winding is

e(t) = N%(tt) (3.1.9)

Assuming a sinusoidal-steady-state flux with constant frequency w, and rep-
resenting e(¢) and ¢(¢) by their phasors E and @, (3.1.9) becomes

E = N(jo)® (3.1.10)

For an ideal transformer, the entire flux is assumed to be confined to
the core, linking both windings. From Faraday’s law, the induced voltages
across the windings of Figure 3.1 are

Dividing (3.1.11) by (3.1.12) yields

E, N

—=— 11

N (3.1.13)
or

Ei E

2 1.14

NN, (3.1.14)
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SECTION 3.1 THE IDEAL TRANSFORMER 99

The dots shown in Figure 3.2 indicate that the voltages E| and E;, both of
which have their + polarities at the dotted terminals, are in phase. If the
polarity chosen for one of the voltages in Figure 3.1 were reversed, then E,
would be 180° out of phase with E,.

The turns ratio a, is defined as follows:

N
a = F; (3.1.15)
Using ¢, in (3.1.8) and (3.1.14), the basic relations for an ideal single-phase

two-winding transformer are

N
E = (FL)Eza,Ez (3.1.16)
N, L
L= (2)\n== 3.1.17
1 (Nl) 2= ( )

Two additional relations concerning complex power and impedance can
be derived from (3.1.16) and (3.1.17) as follows. The complex power entering
winding 1 in Figure 3.2 is

Sy =E I (3.1.18)
Using (3.1.16) and (3.1.17),

Sl = E]Il* = (asz) (LIZ_2> = EZIZ* = S2 (3119)
t
As shown by (3.1.19), the complex power S| entering winding 1 equals the
complex power S, leaving winding 2. That is, an ideal transformer has no
real or reactive power loss.
If an impedance Z, is connected across winding 2 of the ideal trans-
former in Figure 3.2, then

E
Z,==2 (3.1.20)
L
This impedance, when measured from winding 1, is
Ei _aE _ N Y
7, =1 = =a’Z,=(—)Z 3.1.21
> L b/q ‘2= \N,) 7 ( )

Thus, the impedance Z, connected to winding 2 is referred to winding 1 by
multiplying Z, by a2, the square of the turns ratio.

EXAMPLE 3.1 Ideal, single-phase two-winding transformer

A single-phase two-winding transformer is rated 20 kVA, 480/120 V, 60 Hz.
A source connected to the 480-V winding supplies an impedance load con-
nected to the 120-V winding. The load absorbs 15 kVA at 0.8 p.f. lagging
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100 CHAPTER 3 POWER TRANSFORMERS

FIGURE 3.3 S, — — 5, = 15,000 /36.87° VA
Circuit for Example 3.1 ' — — L = 12712 /=36.87° A
E E, = 118 /0°V
Ny
a, = %;— =4

when the load voltage is 118 V. Assume that the transformer is ideal and cal-
culate the following:

a. The voltage across the 480-V winding.

b. The load impedance.

¢. The load impedance referred to the 480-V winding.

d. The real and reactive power supplied to the 480-V winding.

SOLUTION

a. The circuit is shown in Figure 3.3, where winding 1 denotes the 480-V
winding and winding 2 denotes the 120-V winding. Selecting the load volt-
age E, as the reference,

E, =118/0° V
The turns ratio is, from (3.1.13),

_ & _ Elrated _ @ _
N2 E2rated 120

a; 4

and the voltage across winding 1 is
E| = a,E, = 4(118/0°) = 472/0° V
b. The complex power S, absorbed by the load is
Sy = E»I; = 1181 = 15,000/cos ' (0.8) = 15,000/36.87° VA
Solving, the load current I, is

L =127.12/-36.87° A

The load impedance Z; is

E 118/0°

Z = —=
T L 127.12/-36.87°

=0.9283/36.87° Q
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SECTION 3.1 THE IDEAL TRANSFORMER 101

c. From (3.1.21), the load impedance referred to the 480-V winding is

Z — atng = (4)2(0.9283{36.870) =14.85/36.87° Q
d. From (3.1.19)

S1 =8, = 15,000/36.87° = 12,000 + ;9000

Thus, the real and reactive powers supplied to the 480-V winding are
P] = Re S] = 12,000 W =12 kW
Q; = Im S; = 9000 var = 9 kvar |
Figure 3.4 shows a schematic of a conceptual single-phase, phase-shifting

transformer. This transformer is not an idealization of an actual transformer
since it is physically impossible to obtain a complex turns ratio. It will be used
later in this chapter as a mathematical model for representing phase shift of

three-phase transformers. As shown in Figure 3.4, the complex turns ratio ¢, is
defined for the phase-shifting transformer as

J¢ .
a = eT _— (3.1.22)
where ¢ is the phase-shift angle. The transformer relations are then
Ei = a,E, = ¢/*E, (3.1.23)
I .
L=—==en (3.1.24)
t

Note that the phase angle of E| leads the phase angle of E, by ¢. Similarly,
I, leads I by the angle ¢. However, the magnitudes are unchanged; that is,
|E1| = |E2| and || = |L].

FIGURE 3.4

51 — —_— 82
L4 L)
Schematic representation h— 5 2T h
of a conceptual single- £ E,
phase, phase-shifting ° o
transformer PV
a = e/d’
E, = aE, = eiF,

I.I = _Iz_ = ei¢[2

a;
S, =5,
2,=2,
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102 CHAPTER 3 POWER TRANSFORMERS

From these two relations, the following two additional relations are

derived:
* b : *
S1 = E]Il = (a,Ez) E = Ez[ = Sz (3125)
t
E E
zy =20 0B 2z, = 7, (3.1.26)
I 1
—~b
a

t

Thus, impedance is unchanged when it is referred from one side of an ideal
phase-shifting transformer to the other. Also, the ideal phase-shifting trans-
former has no real or reactive power losses since S| = .S.

Note that (3.1.23) and (3.1.24) for the phase-shifting transformer are
the same as (3.1.16) and (3.1.17) for the ideal physical transformer except for
the complex conjugate (*) in (3.1.24). The complex conjugate for the phase-
shifting transformer is required to make S; = S, (complex power into wind-
ing 1 equals complex power out of winding 2), as shown in (3.1.25).

3.2

EQUIVALENT CIRCUITS FOR PRACTICAL
TRANSFORMERS

Figure 3.5 shows an equivalent circuit for a practical single-phase two-winding
transformer, which differs from the ideal transformer as follows:

1. The windings have resistance.

2. The core permeability g, is finite.

3. The magnetic flux is not entirely confined to the core.

4. There are real and reactive power losses in the core.

The resistance R; is included in series with winding 1 of the figure
to account for I’R losses in this winding. A reactance X;, called the leakage

FIGURE 3.5 , N,
. — - o (e

Equivalent circuit of a O AT °

practical single-phase + e +

two-winding transformer fe l l/m

v G. -8, B

- -
N;
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SECTION 3.2 EQUIVALENT CIRCUITS FOR PRACTICAL TRANSFORMERS 103

reactance of winding 1, is also included in series with winding 1 to account
for the leakage flux of winding 1. This leakage flux is the component of the
flux that links winding 1 but does not link winding 2; it causes a voltage drop
I;(jX,), which is proportional to I; and leads 7; by 90°. There is also a reac-
tive power loss I7X; associated with this leakage reactance. Similarly, there is
a resistance R; and a leakage reactance X, in series with winding 2.

Equation (3.1.7) shows that for finite core permeability u., the total
mmf is not 0. Dividing (3.1.7) by N; and using (3.1.11), we get

N2 Rc R(,’ El . Rf
- (22) =S, = e (- S E 3.2.1
: (Nl) PTNCCTN (Jle) ]<wN12> : ( )

Defining the term on the right-hand side of (3.2.1) to be 1, called magnetiz-
ing current, it is evident that 7, lags E; by 90°, and can be represented by a

. . R, . .
shunt inductor with susceptance B,, = ﬁ mhos.* However, in reality
W
i

there is an additional shunt branch, represented by a resistor with conduc-
tance G, mhos, which carries a current /., called the core loss current. I, is in
phase with E;. When the core loss current /, is included, (3.2.1) becomes

N
5L - (Nz>12 =1+ 1y = (G, — jBn)E (322)
1

The equivalent circuit of Figure 3.5, which includes the shunt branch
with admittance (G, — jB,,) mhos, satisfies the KCL equation (3.2.2). Note
that when winding 2 is open (/; = 0) and when a sinusoidal voltage V) is
applied to winding 1, then (3.2.2) indicates that the current /; will have two
components: the core loss current /. and the magnetizing current I,,. Asso-
ciated with 7, is a real power loss I?/G, = E{fG. W. This real power loss ac-
counts for both hysteresis and eddy current losses within the core. Hysteresis
loss occurs because a cyclic variation of flux within the core requires energy
dissipated as heat. As such, hysteresis loss can be reduced by the use of spe-
cial high grades of alloy steel as core material. Eddy current loss occurs
because induced currents called eddy currents flow within the magnetic core
perpendicular to the flux. As such, eddy current loss can be reduced by con-
structing the core with laminated sheets of alloy steel. Associated with I, is a
reactive power loss I2 /B,, = EB,, var. This reactive power is required to
magnetize the core. The phasor sum (/. + I,,,) is called the exciting current I,.

Figure 3.6 shows three alternative equivalent circuits for a practical
single-phase two-winding transformer. In Figure 3.6(a), the resistance R, and
leakage reactance X, of winding 2 are referred to winding 1 via (3.1.21).

*The units of admittance, conductance, and susceptance, which in the SI system are siemens
(with symbol S), are also called mhos (with symbol ©) or ohms™! (with symbol Q).
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FIGURE 3.6 ANN2 (N2
, 2%, (2R
Equivalent circuits for a k NI ( 2 2) o :
practical single-phase +
two-winding transformer
Y
o
N,
{a} R, and X, are referred to winding 1
h— Reqt JXeqt —
+ O—AM M e o +
NiVg 1 N2 ]
vi [+ (%) AVES (R v,
—_ o 0 —
Ny N,
(b} Neglecting exciting current
/1 —_— /Xem . . —_— /2
+ o YN o +
. N3y
v, A%+ (E) 2 V,
_o — o -
Ny, N,

(c) Neglecting exciting current and IR winding loss

In Figure 3.6(b), the shunt branch is omitted, which corresponds to neglecting
the exciting current. Since the exciting current is usually less than 5% of rated
current, neglecting it in power system studies is often valid unless transformer
efficiency or exciting current phenomena are of particular concern. For large
power transformers rated more than 500 kVA, the winding resistances, which
are small compared to the leakage reactances, can often be neglected, as shown
in Figure 3.6(c).

Thus, a practical transformer operating in sinusoidal steady state is
equivalent to an ideal transformer with external impedance and admittance
branches, as shown in Figure 3.6. The external branches can be evalu-
ated from short-circuit and open-circuit tests, as illustrated by the following
example.

EXAMPLE 3.2 Transformer short-circuit and open-circuit tests

A single-phase two-winding transformer is rated 20 kVA, 480/120 volts, 60 Hz.
During a short-circuit test, where rated current at rated frequency is applied to
the 480-volt winding (denoted winding 1), with the 120-volt winding (winding 2)
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SECTION 3.2 EQUIVALENT CIRCUITS FOR PRACTICAL TRANSFORMERS 105

shorted, the following readings are obtained: V| = 35 volts, P; = 300 W. Dur-
ing an open-circuit test, where rated voltage is applied to winding 2, with wind-
ing 1 open, the following readings are obtained: I, = 12 A, P, = 200 W.

a. From the short-circuit test, determine the equivalent series imped-
ance Zeqi = Reqi + jXeqi referred to winding 1. Neglect the shunt
admittance.

b. From the open-circuit test, determine the shunt admittance Y,, =
G. — jB,, referred to winding 1. Neglect the series impedance.

SOLUTION
a. The equivalent circuit for the short-circuit test is shown in Figure 3.7(a),

where the shunt admittance branch is neglected. Rated current for winding 1 is
Srated 20 x 10°

= =41.667 A
Vlrated 480

Ilr:alted =

Reqi; Zeqi, and Xeq1 are then determined as follows:

Reqi = 2P1 _ ;=0.1728 Q
Ilrated (41 667)
| Zeqi| = Vi L ¥ 400 @

Tiaed  41.667

Xeqt = 4/ Z2; —Re; =0.8220 Q

Zeqi = Reqt + jXeqt = 0.1728 + j0.8220 = 0.8400/78.13° Q

FIGURE 3.7 1 = s

. L
+
Circuits for Example 3.2 V‘( 5 Reat  [Xeqr j”% |

480 : 120

{a) Short-circuit test (neglecting shunt admittance)

N
n b I,
o N‘ - [ [ I
+
v, G, ‘ B, V, = 120/0°
o .
480 : 120

(b) Open-circuit test (neglecting series impedance)
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106 CHAPTER 3 POWER TRANSFORMERS

b. The equivalent circuit for the open-circuit test is shown in Figure 3.7(b),
where the series impedance is neglected. From (3.1.16),

N 480
Vi=E =aqFE, = Flvzmd = 130 (120) = 480 volts
G, Y,,, and B,, are then determined as follows:

G, = P—22 = 200 5 = 0.000868 S

Vi (480)

(5)r_Ga)o2

_ 1 _ _

| Y| = T 0.00625 S

B, = \/Y,%, ~G2= \/ (0.00625)2 — (0.000868)2 = 0.00619 S
Y,, = G — jB,, = 0.000868 — j0.00619 = 0.00625/—82.02° S

Note that the equivalent series impedance is usually evaluated at
rated current from a short-circuit test, and the shunt admittance is eval-
uated at rated voltage from an open-circuit test. For small variations in
transformer operation near rated conditions, the impedance and admit-
tance values are often assumed constant. |

The following are not represented by the equivalent circuit of Figure 3.5:
1. Saturation

2. Inrush current

3. Nonsinusoidal exciting current

4. Surge phenomena

They are briefly discussed in the following sections.

SATURATION

In deriving the equivalent circuit of the ideal and practical transformers, we
have assumed constant core permeability x. and the linear relationship
B. = u.H, of (3.1.3). However, the relationship between B and H for ferro-
magnetic materials used for transformer cores is nonlinear and multivalued.
Figure 3.8 shows a set of B-H curves for a grain-oriented electrical steel typ-
ically used in transformers. As shown, each curve is multivalued, which is
caused by hysteresis. For many engineering applications, the B-H curves can
be adequately described by the dashed line drawn through the curves in
Figure 3.8. Note that as H increases, the core becomes saturated; that is, the
curves flatten out as B increases above 1 Wb/m?. If the magnitude of the
voltage applied to a transformer is too large, the core will saturate and a high
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FIGURE 3.8 1.8 [ I [ T
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magnetizing current will flow. In a well-designed transformer, the applied
peak voltage causes the peak flux density in steady state to occur at the knee
of the B—H curve, with a corresponding low value of magnetizing current.

INRUSH CURRENT

When a transformer is first energized, a transient current much larger than
rated transformer current can flow for several cycles. This current, called in-
rush current, is nonsinusoidal and has a large dc component. To understand
the cause of inrush, assume that before energization, the transformer core is
magnetized with a residual flux density B(0) = 1.5 Wb/m? (near the knee of
the dotted curve in Figure 3.8). If the transformer is then energized when the
source voltage is positive and increasing, Faraday’s law, (3.1.9), will cause
the flux density B(¢) to increase further, since

B(¢) = @ = NlAJOI e(t) dt + B(0)

As B(#) moves into the saturation region of the B-H curve, large values of
H(#) will occur, and, from Ampere’s law, (3.1.1), corresponding large values
of current i(#) will flow for several cycles until it has dissipated. Since normal
inrush currents can be as large as abnormal short-circuit currents in trans-
formers, transformer protection schemes must be able to distinguish between
these two types of currents.
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108 CHAPTER 3 POWER TRANSFORMERS

NONSINUSOIDAL EXCITING CURRENT

When a sinusoidal voltage is applied to one winding of a transformer with the
other winding open, the flux ¢(7) and flux density B(7) will, from Faraday’s
law, (3.1.9), be very nearly sinusoidal in steady state. However, the magnetic
field intensity H(¢) and the resulting exciting current will not be sinusoidal in
steady state, due to the nonlinear B-H curve. If the exciting current is mea-
sured and analyzed by Fourier analysis techniques, one finds that it has a fun-
damental component and a set of odd harmonics. The principal harmonic is
the third, whose rms value is typically about 40% of the total rms exciting
current. However, the nonsinusoidal nature of exciting current is usually
neglected unless harmonic effects are of direct concern, because the exciting
current itself is usually less than 5% of rated current for power transformers.

SURGE PHENOMENA

When power transformers are subjected to transient overvoltages caused by
lightning or switching surges, the capacitances of the transformer windings
have important effects on transient response. Transformer winding capaci-
tances and response to surges are discussed in Chapter 12.

3.3

THE PER-UNIT SYSTEM

Power-system quantities such as voltage, current, power, and impedance are
often expressed in per-unit or percent of specified base values. For example,
if a base voltage of 20 kV is specified, then the voltage 18 kV is (18/20) =
0.9 per unit or 90%. Calculations can then be made with per-unit quantities
rather than with the actual quantities.

One advantage of the per-unit system is that by properly specifying base
quantities, the transformer equivalent circuit can be simplified. The ideal
transformer winding can be eliminated, such that voltages, currents, and ex-
ternal impedances and admittances expressed in per-unit do not change when
they are referred from one side of a transformer to the other. This can be a
significant advantage even in a power system of moderate size, where hun-
dreds of transformers may be encountered. The per-unit system allows us
to avoid the possibility of making serious calculation errors when referring
quantities from one side of a transformer to the other. Another advantage of
the per-unit system is that the per-unit impedances of electrical equipment of
similar type usually liec within a narrow numerical range when the equipment
ratings are used as base values. Because of this, per-unit impedance data can
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SECTION 3.3 THE PER-UNIT SYSTEM 109

be checked rapidly for gross errors by someone familiar with per-unit quanti-
ties. In addition, manufacturers usually specify the impedances of machines
and transformers in per-unit or percent of nameplate rating.

Per-unit quantities are calculated as follows:

actual quantity
base value of quantity

per-unit quantity = (3.3.1)

where actual quantity is the value of the quantity in the actual units. The base
value has the same units as the actual quantity, thus making the per-unit quan-
tity dimensionless. Also, the base value is always a real number. Therefore, the
angle of the per-unit quantity is the same as the angle of the actual quantity.

Two independent base values can be arbitrarily selected at one point in
a power system. Usually the base voltage Vpusern and base complex power
Shase1¢ are selected for either a single-phase circuit or for one phase of a three-
phase circuit. Then, in order for electrical laws to be valid in the per-unit sys-
tem, the following relations must be used for other base values:

Pbasel(/ﬁ = Qbase1¢ = Sbasel¢ (332)
S
Ibase = Vbasel¢ (333)
baseLN
\% Vi

Zpase = Rpase = Xbase = baselN _ baseLN (3.3.4)
Tpase Sbasel¢
1

Ybase = Gbase = Bbase = Z— (335)
base

In (3.3.2)—(3.3.5) the subscripts LN and 1¢ denote ‘line-to-neutral” and
“per-phase,” respectively, for three-phase circuits. These equations are also
valid for single-phase circuits, where subscripts can be omitted.

By convention, we adopt the following two rules for base quantities:

1. The value of Spaseiy is the same for the entire power system of
concern.

2. The ratio of the voltage bases on cither side of a transformer is se-
lected to be the same as the ratio of the transformer voltage ratings.

With these two rules, a per-unit impedance remains unchanged when referred
from one side of a transformer to the other.

EXAMPLE 3.3 Per-unit impedance: single-phase transformer

A single-phase two-winding transformer is rated 20 kVA, 480/120 volts,
60 Hz. The equivalent leakage impedance of the transformer referred to the
120-volt winding, denoted winding 2, is Z.q» = 0.0525/78.13° Q. Using the

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



110 CHAPTER 3 POWER TRANSFORMERS

transformer ratings as base values, determine the per-unit leakage impedance
referred to winding 2 and referred to winding 1.

SOLUTION The values of Spase, Viasel, and Vpaser are, from the transformer
ratings,
Shase = 20 kVA, Viasel = 480 volts, Viase2 = 120 volts

Using (3.3.4), the base impedance on the 120-volt side of the transformer is

_ Vl%aseZ _ (120)2
Stase 20,000

Then, using (3.3.1), the per-unit leakage impedance referred to winding 2 is

=072 Q

ZbaseZ

Z 0.0525/78.13° .
Zeipt — = — =0.0729/78.13° per unit
ZbaseZ 0.72

If Zq is referred to winding 1,
2 2
4
Zeqi = 0} Zegp = M Zegp = 480 (0.0525/78.13°)
N> 120
=0.84/78.13° Q

The base impedance on the 480-volt side of the transformer is

V2. (480)°
“basel _ —11.52 Q
Sbase 20,000

and the per-unit leakage reactance referred to winding 1 is

Zpasel =

Z 0.84/78.13° .
Zeqipn, = 3L = = 0.0729/78.13° per unit = Zegop.u,
Fome 11.52

Thus, the per-unit leakage impedance remains unchanged when referred from
winding 2 to winding 1. This has been achieved by specifying

Vbasel _ Vratedl _ <480> ™
VbaseZ VratedZ 120

Figure 3.9 shows three per-unit circuits of a single-phase two-winding
transformer. The ideal transformer, shown in Figure 3.9(a), satisfies the
per-unit relations Ey,y, = Epu, and Ijpy = Iy, Which can be derived as
follows. First divide (3.1.16) by Vipaser:

E, N _ E

E =—= X 3.3.6
o Vbasel NZ Vbasel ( )
Then: uSing Vbasel /VbaseZ = Vratedl /VratedZ = NI/NZ:
Ny E> E>
Ip.u. NZ & v Vbasez 2p.u. ( )
N2 base2
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FIGURE 3.9

Per-unit equivalent
circuits of a single-phase
two-winding transformer
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/1pu /2pu
+ o0—» 0 +
EWpu EZpu
— o o —

(a) Ideal transformer

/1p u Reqp u jxeqpu /ZD U
T WY T
leu VZDu
— o —0 —

(b) Neglecting exciting current

/Wpu R1pu jxmu jXZDu R2pu /2pu
A
i > YW ) /EM 5
V)pu chu _ijpu VZDU
— —

(c) Complete representation

Similarly, divide (3.1.17) by Ipaser:

It 1 Ny, I
lpu. =7 = X+
b Ibasel N 1 Ibasel

(3.3.8)

Then: uSing Ibasel = Sbase/Vbasel = Sbase/[(Nl/NZ)Vbase2] = (N2/N1)Ibase27

;N h b
tpu- Nl <N2> IbaseZ
base2

= Dy, (3.3.9)

Ny

Thus, the ideal transformer winding in Figure 3.2 is eliminated from the
per-unit circuit in Figure 3.9(a). The per-unit leakage impedance is included
in Figure 3.9(b), and the per-unit shunt admittance branch is added in Figure
3.9(c) to obtain the complete representation.

When only one component, such as a transformer, is considered, the
nameplate ratings of that component are usually selected as base values.
When several components are involved, however, the system base values may
be different from the nameplate ratings of any particular device. It is then
necessary to convert the per-unit impedance of a device from its nameplate
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112 CHAPTER 3 POWER TRANSFORMERS

ratings to the system base values. To convert a per-unit impedance from
“old” to “new” base values, use

Zactual Zp.uolebaseold
7 = = 3.3.10
pmew Zbasenew Zbasenew ( )
or, from (3.3.4),
Vbaseold >2 (Sbasenew>
b pruold (Vbascncw Sbascold ( )

EXAMPLE 3.4 Per-unit circuit: three-zone single-phase network

Three zones of a single-phase circuit are identified in Figure 3.10(a). The zones
are connected by transformers T and T,, whose ratings are also shown. Using
base values of 30 kVA and 240 volts in zone 1, draw the per-unit circuit and

FIGURE 3.10 Zone 1 Zone 2 Zone 3
|
|

V, = 220/0° volts |

O3 3 i

Circuits for Example 3.4

T, Xine = 2 €) T, Zoswa=08+/020Q
30 kVA 20 kVA
240/480 volts 460/115 volts
Xeq = 0.10 p.u. Xea = 0.10 p.u.

(a) Single-phase circuit

lsp u ijlp.u /Xl,nep u /XT2p u /Ioado u.

M e Y e VOOV,

jO.10 p.u. j0.2604 p.u.
e O
0.9167/0° p.u.

1j0.1378

ipu.
Z\oadpvu. =

1.875 + j0.4167 p.u.

Zone 2
Viase2 = 480 volts

Zone 1 Zone 3

Vibaser = 240 volts Viases = 120 volts

_ (24012 _ _ (480)? (1202
Zbase\ = 30‘000 = 192 Q ZbaseZ = 30‘000 = 768 Q Zbase3 = 30,000 048 Q

1
|
|
|
!
|
|
|
I
|
|
I
[}
|
]
I

Sease = 30 kVA
° Ibases = 3_01'20% 250 A

{b) Per-unit circuit
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SECTION 3.3 THE PER-UNIT SYSTEM 113

determine the per-unit impedances and the per-unit source voltage. Then cal-
culate the load current both in per-unit and in amperes. Transformer winding
resistances and shunt admittance branches are neglected.

SOLUTION First the base values in each zone are determined. Spase =
30 kVA is the same for the entire network. Also, Vpaer = 240 volts, as
specified for zone 1. When moving across a transformer, the voltage base
is changed in proportion to the transformer voltage ratings. Thus,

480
Vbasez = <m> (240) =480 volts
and
115
Vbases = (m) (480) = 120 volts

The base impedances in zones 2 and 3 are

VgaseZ _ 4802
Sbase 30,000

Zbase2 = =768 Q

and

Zhases = Vgase3 _ 120°
e Spase 30,000

and the base current in zone 3 is

Stase 30,000
Vbase3 120

Next, the per-unit circuit impedances are calculated using the system
base values. Since Spae = 30 kVA is the same as the kVA rating of trans-
former T}, and Vyase; = 240 volts is the same as the voltage rating of the zone
1 side of transformer T;, the per-unit leakage reactance of T; is the same as
its nameplate value, Xtipu = 0.1 per unit. However, the per-unit leakage
reactance of transformer T, must be converted from its nameplate rating to
the system base. Using (3.3.11) and Vp,ser = 480 volts,

460)2 (30,000

X12pu. = (0.10) (@ 20,000

Alternatively, using Vp,se3 = 120 volts,

115\’
Xr2pu. = (0.10) (E(i) (;8’888) = 0.1378 per unit

=048 Q

=250 A

IbaseS =

> =(0.1378 per unit

which gives the same result. The line, which is located in zone 2, has a per-
unit reactance
Xline 2

Kifgpm = Zons =73 0.2604 per unit
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114 CHAPTER 3 POWER TRANSFORMERS

and the load, which is located in zone 3, has a per-unit impedance
Zioad 0.9+ 0.2
Zpases  0.48

The per-unit circuit is shown in Figure 3.10(b), where the base values

for each zone, per-unit impedances, and the per-unit source voltage are
shown. The per-unit load current is then easily calculated from Figure 3.10(b)

Zloadp.u. -

= 1.875 + j0.4167 per unit

as follows:
Foatpn. = Tpw == Vopu
J(Xripa. + Xiinepu. + Xt2pn.) + Zicadpau.
- 0.9167/0°
7(0.10 + 0.2604 + 0.1378) + (1.875 + j0.4167)
0.9167/0° 0.9167/0°

T 1875+ j0.9149  2.086/26.01°
= 0.4395/—-26.01° per unit

The actual load current is

Tioad = (Hoadp.u ) Thases = (0.4395/—26.01°)(250) = 109.9/-26.01° A

Note that the per-unit equivalent circuit of Figure 3.10(b) is relatively easy
to analyze, since ideal transformer windings have been eliminated by proper
selection of base values. |

Balanced three-phase circuits can be solved in per-unit on a per-phase
basis after converting A-load impedances to equivalent Y impedances. Base
values can be selected either on a per-phase basis or on a three-phase basis.
Equations (3.3.1)—(3.3.5) remain valid for three-phase circuits on a per-phase
basis. Usually Spae3s and Vierr are selected, where the subscripts 3¢ and
LL denote “three-phase’ and ““line-to-line,” respectively. Then the following
relations must be used for other base values:

Staselp = @ (3.3.12)

ViaseLN = Vbj%” (3.3.13)

Stasezp = Phasesp = Qpasess (3.3.14)

Thuse = 3:)’;‘2 = \/;’/b:fu (3.3.15)

o =t < o 6219
1

Rbase = Xbase = Zbase = (3317)

Ybase
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SECTION 3.3 THE PER-UNIT SYSTEM 115

EXAMPLE 3.5 Per-unit and actual currents in balanced three-phase networks

As in Example 2.5, a balanced-Y-connected voltage source with E,;, = 480/0°
volts is applied to a balanced-A load with Z, = 30/40° Q. The line impedance
between the source and load is Z; = 1/85° Q for each phase. Calculate the
per-unit and actual current in phase a of the line using Spase3y = 10 kVA and
ViaseLL = 480 volts.

soLUTION First, convert Z, to an equivalent Zy; the equivalent line-
to-neutral diagram is shown in Figure 2.17. The base impedance is, from
(3.3.16),

V2 (480)*
Zipaze = 22LL — =23.04 Q
* " Spasess 10,000

The per-unit line and load impedances are

Zi 1/85°
Zipu, L - &:0.04340[85" per unit

" Zoae 2304
and
Zy 10/40° )
Z ————— = 0.4340/40° t
Yp.u. Zoe  23.04 per uni
Also,
A% 480
VbaseLN = % = % =277 volts
and

5 Em 277/ 30°
o VbaseLN 277

=1.0/=30° per unit

The per-unit equivalent circuit is shown in Figure 3.11. The per-unit line cur-
rent in phase a is then

FIGURE 3.11 low.  Zip. = 0.04340/85°
Circuit for Example 3.5 T
Espy. = 1.0/=30° CND Zyou = 0.4340/40°

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



116 CHAPTER 3 POWER TRANSFORMERS

;o Eawpu 1.0/ —30°
B o+ Zypu,  0.04340/85° + 0.4340/40°
1.0/—30°
~ (0.00378 + j0.04323) + (0.3325 + j0.2790)
1.0/—30° 1.0/—30°

T 0.3362 + j0.3222 ~ 0.4657/43.78°
=2.147/-73.78° per unit

The base current is
sbaseS¢ _ 107000

Tioee = = =12.03 A
puse \/§VbaseLL \/§(480)
and the actual phase « line current is
I, = (2.147/-73.78°)(12.03) = 25.83/-73.78° A |

3.4

THREE-PHASE TRANSFORMER CONNECTIONS AND
PHASE SHIFT

Three identical single-phase two-winding transformers may be connected to
form a three-phase bank. Four ways to connect the windings are Y-Y, Y-A,
A-Y, and A-A. For example, Figure 3.12 shows a three-phase Y-Y bank.
Figure 3.12(a) shows the core and coil arrangements. The American standard
for marking three-phase transformers substitutes H1, H2, and H3 on the
high-voltage terminals and X1, X2, and X3 on the low-voltage terminals in
place of the polarity dots. Also, in this text, we will use uppercase letters 4 BC
to identify phases on the high-voltage side of the transformer and lowercase
letters abc to identify phases on the low-voltage side of the transformer. In
Figure 3.12(a) the transformer high-voltage terminals H1, H2, and H3 are
connected to phases A, B, and C, and the low-voltage terminals X1, X2, and
X3 are connected to phases «a, b, and ¢, respectively.

Figure 3.12(b) shows a schematic representation of the three-phase Y-
Y transformer. Windings on the same core are drawn in parallel, and the
phasor relationship for balanced positive-sequence operation is shown. For
example, high-voltage winding HI-N is on the same magnetic core as low-
voltage winding X1-n in Figure 3.12(b). Also, Vjy is in phase with 7,.
Figure 3.12(c) shows a single-line diagram of a Y-Y transformer. A single-
line diagram shows one phase of a three-phase network with the neutral wire
omitted and with components represented by symbols rather than equivalent
circuits.
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FIGURE 3.12 I H1 X1
—_— . . —_—
Three-phase two- A T T a
winding Y-Y Vaw = I3 3 _ Ve
transformer bank
I H2 X2 s
B—— A2 1 AT p
+ - +
Vaw - - Von

(b) Schematic representation showing phasor
relationship for positive sequence operation

The phases of a Y-Y or a A—A transformer can be labeled so there is
no phase shift between corresponding quantities on the low- and high-voltage
windings. However, for Y-A and A-Y transformers, there is always a phase
shift. Figure 3.13 shows a Y—A transformer. The labeling of the windings and
the schematic representation are in accordance with the American standard,
which is as follows:

In either a Y-A or A-Y transformer, positive-sequence quantities on
the high-voltage side shall lead their corresponding quantities on the
low-voltage side by 30°.

As shown in Figure 3.13(b), Vv leads V,, by 30°.
The positive-sequence phasor diagram shown in Figure 3.13(b) can be
constructed via the following five steps, which are also indicated in Figure 3.13:
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FIGURE 3.13 H.1 ><.1 (/Step 4)
§ . A a
transformer bank

[]
A\
~

i

{a) Core and coil arrangement

-30°

N Vi

(Step 1) (Step 5)

(b) Positive-sequence phasor diagram

STEP | Assume that balanced positive-sequence voltages are applied
to the Y winding. Draw the positive-sequence phasor diagram
for these voltages.

STEP 2 Move phasor A-N next to terminals A-N in Figure 3.13(a).
Identify the ends of this line in the same manner as in the
phasor diagram. Similarly, move phasors B—N and C-N next
to terminals B—N and C-N in Figure 3.13(a).

STEP 3 For each single-phase transformer, the voltage across the low-
voltage winding must be in phase with the voltage across the
high-voltage winding, assuming an ideal transformer. There-
fore, draw a line next to each low-voltage winding parallel to
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SECTION 3.4 THREE-PHASE TRANSFORMER CONNECTIONS AND PHASE SHIFT 119

the corresponding line already drawn next to the high-voltage
winding.

STEP 4 Label the ends of the lines drawn in Step 3 by inspecting the
polarity marks. For example, phase A4 is connected to dotted
terminal H1, and A appears on the right side of line A-N.
Therefore, phase @, which is connected to dotted terminal X1,
must be on the right side, and b on the left side of line a—b.
Similarly, phase B is connected to dotted terminal H2, and B
is down on line B—N. Therefore, phase b, connected to dotted
terminal X2, must be down on line b—c. Similarly, ¢ is up on
line c—a.

STEP 5 Bring the three lines labeled in Step 4 together to complete the
phasor diagram for the low-voltage A winding. Note that Vy
leads 1, by 30° in accordance with the American standard.

EXAMPLE 3.6 Phase shift in A=Y transformers

Assume that balanced negative-sequence voltages are applied to the high-
voltage windings of the Y-A transformer shown in Figure 3.13. Determine
the negative-sequence phase shift of this transformer.

SOLUTION The negative-sequence diagram, shown in Figure 3.14, is con-
structed from the following five steps, as outlined above:

STEP | Draw the phasor diagram of balanced negative-sequence volt-
ages, which are applied to the Y winding.

STEP 2 Move the phasors A—N, B-N, and C-N next to the high-
voltage Y windings.

STEP 3 For each single-phase transformer, draw a line next to the
low-voltage winding that is parallel to the line drawn in Step 2
next to the high-voltage winding.

STEP 4 Label the lines drawn in Step 3. For example, phase B, which
is connected to dotted terminal H2, is shown up on line B—N;
therefore phase b, which is connected to dotted terminal X2,
must be up on line b—c.

STEP 5 Bring the lines drawn in Step 4 together to form the negative-
sequence phasor diagram for the low-voltage A winding.

As shown in Figure 3.14, the high-voltage phasors lag the low-voltage phasors
by 30°. Thus the negative-sequence phase shift is the reverse of the positive-
sequence phase shift. |

The A-Y transformer is commonly used as a generator step-up trans-
former, where the A winding is connected to the generator terminals and the
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FIGURE 3.14 H1 X1
A . . (Step 4) a
Example 3.6—
Construction of N (Step 2) 4 Mﬂ
negative-sequence
phasor diagram for Y-A
transformer bank b

v s]
=/

7]

=

o o

H3 X3
c h * 13
/m 5 B/
- L1 /C
c
N+
B
N A b R
Van +300
C
C
(Step 1) (Step 5)

Y winding is connected to a transmission line. One advantage of a high-
voltage Y winding is that a neutral point N is provided for grounding on the
high-voltage side. With a permanently grounded neutral, the insulation re-
quirements for the high-voltage transformer windings are reduced. The high-
voltage insulation can be graded or tapered from maximum insulation at ter-
minals A BC to minimum insulation at grounded terminal N. One advantage of
the A winding is that the undesirable third harmonic magnetizing current,
caused by the nonlinear core B—H characteristic, remains trapped inside the
A winding. Third harmonic currents are (triple-frequency) zero-sequence cur-
rents, which cannot enter or leave a A connection, but can flow within the
A. The Y-Y transformer is seldom used because of difficulties with third har-
monic exciting current.

The A-A transformer has the advantage that one phase can be removed
for repair or maintenance while the remaining phases continue to operate as
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FIGURE 3.15 ) laminated sheet core
laminated sheet core v
Transformer core
configurations
coils
coils
{a) Single-phase core type (b) Single-phase shell type

laminated sheet core

{c) Three-phase, three-legged {d) Three-phase shell type
core type

a three-phase bank. This open-A connection permits balanced three-phase
operation with the kVA rating reduced to 58% of the original bank (see
Problem 3.36).

Instead of a bank of three single-phase transformers, all six windings
may be placed on a common three-phase core to form a three-phase trans-
former, as shown in Figure 3.15. The three-phase core contains less iron than
the three single-phase units; therefore it costs less, weighs less, requires less
floor space, and has a slightly higher efficiency. However, a winding failure
would require replacement of an entire three-phase transformer, compared to
replacement of only one phase of a three-phase bank.

3.5

PER-UNIT EQUIVALENT CIRCUITS OF BALANCED
THREE-PHASE TWO-WINDING TRANSFORMERS

Figure 3.16(a) is a schematic representation of an ideal Y-Y transformer
grounded through neutral impedances Zy and Z,. Figure 3.16(b) shows the
per-unit equivalent circuit of this ideal transformer for balanced three-phase
operation. Throughout the remainder of this text, per-unit quantities will be
used unless otherwise indicated. Also, the subscript “p.u.,” used to indicate a
per-unit quantity, will be omitted in most cases.
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FIGURE 3.16

Ideal Y-Y transformer

I I
— —
O- —0
+ +

Ey Ey
o °

(b) Per-unit equivalent circuit for balanced three-phase operation

By convention, we adopt the following two rules for selecting base
quantities:

1. A common Sy, 18 selected for both the H and X terminals.

2. The ratio of the voltage bases Viaseri / Viasex 18 selected to be equal to
the ratio of the rated line-to-line voltages ViatedrrL/ VratedXLL-

When balanced three-phase currents are applied to the transformer, the neu-
tral currents are zero and there are no voltage drops across the neutral imped-
ances. Therefore, the per-unit equivalent circuit of the ideal Y-Y transformer,
Figure 3.16(b), is the same as the per-unit single-phase ideal transformer,
Figure 3.9(a).

The per-unit equivalent circuit of a practical Y-Y transformer is shown
in Figure 3.17(a). This network is obtained by adding external impedances to
the equivalent circuit of the ideal transformer, as in Figure 3.9(c).

The per-unit equivalent circuit of the Y-A transformer, shown in
Figure 3.17(b), includes a phase shift. For the American standard, the positive-
sequence voltages and currents on the high-voltage side of the Y-A trans-
former lead the corresponding quantities on the low-voltage side by 30°. The
phase shift in the equivalent circuit of Figure 3.17(b) is represented by the
phase-shifting transformer of Figure 3.4.

The per-unit equivalent circuit of the A—A transformer, shown in Figure
3.17(c), is the same as that of the Y-Y transformer. It is assumed that the
windings are labeled so there is no phase shift. Also, the per-unit impedances
do not depend on the winding connections, but the base voltages do.
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—3¢-
Single-line diagram f( A A A

Per-unit + + + +
equivalent Vi Vi " Vx Vi Vi
circuit _

e/30’ .

(@) Y-Y (b} Y-A c) A-A

FIGURE 3.17 Per-unit equivalent circuits of practical Y-Y, Y-A, and A-A transformers for
balanced three-phase operation

EXAMPLE 3.7 Voltage calculations: balanced Y-Y and A-Y transformers

Three single-phase two-winding transformers, each rated 400 MVA, 13.8/
199.2 kV, with leakage reactance Xq = 0.10 per unit, are connected to form
a three-phase bank. Winding resistances and exciting current are neglected.
The high-voltage windings are connected in Y. A three-phase load operating
under balanced positive-sequence conditions on the high-voltage side absorbs
1000 MVA at 0.90 p.f. lagging, with V;y = 199.2/0° kV. Determine the volt-
age V,, at the low-voltage bus if the low-voltage windings are connected (a)
inY, (b) in A.

SOLUTION The per-unit network is shown in Figure 3.18. Using the trans-
former bank ratings as base quantities, Spase3p = 1200 MVA, Viaenrr =
345 kV, and Tpaser = 1200/(345v/3) = 2.008 kA. The per-unit load voltage
and load current are then

Vinv = 1.0/0° per unit

1 4
%085‘[);10 0.8333/—25.84° per unit

a. For the Y-Y transformer, Figure 3.18(a),
1, = In = 0.8333/—-25.84° per unit
Van = VAN + (leq)IA

= 1.0/0° + (j0.10)(0.8333/—25.84°)
= 1.0 + 0.08333/64.16° = 1.0363 + j0.0750 = 1.039/4.139°

= 1.039/4.139° per unit
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FIGURE 3.18 I I, = 0.8333 /—25.84°
: - iX Sl
Per-unit network for N SO, &
Example 3.7 70.10
Van Van = 1.0 /0°

(a) Y-connected low-voltage windings

la In = 0.8333 /=25.84°
—_— * . —
4 AL F
Va”(i 10.10 E""’% Van = 1.0 /0°
B 1 ef” -

{(b) A-connected low-voltage windings

Further, since Vpuexin = 13.8 kV for the low-voltage Y windings,
Van = 1.039(13.8) = 14.34 kV, and

Vin = 14.34/4.139°  kV
b. For the A-Y transformer, Figure 3.18(b),
Eg = ¢ Vin = 1.0/=30° per unit
I, = e %Iy =0.8333/-25.84° — 30° = 0.8333/—55.84° per unit
Vin = Ean + (jXeq)la = 1.0/=30° + (;0.10)(0.8333/—55.84°)
Vi = 1.039/=25.861° per unit

Further, since Vpasexin = 13.8/v/3 = 7.967 kV for the low-voltage A
windings, V,, = (1.039)(7.967) = 8.278 kV, and

Vin = 8.278/—25.861° kV |

EXAMPLE 3.8 Per-unit voltage drop and per-unit fault current:
balanced three-phase transformer

A 200-MVA, 345-kVA/34.5-kV Y substation transformer has an 8% leakage
reactance. The transformer acts as a connecting link between 345-kV trans-
mission and 34.5-kV distribution. Transformer winding resistances and excit-
ing current are neglected. The high-voltage bus connected to the transformer
is assumed to be an ideal 345-kV positive-sequence source with negligible
source impedance. Using the transformer ratings as base values, determine:
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a. The per-unit magnitudes of transformer voltage drop and voltage at
the low-voltage terminals when rated transformer current at 0.8 p.f.
lagging enters the high-voltage terminals

b. The per-unit magnitude of the fault current when a three-phase-to-
ground bolted short circuit occurs at the low-voltage terminals

SOLUTION In both parts (a) and (b), only balanced positive-sequence cur-
rent will flow, since there are no imbalances. Also, because we are interested
only in voltage and current magnitudes, the A—Y transformer phase shift can
be omitted.

a. As shown in Figure 3.19(a),
Virop = LratedXeq = (1.0)(0.08) = 0.08 per unit
and
Van = VAN — (jXeq) Trated
= 1.0/0° — (j0.08)(1.0/—36.87°)
= 1.0 — (j0.08)(0.8 — j0.6) = 0.952 — j0.064
=0.954/—3.85° per unit
b. As shown in Figure 3.19(b),

Van 1.0

—— == 125 it
Xeq  0.08 per uni

Isc =
Under rated current conditions [part (a)], the 0.08 per-unit voltage drop across
the transformer leakage reactance causes the voltage at the low-voltage termi-
nals to be 0.954 per unit. Also, under three-phase short-circuit conditions

FIGURE 3.19 /0.08 liaeg = 1.0/—36.87°
Circuits for Example 3.8 + +
+ ——
Vdrop
Van= 1.0/0° Van

(a) Rated current

j0.08 fse
+ LA

Van= 1.0/0°

{b) Short-circuit current
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126 CHAPTER 3 POWER TRANSFORMERS

[part (b)], the fault current is 12.5 times the rated transformer current. This
example illustrates a compromise in the design or specification of transformer
leakage reactance. A low value is desired to minimize voltage drops, but a
high value is desired to limit fault currents. Typical transformer leakage re-
actances are given in Table A.2 in the Appendix. |

3.6

THREE-WINDING TRANSFORMERS

Figure 3.20(a) shows a basic single-phase three-winding transformer. The ideal
transformer relations for a two-winding transformer, (3.1.8) and (3.1.14),
can easily be extended to obtain corresponding relations for an ideal three-
winding transformer. In actual units, these relations are

NIy = N>bb + Nili (3.6.1)
E, E, Ej
- _ e _= 3.6.2
Ni N» N; ( )

where I; enters the dotted terminal, /; and I5 leave dotted terminals, and E,
E,, and Ej; have their + polarities at dotted terminals. In per-unit, (3.6.1) and

(3.6.2) are
ly
h s T
—_— ° | +
°F B | _&
L N2,
E, . :%Z 3
- P— 3
'—“—O E3pu
N, N; - 2 -

(c) Per-unit equivalent circuit—practical transformer

FIGURE 3.20 Single-phase three-winding transformer
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SECTION 3.6 THREE-WINDING TRANSFORMERS 127

Ilp.u. = IZp.u. + 13p4uA (363)
Elp.u. = E2p4u. = E3p4u. (364)

where a common Sy, is selected for all three windings, and voltage bases are
selected in proportion to the rated voltages of the windings. These two perunit
relations are satisfied by the per-unit equivalent circuit shown in Figure 3.20(b).
Also, external series impedance and shunt admittance branches are included
in the practical three-winding transformer circuit shown in Figure 3.20(c).
The shunt admittance branch, a core loss resistor in parallel with a magnetiz-
ing inductor, can be evaluated from an open-circuit test. Also, when one
winding is left open, the three-winding transformer behaves as a two-winding
transformer, and standard short-circuit tests can be used to evaluate per-unit
leakage impedances, which are defined as follows:

Z1, = per-unit leakage impedance measured from winding 1, with
winding 2 shorted and winding 3 open

Z\3 = per-unit leakage impedance measured from winding 1, with
winding 3 shorted and winding 2 open

Z»3 = per-unit leakage impedance measured from winding 2, with
winding 3 shorted and winding 1 open

From Figure 3.20(c), with winding 2 shorted and winding 3 open, the leak-
age impedance measured from winding 1 is, neglecting the shunt admittance branch,

Zn=7Z1+2, (3.6.5)
Similarly,

Ziz=21+ 23 (3.6.6)
and

Zyy =2y + Z3 (3.6.7)

Solving (3.6.5)—(3.6.7),

Zy =5Zn+ Zi3 — Zn) (3.6.8)
Z) = %(212 + Zr3 — 213) (3.6.9)
73 = %(213 + Zr3 — le) (3.6.10)

Equations (3.6.8)—(3.6.10) can be used to evaluate the per-unit series imped-
ances Z, Z,, and Z3 of the three-winding transformer equivalent circuit from
the per-unit leakage impedances Z1,, Z13, and Z,3, which, in turn, are deter-
mined from short-circuit tests.

Note that each of the windings on a three-winding transformer may have
a different kKVA rating. If the leakage impedances from short-circuit tests are
expressed in per-unit based on winding ratings, they must first be converted to
per-unit on a common Sy, before they are used in (3.6.8)—(3.6.10).
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128 CHAPTER 3 POWER TRANSFORMERS

EXAMPLE 3.9 Three-winding single-phase transformer: per-unit impedances

The ratings of a single-phase three-winding transformer are
winding 1: 300 MVA, 13.8 kV
winding 2: 300 MVA, 199.2 kV
winding 3: 50 MVA, 19.92 kV

The leakage reactances, from short-circuit tests, are
Xi2 = 0.10 per unit on a 300-MVA, 13.8-kV base
X3 = 0.16 per unit on a 50-MVA, 13.8-kV base
Xs3 = 0.14 per unit on a 50-MVA, 199.2-kV base

Winding resistances and exciting current are neglected. Calculate the imped-
ances of the per-unit equivalent circuit using a base of 300 MVA and 13.8 kV
for terminal 1.

SOLUTION Sp.e = 300 MVA is the same for all three terminals. Also, the
specified voltage base for terminal 1 is Vi1 = 13.8 kV. The base voltages for
terminals 2 and 3 are then Vpueer = 199.2 kV and Viases = 19.92 kV, which are
the rated voltages of these windings. From the data given, X;» = 0.10 per unit
was measured from terminal 1 using the same base values as those specified for
the circuit. However, X;3 = 0.16 and X53 = 0.14 per unit on a 50-MVA base
are first converted to the 300-MVA circuit base.

X3 = (0.16) (35000) =0.96 per unit

300

X3 = (0. 14)(50

) = 0.84 per unit

Then, from (3.6.8)—(3.6.10),

1(0.104+0.96 —0.84) = 0.11 per unit
1(0.10 4+ 0.84 — 0.96) = —0.01  per unit
b

(0.84 +0.96 — 0.10) = 0.85 per unit

FIGURE 3.21

Circuit for Example 3.9
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SECTION 3.6 THREE-WINDING TRANSFORMERS 129

The per-unit equivalent circuit of this three-winding transformer is
shown in Figure 3.21. Note that X, is negative. This illustrates the fact that
X1, X;, and X3 are not leakage reactances, but instead are equivalent react-
ances derived from the leakage reactances. Leakage reactances are always
positive.

Note also that the node where the three equivalent circuit reactances
are connected does not correspond to any physical location within the trans-
former. Rather, it is simply part of the equivalent circuit representation. W

EXAMPLE 3.10 Three-winding three-phase transformer: balanced operation

Three transformers, each identical to that described in Example 3.9, are
connected as a three-phase bank in order to feed power from a 900-MVA,
13.8-kV generator to a 345-kV transmission line and to a 34.5-kV distribu-
tion line. The transformer windings are connected as follows:

13.8-kV windings (X): A, to generator
199.2-kV  windings (H): solidly grounded Y, to 345-kV line
19.92-kV windings (M): grounded Y through Z, = j0.10 Q,
to 34.5-kV line

The positive-sequence voltages and currents of the high- and medium-voltage
Y windings lead the corresponding quantities of the low-voltage A winding
by 30°. Draw the per-unit network, using a three-phase base of 900 MVA
and 13.8 kV for terminal X. Assume balanced positive-sequence operation.

SOLUTION The per-unit network is shown in Figure 3.22. Vp,eex = 13.8 kV,
which is the rated line-to-line voltage of terminal X. Since the M and H
windings are Y-connected, Vipuem = v/3(19.92) = 34.5 kV, and Vi =
V/3(199.2) = 345 kV, which are the rated line-to-line voltages of the M and H
windings. Also, a phase-shifting transformer is included in the network. The
neutral impedance is not included in the network, since there is no neutral
current under balanced operation. |

FIGURE 3.22

Per-unit network for
Example 3.10 +

e R 1q
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FIGURE 3.23

Ideal single-phase
transformers

h 2
— . .—P
+ +
E.‘ BHZEZ

(a) Two-winding transformer (b} Autotransformer

3.7

AUTOTRANSFORMERS

A single-phase two-winding transformer is shown in Figure 3.23(a) with two
separate windings, which is the usual two-winding transformer; the same
transformer is shown in Figure 3.23(b) with the two windings connected in
series, which is called an autotransformer. For the usual transformer [Figure
3.23(a)] the two windings are coupled magnetically via the mutual core flux.
For the autotransformer [Figure 3.23(b)] the windings are both electrically
and magnetically coupled. The autotransformer has smaller per-unit leakage
impedances than the usual transformer; this results in both smaller series-
voltage drops (an advantage) and higher short-circuit currents (a disadvan-
tage). The autotransformer also has lower per-unit losses (higher efficiency),
lower exciting current, and lower cost if the turns ratio is not too large. The
electrical connection of the windings, however, allows transient overvoltages
to pass through the autotransformer more easily.

EXAMPLE 3.11 Autotransformer: single-phase

The single-phase two-winding 20-kVA, 480/120-volt transformer of Example
3.3 is connected as an autotransformer, as in Figure 3.23(b), where winding 1
is the 120-volt winding. For this autotransformer, determine (a) the voltage
ratings Ex and Ep of the low- and high-voltage terminals, (b) the kVA
rating, and (c) the per-unit leakage impedance.

SOLUTION

a. Since the 120-volt winding is connected to the low-voltage terminal,
Ex = 120 volts. When Ex = E; = 120 volts is applied to the low-voltage
terminal, E; = 480 volts is induced across the 480-volt winding, neglecting
the voltage drop across the leakage impedance. Therefore, Ey = E| + E; =
120 + 480 = 600 volts.
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SECTION 3.8 TRANSFORMERS WITH OFF-NOMINAL TURNS RATIOS 131

b. As a normal two-winding transformer rated 20 kVA, the rated current of
the 480-volt winding is I, = Iy = 20,000/480 = 41.667 A. As an autotrans-
former, the 480-volt winding can carry the same current. Therefore, the kKVA
rating Sy = Exly = (600)(41.667) =25 kVA. Note also that when
Iy =1, =41.667 A, a current [; = 480/120(41.667) = 166.7 A is induced in
the 120-volt winding. Therefore, Ix = I; + I, = 208.3 A (neglecting exciting
current) and Sx = ExIx = (120)(208.3) = 25 kVA, which is the same rating
as calculated for the high-voltage terminal.

¢. From Example 3.3, the leakage impedance is 0.0729/78.13° per unit as a
normal, two-winding transformer. As an autotransformer, the leakage im-
pedance in ohms is the same as for the normal transformer, since the core
and windings are the same for both (only the external winding connections
are different). However, the base impedances are different. For the high-
voltage terminal, using (3.3.4),

(480)*

st = 20000 11.52 Q as a normal transformer
600)>

Dspivingy = é 5 03 0= 144 Q as an autotransformer

Therefore, using (3.3.10),

11.52
Zpunew = (0.0729/78.13°) (m> = 0.05832/78.13° per unit

For this example, the rating is 25 kVA, 120/600 volts as an autotransformer
versus 20 kVA, 120/480 volts as a normal transformer. The autotransformer
has both a larger kVA rating and a larger voltage ratio for the same cost. Also,
the per-unit leakage impedance of the autotransformer is smaller. However,
the increased high-voltage rating as well as the electrical connection of the
windings may require more insulation for both windings. |

3.8

TRANSFORMERS WITH OFF-NOMINAL TURNS
RATIOS

It has been shown that models of transformers that use per-unit quantities are
simpler than those that use actual quantities. The ideal transformer winding
is eliminated when the ratio of the selected voltage bases equals the ratio of
the voltage ratings of the windings. In some cases, however, it is impossible
to select voltage bases in this manner. For example, consider the two
transformers connected in parallel in Figure 3.24. Transformer T; is rated
13.8/345 kV and T, is rated 13.2/345 kV. If we select Viuen = 345 kV, then
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FIGURE 3.24 T,
Two transformers 13.8/345 kV

connected in parallel _3 E_
L__3 E_

13.2/345 kV
T2

transformer T; requires Vpuex = 13.8 kV and T, requires Vpusex = 13.2 kV.
It is clearly impossible to select the appropriate voltage bases for both trans-
formers.

To accommodate this situation, we will develop a per-unit model of a
transformer whose voltage ratings are not in proportion to the selected base
voltages. Such a transformer is said to have an “off-nominal turns ratio.”
Figure 3.25(a) shows a transformer with rated voltages Viraed and Vaated,
which satisfy

Vlrated = atVZrated (381)

where «, is assumed, in general, to be either real or complex. Suppose the se-
lected voltage bases satisfy

Vbasel = bV pase2 (382)
Defining ¢ = %, (3.8.1) can be rewritten as
a
Virated = b (j) Varated = b¢ Varated (383)

Equation (3.8.3) can be represented by two transformers in series, as
shown in Figure 3.25(b). The first transformer has the same ratio of rated
winding voltages as the ratio of the selected base voltages, b. Therefore, this
transformer has a standard per-unit model, as shown in Figure 3.9 or 3.17.
We will assume that the second transformer is ideal, and all real and reactive
losses are associated with the first transformer. The resulting per-unit model
is shown in Figure 3.25(c), where, for simplicity, the shunt-exciting branch is
neglected. Note that if ¢, = b, then the ideal transformer winding shown in
this figure can be eliminated, since its turns ratio ¢ = (a,/b) = 1.

The per-unit model shown in Figure 3.25(c) is perfectly valid, but it is
not suitable for some of the computer programs presented in later chapters
because these programs do not accommodate ideal transformer windings. An
alternative representation can be developed, however, by writing nodal equa-
tions for this figure as follows:
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FIGURE 3.25 10_3 E_'o 2 10_35 3 E 2
a1 1 ¢

Transformer with a
off-nominal turns ratio =% 1

(a) Single-line diagram (b) Represented as two
transformers in series

—_— Zeq -
+ ° r +
7 v,
"o o~
c:1
{c) Per-unit equivalent circuit
{Per-unit impedance is shown)
I CYeq h
T 3 =
+ B +
2 (1 = Yeq (el = ey Vo
o -

(d) = circuit representation for real ¢

(Per-unit admittances are shown, Y, = 21—)
€q

[ Il} _ {Yll Y12}{V1}
) Yo Yol T2

133

(3.8.4)

where both I; and —1I, are referenced info their nodes in accordance with the
nodal equation method (Section 2.4). Recalling two-port network theory, the

admittance parameters of (3.8.4) are, from Figure 3.23(c)

1/1121711 Vz—O_Zleq_qu
1/222_7122 Vlzozm:wyﬁq
Y= 17]2 V=0 = 4_61/;2/2“1 = —cYy
Ys _7112 oo™ —;*1117 ¢ Yoq

(3.8.5)

(3.8.6)

(3.8.7)

(3.8.8)
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134 CHAPTER 3 POWER TRANSFORMERS

Equations (3.8.4)—(3.8.8) with real or complex ¢ are convenient for
representing transformers with off-nominal turns ratios in the computer
programs presented later. Note that when ¢ is complex, Yi, is not equal to
Y1, and the preceding admittance parameters cannot be synthesized with a
passive RLC circuit. However, the 7 network shown in Figure 3.25(d), which
has the same admittance parameters as (3.8.4)—(3.8.8), can be synthesized for
real ¢. Note also that when ¢ = 1, the shunt branches in this figure become
open circuits (zero per unit mhos), and the series branch becomes Y.q per unit
mhos (or Zq per unit ohms).

EXAMPLE 3.12 Tap-changing three-phase transformer: per-unit positive-sequence
network

A three-phase generator step-up transformer is rated 1000 MVA, 13.8 kV
A/345 kV Y with Z.q = j0.10 per unit. The transformer high-voltage wind-
ing has +10% taps. The system base quantities are

Shasess = 500 MVA
ViasexLr = 13.8 kV
VbaseHLL = 345 kV
Determine the per-unit equivalent circuit for the following tap settings:
a. Rated tap

b. —10% tap (providing a 10% voltage decrease for the high-voltage
winding)

Assume balanced positive-sequence operation. Neglect transformer winding
resistance, exciting current, and phase shift.

SOLUTION
a. Using (3.8.1) and (3.8.2) with the low-voltage winding denoted winding 1,

13.8 ViasexLL  13.8
=——=0.04 b=——="=—" = =1
“ 345 VbaseHLL 345 o ¢
From (3.3.11)
. 500 . .
Zpunew = (j0.10) (1000> = j0.05 per unit

The per-unit equivalent circuit, not including winding resistance, exciting
current, and phase shift is:
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Ix /0.05 Iy
I ant 3
Via Vi
& o
(Per-unit impedance is shown)
b. Using (3.8.1) and (3.8.2),
13.8 13.8
=————=10.04444 b=——=0.04
U= 345(0.9) 345
a; 0.04444
=—=——=1.1111
b 0.04

From Figure 3.23(d),

1 .
cYeq = 1.1111 <]0_05) = —j22.22 per unit

(1 —¢)Yeq = (—0.11111)(—j20) = +,2.222 per unit
(le]* = ¢) Yeq = (1.2346 — 1.1)(—;20) = —;2.469 per unit
The per-unit positive-sequence network is:

hes ~122.22

—
7 l AAAS S
Vs +,2.222 -]2.469 Vi,
o T -

(Per-unit admittances are shown)

Yy

Open PowerWorld Simulator case Example 3.12 (see Figure 3.26) and
select Tools, Play to see an animated view of this LTC transformer example.
Initially the generator/step-up transformer feeds a 500 MW/100 Mvar load.
As is typical in practice, the transformer’s taps are adjusted in discrete steps,
with each step changing the tap ratio by 0.625% (hence a 10% change re-
quires 16 steps). Click on arrows next to the transformer’s tap to manually
adjust the tap by one step. Note that changing the tap directly changes the
load voltage.

Because of the varying voltage drops caused by changing loads, LTCs
are often operated to automatically regulate a bus voltage. This is particularly
true when they are used as step-down transformers. To place the example
transformer on automatic control, click on the “Manual” field. This toggles
the transformer control mode to automatic. Now the transformer manually
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FIGURE 3.26 Screen for Example 3.12

changes its tap ratio to maintain the load voltage within a specified voltage
range, between 0.995 and 1.005 per unit (343.3 to 346.7 kV) in this case. To see
the LTC in automatic operation use the load arrows to vary the load, particu-
larly the Mvar field, noting that the LTC changes to keep the load’s voltage
within the specified deadband. |

The three-phase regulating transformers shown in Figures 3.27 and 3.28
can be modeled as transformers with off-nominal turns ratios. For the voltage-
magnitude-regulating transformer shown in Figure 3.27, adjustable voltages
AV, AV, and AV,,, which have equal magnitudes AV and which are in phase
with the phase voltages V,,,, V., and V,,, are placed in the series link between
buses a—a’, b—b’, and ¢—c'. Modeled as a transformer with an off-nominal turns
ratio (see Figure 3.25), ¢ = (1 + AV) for a voltage-magnitude increase toward
bus abe, or ¢ = (1 + AV) ™" for an increase toward bus a’b’c’.
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FIGURE 3.27 v I"—AVM—" v,
An example of a ao
voltage-magnitude-
regulating transformer
bo Vo L

VU T\

Series
transformers
Van Va'n
o— — >

For the phase-angle-regulating transformer in Figure 3.28, the series
voltages AV,,, AVp,, and AV, are £90° out of phase with the phase voltages
Vin, Vin, and V,,. The phasor diagram in Figure 3.28 indicates that each of
the bus voltages V., Vp,, and V., has a phase shift that is approximately
proportional to the magnitude of the added series voltage. Modeled as a
transformer with an off-nominal turns ratio (see Figure 3.25), ¢ ~ 1/« for a
phase increase toward bus abc or ¢ ~ 1/—o for a phase increase toward bus

a'b'c’.
a Van l
AV;, Vang .
T
Von
bt A~V
t Vi AV,
AV, — o b
Vcn _L Vc‘n
c o | |<_\L - C'
] AV,

FIGURE 3.28 An example of a phase-angle-regulating transformer. Windings drawn in parallel are
on the same core
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138 CHAPTER 3 POWER TRANSFORMERS

EXAMPLE 3.13 Voltage-regulating and phase-shifting three-phase transformers

Two buses abc and a’b’c’ are connected by two parallel lines L1 and L2 with
positive-sequence series reactances Xp; = 0.25 and Xy, = 0.20 per unit. A
regulating transformer is placed in series with line L1 at bus a'b’c’. Deter-
mine the 2 x 2 bus admittance matrix when the regulating transformer (a)
provides a 0.05 per-unit increase in voltage magnitude toward bus a’b’c’ and
(b) advances the phase 3° toward bus a’b’c’. Assume that the regulating
transformer is ideal. Also, the series resistance and shunt admittance of the
lines are neglected.

SOLUTION The circuit is shown in Figure 3.29.

a. For the voltage-magnitude-regulating transformer, ¢ = (1 —|—AV)_' =
(1.05)"" = 0.9524 per unit. From (3.7.5)—(3.7.8), the admittance param-
eters of the regulating transformer in series with line L1 are

Vi = —— = — j4.0
T A

Yoor1 = (0.9524)%(—j4.0) = —j3.628
Yo = Yo = (—0.9524)(—j4.0) = j3.810

For line L2 alone,

1
11L2 212 70.20 J

Yo = Y2 = —(—75.0) = j5.0
Combining the above admittances in parallel,
Yii=Yuu + Y2 = —j40—- 5.0 = —-59.0
Yo = Yoor1 + Yooro = —j3.628 — j5.0 = —j8.628
Yo=Y = Yo+ Yw = ]3810+]50 = ]8810 per unit

FIGURE 3.29 j0.20

Positive-sequence circuit
for Example 3.13
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FIGURE 3.30 Screen for Example 3.13
b. For the phase-angle-regulating transformer, ¢ = 1/—o = 1/—3°. Then, for
this regulating transformer in series with line L1,

Yiiw = 7025 —Jj4.0

Yoo = |1.0/=3°]*(—j4.0) = —j4.0

Yiou1 = —(1.0/=3°)(—j4.0) = 4.0/87° = 0.2093 + ;j3.9945

Yo = —(1.0/=3°)"(—/4.0) = 4.0/93° = —0.2093 + ;j3.9945
The admittance parameters for line L2 alone are given in part (a) above.
Combining the admittances in parallel,

Yii =Yy =—j40—-;50=—-,9.0

Y12 = 0.2093 + 73.9945 + j5.0 = 0.2093 + ;j8.9945

Y2 = —0.2093 + j3.9945 + j5.0 = —0.2093 + 78.9945 per unit
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140 CHAPTER 3 POWER TRANSFORMERS

To see this example in PowerWorld Simulator open case Example 3.13
(see Figure 3.30). In this case, the transformer and a parallel transmission
line are assumed to be supplying power from a 345-kV generator to a
345-kV load. Initially, the off-nominal turns ratio is set to the value in part
(a) of the example (PowerWorld has the off-nominal turns ratio on the
load side [right-hand] so its tap value of 1.05 = ¢~!). To view the Power-
World Simulator bus admittance matrix, select the Case Information rib-
bon, then Solution Details, Ybus. To see how the system flows vary with
changes to the tap, select Tools, Play, and then click on the arrows next to
the tap field to change the LTC tap in 0.625% steps. Next, to verify
the results from part (b), change the tap field to 1.0 and the deg field to 3.0
degrees, and then again look at the bus admittance matrix. Click on the
deg field arrow to vary the phase shift angle in one-degree steps. Notice
that changing the phase angle primarily changes the real power flow,
whereas changing the LTC tap changes the reactive power flow. In this
example, the line flow fields show the absolute value of the real or reactive
power flow; the direction of the flow is indicated with arrows. Traditional
power flow programs usually indicate power flow direction using a con-
vention that flow into a transmission line or transformer is assumed to be
positive. You can display results in PowerWorld Simulator using this con-
vention by first clicking on the Onelines ribbon and then selecting Oneline
Display Options. Then on the Display Options tab unheck the Use Abso-
lute Values for MW /Mvar Line Flows™ fields. |

Note that a voltage-magnitude-regulating transformer controls the re-
active power flow in the series link in which it is installed, whereas a phase-
angle-regulating transformer controls the real power flow (see Problem 3.59).

MULTIPLE CHOICE QUESTIONS

SECTION 3.1
3.1 The “Ohm’s law” for the magnetic circuit states that the net magnetomotive force
(mmf) equals the product of the core reluctance and the core flux.
(a) True (b) False
3.2 For an ideal transformer, the efficiency is
(a) 0% (b) 100% (c) 50%

3.3 For an ideal 2-winding transformer, the ampere-turns of the primary winding, N;I;, is
equal to the ampere-turns of the secondary winding, N, /5.

(a) True (b) False
3.4 An ideal transformer has no real or reactive power loss.
(a) True (b) False
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3.5 For an ideal 2-winding transformer, an impedance Z, connected across winding 2
(secondary) is referred to winding 1 (primary) by multiplying Z, by
(a) The turns ratio (N;/N>)
(b) The square of the turns ratio (N{/N,)?
(¢) The cubed turns ratio (N1/N;)?

3.6 Consider Figure 3.4 of the text. For an ideal phase-shifting transformer, the imped-
ance is unchanged when it is referred from one side to the other.
(a) True (b) False

SECTION 3.2

3.7 Consider Figure 3.5 of the text. Match the following, those on the left to those on the

right.
@) I, (a) Exciting current
(i) Ic (b) Magnetizing current
(i) 7, c) Core loss current
3.8 The units of admittance, conductance, and susceptance are siemens.
(a) True (b) False
3.9 Match the following:
(i) Hysteresis loss (a) Can be reduced by constructing the core
with laminated sheets of alloy steel
(i) Eddy current loss (b) Can be reduced by the use of special high

grades of alloy steel as core material.

3.10 For large power transformers rated more than 500 kVA, the winding resistances,
which are small compared with the leakage reactances, can often be neglected.
(a) True (b) False

3.11 For a short-circuit test on a 2-winding transformer, with one winding shorted, can you
apply the rated voltage on the other winding?
(a) Yes (b) No

SECTION 3.3

3.12  The per-unit quantity is always dimensionless.
(a) True (b) False

3.13 Consider the adopted per-unit system for the transformers. Specify true or false for
each of the following statements:
(a) For the entire power system of concern, the value of Sy, is not the same.
(b) The ratio of the voltage bases on either side of a transformer is selected to be the
same as the ratio of the transformer voltage ratings.
(c) Per-unit impedance remains unchanged when referred from one side of a trans-
former to the other.

3.14 The ideal transformer windings are eliminated from the per-unit equivalent circuit of a
transformer.
(a) True (b) False

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



142 CHAPTER 3 POWER TRANSFORMERS

3.15 To convert a per-unit impedance from “old” to “new” base values, the equation to be

used is
2
Vbaseold Sbasenew
(a) Zp.u.ncw - Zp.quld(
Vbasenew Sbaseold
2
Vbaseold S basenew
(b) ZpALLnew = Zp.u.old (
Vbasenew Sbaseold
2
Vbaseold Sbaseold
(C) ZpAuAnew = Zp.au.old
Vbasenew Sbasenew

3.16 In developing per-unit circuits of systems such as the one shown in Figure 3.10 of the
text, when moving across a transformer, the voltage base is changed in proportion to
the transformer voltage ratings.

(a) True (b) False

3.17 Consider Figure 3.10 of the text. The per-unit leakage reactance of transformer 77,
given as 0.1 p.u., is based on the name plate ratings of transformer 7.
(a) True (b) False

3.18 For balanced three-phase systems, Zy,s. is given by

Zb' . = VgaseLL
Sbase3
(a) True (b) False

SECTION 3.4

3.19 With the American Standard notation, in either Y-A OR A-Y transformer, positive-
sequence quantities on the high-voltage side shall lead their corresponding quantities
on the low-voltage side by 30°.

(a) True (b) False

3.20 In ecither Y-A or A-Y transformer, as per the American Standard notation, the
negative-sequence phase shift is the reverse of the positive-sequence phase shift.
(a) True (b) False

3.21 In order to avoid difficulties with third-harmonic exciting current, which three-phase
transformer connection is seldom used for step-up transformers between a generator
and a transmission line in power systems.

(a) Y-A (b) A-Y () Y-Y
3.22 Does open —A connection permit balanced three-phase operation?
(a) Yes (b) No

3.23  With the open —A operation, the kVA rating compared to that of the original three-
phase bank is
(a) 2/3 (b) 58% (c) 1

SECTION 3.5

3.24 It is stated that
(i) balanced three-phase circuits can be solved in per unit on a per-phase basis after
converting A-load impedances to equivalent Y impedances.
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(i1) Base values can be selected either on a per-phase basis or on a three-phase basis.
(a) Both statements are true.
(b) Neither is true.
(c) Only one of the above is true.

3.25 In developing per-unit equivalent circuits for three-phase transformers, under bal-
anced three-phase operation,
(i) A common Sy, 18 selected for both the H and X terminals.
(ii) The ratio of the voltage bases Vipasent/Voasex 18 selected to be equal to the ratio of
the rated line-to-line voltages Vi eanrr/VratedxLL-
(a) Only one of the above is true.
(b) Neither is true.
(c) Both statements are true.

3.26 In per-unit equivalent circuits of practical three-phase transformers, under balanced
three-phase operation, in which of the following connections would a phase-shifting
transformer come up?

(a) Y-Y (b) Y-A (c) A-A

3.27 A low value of transformer leakage reactance is desired to minimize the voltage drop,
but a high value is derived to limit the fault current, thereby leading to a compromise
in the design specification.

(a) True (b) False

SECTION 3.6

3.28 Consider a single-phase three-winding transformer with the primary excited winding of N;
turns carrying a current /; and two secondary windings of N, and N; turns, delivering
currents of I, and I3 respectively. For an ideal case, how are the ampere-turns balanced?
(a) NI} = NoI, — N3l (b) NI} = N>, + N3l
(C) N111 = —(Nz]z — N3I3)

3.29 For developing per-unit equivalent circuits of single-phase three-winding transformer,
a common Sy, is selected for all three windings, and voltage bases are selected in
proportion to the rated voltage of the windings.

(a) True (b) False

3.30 Consider the equivalent circuit of Figure 3.20 (c) in the text. After neglecting the
winding resistances and exciting current, could X;, X, or X3 become negative, even
though the leakage reactance are always positive?

(a) Yes (b) No

SECTION 3.7

3.31 Consider an ideal single-phase 2-winding transformer of turns ratio Nj/N, = a. If it is
converted to an autotransformer arrangement with a transformation ratio of Vy/Vy =
1 + a, (the autotransformer rating/two-winding transformer rating) would then be

(@) 1+a (0) 1+ (©) a

3.32 For the same output, the autotransformer (with not too large turns ratio) is smaller in
size than a two-winding transformer and has high efficiency as well as superior voltage
regulation.

(a) True (b) False
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144 CHAPTER 3 POWER TRANSFORMERS

3.33 The direct electrical connection of the windings allows transient over voltages to pass
through the autotransformer more easily, and that is an important disadvantage of the
autotransformer.

(a) True (b) False

SECTION 3.8

3.34 Consider Figure 3.25 of the text for a transformer with off-nominal turns ratio.

(i) The per-unit equivalent circuit shown in Part (c) contains an ideal transformer
which cannot be accommodated by some computer programs.
(a) True (b) False

(i1) In the m-circuit representation for real C in Part (d), the admittance parameters
Y1, and Y,; would be unequal.
(a) True (b) False

(iii) For complex C, can the admittance, parameters the synthesized with a passive
RLC circuit?

(a) Yes (b) No
PROBLEMS
SECTION 3.1
3.1 (a) An ideal single-phase two-winding transformer with turns ratio @, = N /N, is con-

nected with a series impedance Z, across winding 2. If one wants to replace Z,, with a
series impedance Z; across winding 1 and keep the terminal behavior of the two cir-
cuits to be identical, find Z; in terms of Z,.

(b) Would the above result be true if instead of a series impedance there is a shunt
impedance?

(c) Can one refer a ladder network on the secondary (2) side to the primary (1) side
simply by multiplying every impendance by a2?

3.2 An ideal transformer with N; = 2000 and N, = 500 is connected with an impedance
Z,, across winding 2, called secondary. If 7 =1000 /0° V and I, =5 /=30° A,
determine V>, I, Z,, and the impedance Z;, which is the value of Z, referred to the
primary side of the transformer.

3.3 Consider an ideal transformer with Ny = 3000 and N, = 1000 turns. Let winding 1 be
connected to a source whose voltage is e; () = 100(1 — |#]) volts for —1 <7< 1 and
ei(t) =0 for |7] > 1 second. A 2-farad capacitor is connected across winding 2. Sketch
e (1), ex(1), i1(1), and ir(¢) versus time 7.

3.4 A single-phase 100-kVA, 2400/240-volt, 60-Hz distribution transformer is used as a
step-down transformer. The load, which is connected to the 240-volt secondary wind-
ing, absorbs 80 kVA at 0.8 power factor lagging and is at 230 volts. Assuming an
ideal transformer, calculate the following: (a) primary voltage, (b) load impedance,
(c) load impedance referred to the primary, and (d) the real and reactive power sup-
plied to the primary winding.
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3.5 Rework Problem 3.4 if the load connected to the 240-V secondary winding absorbs
110 kVA under short-term overload conditions at 0.85 power factor leading and at
230 volts.

3.6 For a conceptual single-phase, phase-shifting transformer, the primary voltage leads
the secondary voltage by 30°. A load connected to the secondary winding absorbs
100 kVA at 0.9 power factor leading and at a voltage E> = 277/0° volts. Determine
(a) the primary voltage, (b) primary and secondary currents, (c) load impedance
referred to the primary winding, and (d) complex power supplied to the primary
winding.

3.7 Consider a source of voltage v(7) = 10v/2 sin(27)V, with an internal resistance of 1800
Q. A transformer that can be considered as ideal is used to couple a 50-Q resistive load
to the source. (a) Determine the transformer primary-to-secondary turns ratio required
to ensure maximum power transfer by matching the load and source resistances.
(b) Find the average power delivered to the load, assuming maximum power transfer.

3.8 For the circuit shown in Figure 3.31, determine vy (7).

18 Q) 20
"Wy 2:1 WV 12— +
00 0
_ +
Vin = 360 80  vyult)
18 sin 10tV _
Ideal Ideal
transformer transformer

FIGURE 3.31 Problem 3.8

SECTION 3.2

3.9 A single-phase transformer has 2000 turns on the primary winding and 500 turns

on the secondary. Winding resistances are R} =2 Q and R, = 0.125 Q; leakage re-
actances are X = 8 Q and X; = 0.5 Q. The resistance load on the secondary is 12 Q.
(a) If the applied voltage at the terminals of the primary is 1000 V, determine V, at
the load terminals of the transformer, neglecting magnetizing current.
(b) If the voltage regulation is defined as the difference between the voltage magni-
tude at the load terminals of the transformer at full load and at no load in percent
of full-load voltage with input voltage held constant, compute the percent voltage
regulation.

3.10 A single-phase step-down transformer is rated 15 MVA, 66 kV/11.5 kV. With the
11.5 kV winding short-circuited, rated current flows when the voltage applied to the
primary is 5.5 kV. The power input is read as 100 kW. Determine R.q; and Xeqi in
ohms referred to the high-voltage winding.

3.11  For the transformer in Problem 3.10, the open-circuit test with 11.5 kV applied results
in a power input of 65 kW and a current of 30 A. Compute the values for G, and B,
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146 CHAPTER 3 POWER TRANSFORMERS

in siemens referred to the high-voltage winding. Compute the efficiency of the trans-
former for a load of 10 MW at 0.8 PF lagging at rated voltage.

3.12 The following data are obtained when open-circuit and short-circuit tests are per-
formed on a single-phase, 50-kVA, 2400/240-volt, 60-Hz distribution transformer.

VOLTAGE CURRENT POWER
(volts) (amperes) (watts)
Measurements on low-voltage side with
high-voltage winding open 240 4.85 173
Measurements on high-voltage side
with low-voltage winding shorted 52.0 20.8 650

(a) Neglecting the series impedance, determine the exciting admittance referred to the
high-voltage side. (b) Neglecting the exciting admittance, determine the equivalent
series impedance referred to the high-voltage side. (c) Assuming equal series imped-
ances for the primary and referred secondary, obtain an equivalent T-circuit referred to
the high-voltage side.

3.13 A single-phase 50-kVA, 2400/240-volt, 60-Hz distribution transformer has a 1-ohm
equivalent leakage reactance and a 5000-ohm magnetizing reactance referred to the
high-voltage side. If rated voltage is applied to the high-voltage winding, calculate
the open-circuit secondary voltage. Neglect I’R and GZV losses. Assume equal series
leakage reactances for the primary and referred secondary.

3.14 A single-phase 50-kVA, 2400/240-volt, 60-Hz distribution transformer is used as a
step-down transformer at the load end of a 2400-volt feeder whose series impedance is
(1.0 + ;j2.0) ohms. The equivalent series impedance of the transformer is (1.0 + ;2.5)
ohms referred to the high-voltage (primary) side. The transformer is delivering rated
load at 0.8 power factor lagging and at rated secondary voltage. Neglecting the
transformer exciting current, determine (a) the voltage at the transformer primary
terminals, (b) the voltage at the sending end of the feeder, and (c) the real and reactive
power delivered to the sending end of the feeder.

3.15 Rework Problem 3.14 if the transformer is delivering rated load at rated secondary
voltage and at (a) unity power factor, (b) 0.8 power factor leading. Compare the re-
sults with those of Problem 3.14.

3.16 A single-phase, 50-kVA, 2400/240-V, 60-Hz distribution transformer has the following
parameters:

Resistance of the 2400-V winding: R; = 0.75 Q
Resistance of the 240-V winding: R, = 0.0075 Q
Leakage reactance of the 2400-V winding: X; = 1.0 Q
Leakage reactance of the 240-V winding: X, = 0.01 Q
Exciting admittance on the 240-V side = 0.003 — j0.02 S

(a) Draw the equivalent circuit referred to the high-voltage side of the transformer.
(b) Draw the equivalent circuit referred to the low-voltage side of the transformer.
Show the numerical values of impedances on the equivalent circuits.
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3.17 The transformer of Problem 3.16 is supplying a rated load of 50 kVA at a rated sec-

ondary voltage of 240 V and at 0.8 power factor lagging. Neglecting the transformer
exciting current, (a) Determine the input terminal voltage of the transformer on the
high-voltage side. (b) Sketch the corresponding phasor diagram. (c) If the transformer
is used as a step-down transformer at the load end of a feeder whose impedance is
0.5+ j2.0 Q, find the voltage Vs and the power factor at the sending end of the feeder.

SECTION 3.3

3.18
3.19
3.20
3.21
3.22

Using the transformer ratings as base quantities, work Problem 3.13 in per-unit.
Using the transformer ratings as base quantities, work Problem 3.14 in per-unit.
Using base values of 20 kVA and 115 volts in zone 3, rework Example 3.4.
Rework Example 3.5, using Spuse3s = 100 kVA and Vpgeerr, = 600 volts.

A balanced Y-connected voltage source with E,, = 277/0° volts is applied to a
balanced-Y load in parallel with a balanced-A load, where Zy = 20 + j10 and Z, =
30 — j15 ohms. The Y load is solidly grounded. Using base values of Spaee14 = 10 kVA
and Vy,sen = 277 volts, calculate the source current /, in per-unit and in amperes.

3.23  Figure 3.32 shows the one-line diagram of a three-phase power system. By selecting a
common base of 100 MVA and 22 kV on the generator side, draw an impedance dia-
gram showing all impedances including the load impedance in per-unit. The data are

given as follows:

G: 90 MVA
T1: 50 MVA
T2: 40 MVA
T3: 40 MVA
T4: 40 MVA
M: 66.5 MVA

2 kv
22/220 kV
220/11 kV
22/110 kV
110/11 kV
10.45 kV

x = 0.18 per unit
x = 0.10 per unit
x = 0.06 per unit
x = 0.064 per unit
x = 0.08 per unit
x = 0.185 per unit

Lines 1 and 2 have series reactances of 48.4 and 65.43 Q, respectively. At bus 4, the
three-phase load absorbs 57 MVA at 10.45 kV and 0.6 power factor lagging.

FIGURE 3.32
Problem 3.23
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148 CHAPTER 3 POWER TRANSFORMERS

3.24 For Problem 3.18, the motor operates at full load, at 0.8 power factor leading, and at
a terminal voltage of 10.45 kV. Determine (a) the voltage at bus 1, the generator bus,
and (b) the generator and motor internal EMFs.

3.25 Consider a single-phase electric system shown in Figure 3.33.
Transformers are rated as follows:
X-Y 15 MVA, 13.8/138 kV, leakage reactance 10%
Y-Z 15 MVA, 138/69 kV, leakage reactance 8%
With the base in circuit Y chosen as 15 MVA, 138 kV, determine the per-unit im-
pedance of the 500 Q resistive load in circuit Z, referred to circuits Z, Y, and X. Ne-
glecting magnetizing currents, transformer resistances, and line impedances, draw the
impedance diagram in per unit.

FIGURE 3.33

1 2:1
Single-phase electric %
X

0
% Y %H z 500 O
Y Y-Z

system for Problem 3.25

3.26 A bank of three single-phase transformers, each rated 30 MVA, 38.1/3.81 kV, are
connected in Y-A with a balanced load of three 1 — €, wye-connected resistors.
Choosing a base of 90 MVA, 66 kV for the high-voltage side of the three-phase trans-
former, specify the base for the low-voltage side. Compute the per-unit resistance of
the load on the base for the low-voltage side. Also, determine the load resistance in
ohms referred to the high-voltage side and the per-unit value on the chosen base.

3.27 A three-phase transformer is rated 500 MVA, 220 Y/22 A kV. The wye-equivalent
short-circuit impedance, considered equal to the leakage reactance, measured on the
low-voltage side is 0.1 Q. Compute the per-unit reactance of the transformer. In a
system in which the base on the high-voltage side of the transformer is 100 MVA, 230
kV, what value of the per-unit reactance should be used to represent this transformer?

3.28 For the system shown in Figure 3.34, draw an impedance diagram in per unit,
by choosing 100 kVA to be the base kVA and 2400 V as the base voltage for the

generators.
FIGURE 3.34 10 kVA
2400 V
System for Problem 3.28 Z=j0.2pu ;; Transmission Line ;rzg
(W)
3C Z=(50+/200)0 >%
20 kVA 40 kVA 80kVA 25 kVA
2490 \Y 2400/9600 V 10/5 kV 4 kV
Z=j0.2pu Z=j0.1pu Z=j0.1pu
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3.29 Consider three ideal single-phase transformers (with a voltage gain of #) put together
as a delta-wye three-phase bank as shown in Figure 3.35. Assuming positive-sequence
voltages for V,,, Vi, and V., find Vi, Ve, and Ve in terms of Vi, Vi,
and V,,, respectively.

(a) Would such relationships hold for the line voltages as well?

(b) Looking into the current relationships, express 1, I/, and I in terms of 1, I, and
1., respectively.

(c) Let S” and S be the per-phase complex power output and input, respectively. Find
S’ in terms of S.

I, »
FIGURE 3.35 a0 o o o &
A-Y connection for
Problem 3.29 lap
/ca
q
0
b o 0 b’
c o— O C'

3.30 Reconsider Problem 3.29. If V,,, V»,, and V., are a negative-sequence set, how would
the voltage and current relationships change?
(a) If C; is the complex positive-sequence voltage gain in Problem 3.29, and C, is the
negative sequence complex voltage gain, express the relationship between C; and C;.

3.31 If positive-sequence voltages are assumed and the wye-delta connection is considered,
again with ideal transformers as in Problem 3.29, find the complex voltage gain Cs.
(a) What would the gain be for a negative-sequence set?
(b) Comment on the complex power gain.
(c) When terminated in a symmetric wye-connected load, find the referred impedance
Z;, the secondary impedance Z; referred to primary (i.e., the per-phase driving-point
impedance on the primary side), in terms of Z; and the complex voltage gain C.

SECTION 3.4

3.32 Determine the positive- and negative-sequence phase shifts for the three-phase trans-
formers shown in Figure 3.36.

3.33  Consider the three single-phase two-winding transformers shown in Figure 3.37. The
high-voltage windings are connected in Y. (a) For the low-voltage side, connect the
windings in A, place the polarity marks, and label the terminals «, b, and ¢ in accor-
dance with the American standard. (b) Relabel the terminals @', b, and ¢’ such that
Vyn 1s 90° out of phase with V,, for positive sequence.
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{c) Extended A autotransformer

{a) Y-A-A transformer (b) Y-A-zig-zag transformer

FIGURE 3.36 Problems 3.32 and 3.52 (Coils drawn on the same vertical line are on the same core)

FIGURE 3.37
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3.34 Three single-phase, two-winding transformers, each rated 450 MVA, 20 kV/288.7 kV,
with leakage reactance X.q = 0.10 per unit, are connected to form a three-phase bank.
The high-voltage windings are connected in Y with a solidly grounded neutral. Draw
the per-unit equivalent circuit if the low-voltage windings are connected (a) in A with
American standard phase shift, (b) in Y with an open neutral. Use the transformer
ratings as base quantities. Winding resistances and exciting current are neglected.

3.35 Consider a bank of three single-phase two-winding transformers whose high-voltage
terminals are connected to a three-phase, 13.8-kV feeder. The low-voltage terminals
are connected to a three-phase substation load rated 2.1 MVA and 2.3 kV. Determine
the required voltage, current, and MVA ratings of both windings of each trans-
former, when the high-voltage/low-voltage windings are connected (a) Y-A, (b) A-Y,
(¢) Y-Y, and (d) A-A.

3.36 Three single-phase two-winding transformers, each rated 25 MVA, 34.5/13.8 kV, are
connected to form a three-phase A—A bank. Balanced positive-sequence voltages are
applied to the high-voltage terminals, and a balanced, resistive Y load connected to
the low-voltage terminals absorbs 75 MW at 13.8 kV. If one of the single-phase trans-
formers is removed (resulting in an open-A connection) and the balanced load is
simultaneously reduced to 43.3 MW (57.7% of the original value), determine (a) the
load voltages V,,, Vyn, and V,; (b) load currents I,, I, and I.; and (c) the MVA sup-
plied by each of the remaining two transformers. Are balanced voltages still applied to
the load? Is the open-A transformer overloaded?

3.37 Three single-phase two-winding transformers, each rated 25 MVA, 38.1/3.81 kV, are
connected to form a three-phase Y-A bank with a balanced Y-connected resistive
load of 0.6 Q per phase on the low-voltage side. By choosing a base of 75 MVA (three
phase) and 66 kV (line-to-line) for the high voltage side of the transformer bank,
specify the base quantities for the low-voltage side. Determine the per-unit resistance
of the load on the base for the low-voltage side. Then determine the load resistance
Ry in ohms referred to the high-voltage side and the per-unit value of this load resis-
tance on the chosen base.

3.38 Consider a three-phase generator rated 300 MVA, 23 kV, supplying a system load
of 240 MVA and 0.9 power factor lagging at 230 kV through a 330 MVA, 23 A/
230 Y-kV step-up transformer with a leakage reactance of 0.11 per unit. (a) Neglect-
ing the exciting current and choosing base values at the load of 100 MVA and 230 kV,
find the phasor currents I, Iy, and Ic supplied to the load in per unit. (b) By choosing
the load terminal voltage V5 as reference, specify the proper base for the generator
circuit and determine the generator voltage V as well as the phasor currents /,, I,,, and
I, from the generator. (Note: Take into account the phase shift of the transformer.)
(c) Find the generator terminal voltage in kV and the real power supplied by the gener-
ator in MW. (d) By omitting the transformer phase shift altogether, check to see
whether you get the same magnitude of generator terminal voltage and real power de-
livered by the generator.

SECTION 3.5

3.39 The leakage reactance of a three-phase, 300-MVA, 230 Y/23 A-kV transformer is 0.06
per unit based on its own ratings. The Y winding has a solidly grounded neutral. Draw
the per-unit equivalent circuit. Neglect the exciting admittance and assume American
standard phase shift.
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152 CHAPTER 3 POWER TRANSFORMERS

3.40 Choosing system bases to be 240/24 kV and 100 MVA, redraw the per-unit equivalent
circuit for Problem 3.39.

3.41 Consider the single-line diagram of the power system shown in Figure 3.38. Equip-
ment ratings are:

Generator 1: 1000 MVA, 18 kV, X" = 0.2 per unit

Generator 2: 1000 MVA, 18 kV, X" =0.2

Synchronous motor 3: 1500 MVA, 20 kV, X" =0.2

Three-phase A-Y transformers 1000 MVA, 500 kV Y/20 kV A, X =0.1
Ty, To, T3, Ta:

Three-phase Y-Y transformer Ts: 1500 MVA, 500 kV Y/20 kV Y, X = 0.1

Neglecting resistance, transformer phase shift, and magnetizing reactance, draw the
equivalent reactance diagram. Use a base of 100 MVA and 500 kV for the 50-ohm
line. Determine the per-unit reactances.

FIGURE 3.38 .

Problems 3.41 and 3.42 750 Q L—_] 3
ﬁ @ l /25 Q i2Q Ta

= 5

e

3.42 For the power system in Problem 3.41, the synchronous motor absorbs 1500 MW at
0.8 power factor leading with the bus 3 voltage at 18 kV. Determine the bus 1 and bus
2 voltages in kV. Assume that generators 1 and 2 deliver equal real powers and equal
reactive powers. Also assume a balanced three-phase system with positive-sequence
sources.

3.43 Three single-phase transformers, each rated 10 MVA, 66.4/12.5 kV, 60 Hz, with an
equivalent series reactance of 0.1 per unit divided equally between primary and second-
ary, are connected in a three-phase bank. The high-voltage windings are Y connected
and their terminals are directly connected to a 115-kV three-phase bus. The secondary
terminals are all shorted together. Find the currents entering the high-voltage terminals
and leaving the low-voltage terminals if the low-voltage windings are (a) Y connected,
(b) A connected.

3.44 A 130-MVA, 13.2-kV three-phase generator, which has a positive-sequence reactance
of 1.5 per unit on the generator base, is connected to a 135-MVA, 13.2 A/115 Y-kV
step-up transformer with a series impedance of (0.005 + j0.1) per unit on its own
base. (a) Calculate the per-unit generator reactance on the transformer base. (b) The
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load at the transformer terminals is 15 MW at unity power factor and at 115 kV.
Choosing the transformer high-side voltage as the reference phasor, draw a phasor
diagram for this condition. (c) For the condition of part (b), find the transformer
low-side voltage and the generator internal voltage behind its reactance. Also com-
pute the generator output power and power factor.

3.45 Figure 3.39 shows a one-line diagram of a system in which the three-phase generator
is rated 300 MVA, 20 kV with a subtransient reactance of 0.2 per unit and with its
neutral grounded through a 0.4-Q reactor. The transmission line is 64 km long with a
series reactance of 0.5 Q/km. The three-phase transformer 77 is rated 350 MVA, 230/
20 kV with a leakage reactance of 0.1 per unit. Transformer 7> is composed of three
single-phase transformers, each rated 100 MVA, 127/13.2 kV with a leakage reactance
of 0.1 per unit. Two 13.2-kV motors M| and M, with a subtransient reactance of 0.2
per unit for each motor represent the load. M, has a rated input of 200 MVA with its
neutral grounded through a 0.4-Q current-limiting reactor. M, has a rated input of
100 MVA with its neutral not connected to ground. Neglect phase shifts associated
with the transformers. Choose the generator rating as base in the generator circuit and
draw the positive-sequence reactance diagram showing all reactances in per unit.

FIGURE 3.39 (20 kV) (13.8 kV) Iy
1
Problems 3.45 and 3.46 g (230 kV) T Py
_E"“ﬁ/Q k 3¢ 1 m3¢ n v
: 3 36 L e
<o e

3.46 The motors M; and M; of Problem 3.45 have inputs of 120 and 60 MW, respectively,
at 13.2 kV, and both operate at unity power factor. Determine the generator terminal
voltage and voltage regulation of the line. Neglect transformer phase shifts.

3.47 Consider the one-line diagram shown in Figure 3.40. The three-phase transformer
bank is made up of three identical single-phase transformers, each specified by X; =
0.24 Q (on the low-voltage side), negligible resistance and magnetizing current, and
turns ratio 7 = N/N; = 10. The transformer bank is delivering 100 MW at 0.8 PF
lagging to a substation bus whose voltage is 230 kV.
(a) Determine the primary current magnitude, primary voltage (line-to-line) magni-
tude, and the three-phase complex power supplied by the generator. Choose the line-
to-neutral voltage at the bus, V,,, as the reference. Account for the phase shift, and
assume positive-sequence operation.
(b) Find the phase shift between the primary and secondary voltages.

FIGURE 3.40
- - O % g | To rest of the system
One-line diagram for 5 X 8 8 |
Problem 3.47  =eneraior 1y 230-kV substation

Step-up bus
transformer bank

3.48 With the same transformer banks as in Problem 3.47, Figure 3.41 shows the one-line
diagram of a generator, a step-up transformer bank, a transmission line, a step-down
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FIGURE 3.41 T T,
One-line diagram for O & Zine =100 € 3¢ Zioag = 5+j1
Problem 3.48 8 8 Transmission line 8 8
Generator AY v A
Step-up Step-down
transformer bank transformer bank

transformer bank, and an impedance load. The generator terminal voltage is 15 kV
(line-to-line).

(a) Draw the per-phase equivalent circuit, accounting for phase shifts for positive-
sequence operation.

(b) By choosing the line-to-neutral generator terminal voltage as the reference, deter-
mine the magnitudes of the generator current, transmission-line current, load current,
and line-to-line load voltage. Also, find the three-phase complex power delivered to
the load.

3.49 Consider the single-line diagram of a power system shown in Figure 3.42 with equip-
ment ratings given below:

Generator G: 50 MVA, 13.2 kV, x = 0.15 pu

Generator G;: 20 MVA, 13.8 kV, x = 0.15 pu

three-phase A-Y transformer 77: 80 MVA, 13.2 A/165Y kV, X = 0.1 pu
three-phase Y—A transformer 7,: 40 MVA, 165 Y/13.8 AkV, X =0.1 pu
Load: 40 MVA, 0.8 PF lagging, operating at 150 kV

Choose a base of 100 MVA for the system and 132-kV base in the transmission-line
circuit. Let the load be modeled as a parallel combination of resistance and induc-
tance. Neglect transformer phase shifts.

Draw a per-phase equivalent circuit of the system showing all impedances in per unit.

FIGURE 3.42 T T

One-line diagram for @ E g }_l (50+/200) & |_i E g @

Problem 3.49 (25+100) Q|(25+/100) Q

Load

SECTION 3.6

3.50 A single-phase three-winding transformer has the following parameters: Z; = Z, =
Z3 =0+ j0.05, G, =0, and B,, =0.2 per unit. Three identical transformers, as
described, are connected with their primaries in Y (solidly grounded neutral) and
with their secondaries and tertiaries in A. Draw the per-unit sequence networks of this
transformer bank.

3.51 The ratings of a three-phase three-winding transformer are:
Primary (1): Y connected, 66 kV, 15 MVA
Secondary (2): Y connected, 13.2 kV, 10 MVA
Tertiary (3): A connected, 2.3 kV, 5 MVA
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Neglecting winding resistances and exciting current, the per-unit leakage reactances are:
X1 = 0.08 on a 15-MVA, 66-kV base
X3 =0.10 on a 15-MVA, 66-kV base
X5 =0.09 on a 10-MVA, 13.2-kV base

(a) Determine the per-unit reactances X;, X, X3 of the equivalent circuit on a
15-MVA, 66-kV base at the primary terminals. (b) Purely resistive loads of 7.5 MW at
13.2 kV and 5 MW at 2.3 kV are connected to the secondary and tertiary sides of the
transformer, respectively. Draw the per-unit impedance diagram, showing the per-unit
impedances on a 15-MVA, 66-kV base at the primary terminals.

3.52 Draw the per-unit equivalent circuit for the transformers shown in Figure 3.34. In-
clude ideal phase-shifting transformers showing phase shifts determined in Problem
3.32. Assume that all windings have the same kVA rating and that the equivalent
leakage reactance of any two windings with the third winding open is 0.10 per unit.
Neglect the exciting admittance.

3.53 The ratings of a three-phase, three-winding transformer are:

Primary: Y connected, 66 kV, 15 MVA
Secondary: Y connected, 13.2 kV, 10 MVA
Tertiary: A connected, 2.3 kV, 5 MVA

Neglecting resistances and exciting current, the leakage reactances are:

Xps = 0.07 per unit on a 15-MVA, 66-kV base
Xpr = 0.09 per unit on a 15-MVA, 66-kV base
Xst = 0.08 per unit on a 10-MVA, 13.2-kV base

Determine the per-unit reactances of the per-phase equivalent circuit using a base of
15 MVA and 66 kV for the primary.

3.54 An infinite bus, which is a constant voltage source, is connected to the primary of the
three-winding transformer of Problem 3.53. A 7.5-MVA, 13.2-kV synchronous motor
with a subtransient reactance of 0.2 per unit is connected to the transformer second-
ary. A 5-MW, 2.3-kV three-phase resistive load is connected to the tertiary. Choosing
a base of 66 kV and 15 MVA in the primary, draw the impedance diagram of the sys-
tem showing per-unit impedances. Neglect transformer exciting current, phase shifts,
and all resistances except the resistive load.

SECTION 3.7

3.55 A single-phase 10-kVA, 2300/230-volt, 60-Hz two-winding distribution transformer is
connected as an autotransformer to step up the voltage from 2300 to 2530 volts. (a)
Draw a schematic diagram of this arrangement, showing all voltages and currents
when delivering full load at rated voltage. (b) Find the permissible kVA rating of the
autotransformer if the winding currents and voltages are not to exceed the rated values
as a two-winding transformer. How much of this kVA rating is transformed by mag-
netic induction? (c) The following data are obtained from tests carried out on the
transformer when it is connected as a two-winding transformer:
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Open-circuit test with the low-voltage terminals excited:
Applied voltage = 230 V, Input current = 0.45 A, Input power = 70 W.

Short-circuit test with the high-voltage terminals excited:
Applied voltage = 120 V, Input current = 4.5 A, Input power = 240 W.

Based on the data, compute the efficiency of the autotransformer corresponding to full
load, rated voltage, and 0.8 power factor lagging. Comment on why the efficiency is
higher as an autotransformer than as a two-winding transformer.

3.56 Three single-phase two-winding transformers, each rated 3 kVA, 220/110 volts, 60 Hz,
with a 0.10 per-unit leakage reactance, are connected as a three-phase extended A
autotransformer bank, as shown in Figure 3.31(c). The low-voltage A winding hasa 110
volt rating. (a) Draw the positive-sequence phasor diagram and show that the high-
voltage winding has a 479.5 volt rating. (b) A three-phase load connected to the low-
voltage terminals absorbs 6 kW at 110 volts and at 0.8 power factor lagging. Draw the
per-unit impedance diagram and calculate the voltage and current at the high-voltage
terminals. Assume positive-sequence operation.

3.57 A two-winding single-phase transformer rated 60 kVA, 240/1200 V, 60 Hz, has an
efficiency of 0.96 when operated at rated load, 0.8 power factor lagging. This
transformer is to be utilized as a 1440/1200-V step-down autotransformer in a
power distribution system. (a) Find the permissible kVA rating of the autotrans-
former if the winding currents and voltages are not to exceed the ratings as a two-
winding transformer. Assume an ideal transformer. (b) Determine the efficiency of
the autotransformer with the kVA loading of part (a) and 0.8 power factor leading.

3.58 A single-phase two-winding transformer rated 90 MVA, 80/120 kV is to be connected
as an autotransformer rated 80/200 kV. Assume that the transformer is ideal. (a)
Draw a schematic diagram of the ideal transformer connected as an autotransformer,
showing the voltages, currents, and dot notation for polarity. (b) Determine the per-
missible kVA rating of the autotransformer if the winding currents and voltages are
not to exceed the rated values as a two-winding transformer. How much of the kVA
rating is transferred by magnetic induction?

SECTION 3.8

3.59 The two parallel lines in Example 3.13 supply a balanced load with a load current of
1.0/ —30° per unit. Determine the real and reactive power supplied to the load bus
from each parallel line with (a) no regulating transformer, (b) the voltage-magnitude-
regulating transformer in Example 3.13(a), and (c) the phase-angle-regulating trans-
former in Example 3.13(b). Assume that the voltage at bus abc is adjusted so that the
voltage at bus a’b’c’ remains constant at 1.0/0° per unit. Also assume positive se-
quence. Comment on the effects of the regulating transformers.

3.60 PowerWorld Simulator case Problem 3.60 duplicates Example 3.13 except that a re-
sistance term of 0.06 per unit has been added to the transformer and 0.05 per unit to
the transmission line. Since the system is no longer lossless, a field showing the real
power losses has also been added to the one-line. With the LTC tap fixed at 1.05, plot
the real power losses as the phase shift angle is varied from —10 to +10 degrees. What
value of phase shift minimizes the system losses?

3.61 Repeat Problem 3.60, except keep the phase-shift angle fixed at 3.0 degrees, while
varying the LTC tap between 0.9 and 1.1. What tap value minimizes the real power
losses?
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3.62 Rework Example 3.12 for a +10% tap, providing a 10% increase for the high-voltage
winding.

3.63 A 23/230-kV step-up transformer feeds a three-phase transmission line, which in turn
supplies a 150-MVA, 0.8 lagging power factor load through a step-down 230/23-kV
transformer. The impedance of the line and transformers at 230 kV is 18 + j60 Q.
Determine the tap setting for each transformer to maintain the voltage at the load at
23 kV.

3.64 The per-unit equivalent circuit of two transformers 7, and 7}, connected in parallel,
with the same nominal voltage ratio and the same reactance of 0.1 per unit on the same
base, is shown in Figure 3.43. Transformer 7} has a voltage-magnitude step-up toward
the load of 1.05 times that of 7} (that is, the tap on the secondary winding of 7, is set
to 1.05). The load is represented by 0.8 + j0.6 per unit at a voltage ¥, = 1.0/0° per
unit. Determine the complex power in per unit transmitted to the load through each
transformer. Comment on how the transformers share the real and reactive powers.

FIGURE 3.43 T, BT
Problem 3.64 lira

/\j s

jo.1

AV = 0.05 /0° 0.8

\ j0.6

3.65 Reconsider Problem 3.64 with the change that now 7} includes both a transformer of
the same turns ratio as 7, and a regulating transformer with a 3° phase shift. On the
base of T,, the impedance of the two components of 7} is j0.1 per unit. Determine the
complex power in per unit transmitted to the load through each transformer. Com-
ment on how the transformers share the real and reactive powers.

CASE STUDY QUESTIONS

A. What are the potential consequences of running a transmission transformer to failure
with no available spare to replace it?

B. What are the benefits of sharing spare transmission transformers among utility com-
panies?

C. Where should spare transmission be located?
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765-kV transmission line
with aluminum guyed-V
towers ( Courtesy of
American Electric Power
Company )

TRANSMISSION LINE PARAMETERS

In this chapter, we discuss the four basic transmission-line parameters: series
resistance, series inductance. shunt capacitance, and shunt conductance. We
also investigate transmission-line electric and magnetic fields.

Series resistance accounts for ohmic (I’R) line losses. Series impedance,
including resistance and inductive reactance, gives rise to series-voltage drops
along the line. Shunt capacitance gives rise to line-charging currents. Shunt
conductance accounts for V>G line losses due to leakage currents between
conductors or between conductors and ground. Shunt conductance of over-
head lines is usually neglected.

Although the ideas developed in this chapter can be applied to under-
ground transmission and distribution, the primary focus here is on overhead
lines. Underground transmission in the United States presently accounts for
less than 1% of total transmission, and is found mostly in large cities or under
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waterways. There is, however, a large application for underground cable in
distribution systems.

CASE STUDY Two transmission articles are presented here. The first article covers transmission
conductor technologies including conventional conductors, high-temperature conductors,
and emerging conductor technologies [10]. Conventional conductors include the aluminum
conductor steel reinforced (ACSR), the homogeneous all aluminum alloy conductor
(AAAC), the aluminum conductor alloy reinforced (ACAR), and others. High-temperature
conductors are based on aluminum-zirconium alloys that resist the annealing effects of high
temperatures. Emerging conductor designs make use of composite material technology.
The second article describes trends in transmission and distribution line insulators for six
North American electric utilities [12]. Insulator technologies include porcelain, toughened
glass, and polymer (also known as composite or non-ceramic). All three technologies are
widely used. Current trends favor polymer insulators for distribution (less than 69 kV)
because they are lightweight, easy to handle, and economical. Porcelain remains in wide use
for bulk power transmission lines, but maintenance concerns associated with management
and inspection of aging porcelain insulators are driving some utilities to question their use.
Life-cycle cost considerations and ease of inspection for toughened glass insulators are
steering some utilities toward glass technology.

Transmission Line Conductor Design
Comes of Age

ART J. PETERSON JR. AND SVEN HOFFMANN

Deregulation and competition have changed power conductor technologies, examining innovative, and
flows across transmission networks significantly. emerging technologies.
Meanwhile, demand for electricity continues to , .

4 About National Grid

row, as do the increasing challenges of buildin ; . . . . .
& - icreasing ges of € National Grid USA is a subsidiary of National Grid
new transmission circuits. As a result, utilities need . . . .

. . . L L Transco, an international energy-delivery business
innovative ways to increase circuit capacities to re- . - S :
. - L with principal activities in the regulated electric and
duce congestion and maintain reliability. . . . S
gas industries. National Grid is the largest trans-

National Grid is monitoring transmission con- . . . .
. . . . mission business in the northeast United States, as
ductor technologies with the intent of testing and T
well as one of the 10 largest electric utilities in the

deploying innovative conductor technologies within United States National Grid achieved this by com-

the United States over the next few years. In L .
the UK, National Grid has been using conductor bining New England Electric System, Eastern Utilities
’ Associates and Niagara Mohawk between March

.replz.lcement as @ means of increasing c.ircuit.capac- 2000 and January 2002. Its electricity-delivery net-
ity since the mid 1980s, most recently involving the work includes 9000 miles (14,484 km) of trans-

hlgh-temperaturet, Iow-sag. Gap-type” conductor. mission lines and 72,000 miles (115,872 km) of
As a first step in developing a global conductor o
distribution lines.

deployment strategy, National Grid embarked on National Grid UK is the owner, operator and

an overall assessment of overhead transmission line . .. .
developer of the high-voltage electricity transmis-

(“Transmission Line Conductor Design Comes of Age” by Art sion network in England and Wales, comprising ap-

J. Peterson Jr. and Sven Hoffmann, Transmission & Distribution proximately 9000 circuit-miles of overhead line and
World Magazine, (Aug/2006). Reprinted with permission of 600 circuit-miles of underground cable at 275 and
Penton Media) 400 kV, connecting more than 300 substations.
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De-stranding the Gap conductor for field installation

CONVENTIONAL CONDUCTORS

The reality is that there is no single “wonder mate-
rial” As such, the vast majority of overhead line
conductors are nonhomogeneous (made up of
more than one material). Typically, this involves a
high-strength core material surrounded by a high-
conductivity material. The most common conduc-
tor type is the aluminum conductor steel reinforced
(ACSR), which has been in use for more than 80
years. By varying the relative cross-sectional areas
of steel and aluminum, the conductor can be made
stronger at the expense of conductivity (for areas
with high ice loads, for example), or it can be made
more conductive at the expense of strength where
it’s not required.

More recently, in the last 15 to 20 years, the
homogeneous all-aluminum alloy conductor (AAAC)
has become quite popular, especially for National
Grid in the UK where it is now the standard con-
ductor type employed for new and refurbished
lines. Conductors made up of this alloy (a heat
treatable aluminum-magnesium-silicon alloy) are, for
the same diameter as an ACSR, stronger, lighter, and
more conductive although they are a little more ex-
pensive and have a higher expansion coefficient.
However, their high strength-to-weight ratio allows
them to be strung to much lower initial sags, which
allows higher operating temperatures. The resulting
tension levels are relatively high, which could result
in increased vibration and early fatigue of the con-
ductors. In the UK, with favorable terrain, wind
conditions and dampers, these tensions are
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Re-stranding of conductor

acceptable and have allowed National Grid to in-
crease the capacities of some lines by up to 50%.

For the purpose of this article, the three mate-
rials mentioned so far—steel, aluminum and alumi-
num alloy—are considered to be the materials
from which conventional conductors are made. The
ACSR and AAAC are two examples of such conduc-
tors. Other combinations available include alumi-
num conductor alloy reinforced (ACAR), aluminum
alloy conductor steel reinforced (AACSR) and the
less common all-aluminum conductor (AAC).

Conductors of these materials also are available
in other forms, such as compacted conductors,
where the strands are shaped so as not to leave any
voids within the conductor’s cross section (a stan-
dard conductor uses round strands), increasing the
amount of conducting material without increasing
the diameter. These conductors are designated
trapezoidal-wire (TW) or, for example, ACSR/TW
and AACSR/TW. Other shaped conductors are
available that have noncircular cross sections de-
signed to minimize the effects of wind-induced mo-
tions and vibrations.

HIGH-TEMPERATURE CONDUCTORS

Research in Japan in the 1960s produced a series
of aluminum-zirconium alloys that resisted the an-
nealing effects of high temperatures. These alloys can
retain their strength at temperatures up to 230°C
(446 °F). The most common of these alloys—TAl,
ZTAIl and XTAl—are the basis of a variety of high-
temperature conductors.

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



162 CHAPTER 4

Clamp used for Gap conductor

The thermal expansion coefficients of all the
conventional steel-cored conductors are governed
by both materials together, resulting in a value be-
tween that of the steel and that of the aluminum.
This behavior relies on the fact that both compo-
nents are carrying mechanical stress.

However, because the expansion coefficient of
aluminum is twice that of steel, stress will be in-
creasingly transferred to the steel core as the con-
ductor’s temperature rises. Eventually the core
bears all the stress in the conductor. From this
point on, the conductor as a whole essentially takes
on the expansion coefficient of the core. For a typ-
ical 54/7 ACSR (54 aluminum strands, 7 steel) this
transition point (also known as the “knee-point”)
occurs around 100°C (212 °F).

For lines built to accommodate relatively large
sags, the T-aluminum conductor, steel reinforced
(TACSR) conductor was developed. (This is essen-
tially identical to ACSR but uses the heat-resistant
aluminum alloy designated TAl). Because this con-
ductor can be used at high temperatures with no
strength loss, advantage can be taken of the low-sag
behavior above the knee-point.

If a conductor could be designed with a core
that exhibited a lower expansion coefficient than
steel, or that exhibited a lower knee-point temper-
ature, more advantage could be taken of the high-
temperature alloys. A conductor that exhibits both
of these properties uses Invar, an alloy of iron and
nickel. Invar has an expansion coefficient about one-
third of steel (2.8 microstrain per Kelvin up to
100°C, and 3.6 over 100°C, as opposed to |1.5
for steel). T-aluminum conductor Invar reinforced
(TACIR) is capable of operation up to 150°C
(302°F), with ZTACIR and XTACIR capable of
210°C (410°F) and 230°C (446 °F), respectively.

Further, the transition temperature, although
dependent on many factors, is typically lower than
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that for an ACSR, allowing use of the high temper-
atures within lower sag limits than required for the
TACSR conductors. One disadvantage of this con-
ductor is that Invar is considerably weaker than
steel. Therefore, for high-strength applications (to
resist ice loading, for example), the core needs
to make up a greater proportion of the con-
ductor’s area, reducing or even negating the high-
temperature benefits. As a result, the ACIR-type
conductors are used in favorable areas in Japan and
Asia, but are not commonly used in the United
States or Europe.

There will still be instances, however, where
insufficient clearance is available to take full advan-
tage of the transitional behavior of the ACIR
conductors. A conductor more suitable for uprating
purposes would exhibit a knee-point at much
lower temperatures. Two conductors are available
that exhibit this behavior: the Gap-type conductor
and a variant of the ACSR that uses fully annealed
aluminum.

Developed in Japan during the 1970s, Gap-
type ZT-aluminum conductor steel reinforced
(GZTACSR) uses heat-resistant aluminum over a
steel core. It has been used in Japan, Saudi Arabia,
and Malaysia, and is being extensively implemented
by National Grid in the UK. The principle of the
Gap-type conductor is that it can be tensioned on
the steel core alone during erection. A small annu-
lar Gap exists between a high-strength steel core
and the first layer of trapezoidal-shaped aluminum
strands, which allows this to be achieved. The result
is a conductor with a knee-point at the erection
temperature. Above this, thermal expansion is that
of steel (1.5 microstrain per Kelvin), while below
it is that of a comparable ACSR (approximately 18).
This construction allows for low-sag properties
above the erection temperature and good strength
below it as the aluminum alloy can take up signifi-
cant load.

For example, the application of GZTACSR by
National Grid in the UK allowed a 90°C (194 °F)
rated 570 mm?2 AAAC to be replaced with a 620
mm? GZTACSR (Matthew). The Gap-type conduc-
tor, being of compacted construction, actually had a
smaller diameter than the AAAC, despite having a
larger nominal area. The low-sag properties allowed



Semi-strain assembly installed on line in a rural area of
the UK

a rated temperature of 170°C (338°F) and gave a
30% increase in rating for the same sag.

The principal drawback of the Gap-type conduc-
tor is its complex installation procedure, which re-
quires destranding the aluminum alloy to properly
install on the joints. There is also the need for
“semi-strain” assemblies for long line sections (typ-
ically every five spans). Experience in the UK has
shown that a Gap-type conductor requires about
25% more time to install than an ACSR.

A semi-strain assembly is, in essence, a pair of
back-to-back compression anchors at the bottom
of a suspension insulator set. It is needed to avoid
potential problems caused by the friction that de-
velopes between the steel core and the aluminum
layers when using running blocks. This helps to
prevent the steel core from hanging up within the
conductor.

During 1999 and 2000, in the UK, National Grid
installed 8 km (single circuit) of Matthew GZTACSR.
Later this year and continuing through to next year,
National Grid will be refurbishing a 60 km (37-mile)
double-circuit (120 circuit-km) route in the UK with
Matthew.

A different conductor of a more standard con-
struction is aluminum conductor steel supported
(ACSS), formerly known as SSAC. Introduced in the
1980s, this conductor uses fully annealed aluminum
around a steel core. The steel core provides the
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entire conductor support. The aluminum strands
are “dead soft,” thus the conductor may be oper-
ated at temperatures in excess of 200 °C without
loss of strength. The maximum operating tempera-
ture of the conductor is limited by the coating used
on the steel core. Conventional galvanized coatings
deteriorate rapidly at temperatures above 245°C
(473°F). If a zinc-5% aluminum mischmetal alloy
coated steel core is used, temperatures of 250°C
are possible.

Since the fully annealed aluminum cannot sup-
port significant stress, the conductor has a thermal
expansion similar to that of steel. Tension in the
aluminum strands is normally low. This helps to
improve the conductor’s self-damping character-
istics and helps to reduce the need for dampers.

For some applications there will be concern over
the lack of strength in the aluminum, as well as the
possibility of damage to the relatively soft outer
layers. However, ACSS is available as ACSS/TW,
improving, its strength. ACSS requires special care
when installing. The soft annealed aluminum wires
can be easily damaged and “bird-caging” can occur.
As with the other high-temperature conductors,
the heat requires the use of special suspension
clamps, high-temperature deadends, and high-
temperature splices to avoid hardware damage.

EMERGING CONDUCTOR TECHNOLOGIES

Presently, all the emerging designs have one
thing in common—the use of composite material
technology.

Aluminum conductor carbon fiber reinforced
(ACFR) from Japan makes use of the very-low-
expansion coefficient of carbon fiber, resulting in a
conductor with a lower knee-point of around 70°C
(158°F). The core is a resin-matrix composite con-
taining carbon fiber. This composite is capable of
withstanding temperatures up to 150°C. The ACFR
is about 30% lighter and has an expansion coeffi-
cient (above the knee-point) that is 8% that of an
ACSR of the same stranding, giving a rating increase
of around 50% with no structural work required.

Meanwhile, in the United States, 3M has
developed the Aluminum Conductor Composite
Reinforced (ACCR). The core is an aluminum-matrix
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A cross section of the Gap conductor

composite containing alumina fibers, with the outer
layers made from a heat-resistant aluminum alloy. As
with the ACFR, the low-expansion coefficient of the
core contributes to a fairly low knee-point, allowing
the conductor to make full use of the heat resistant
alloy within existing sag constraints. Depending on
the application, rating increases between 50% and
200% are possible as the conductor can be rated up
to 230°C.

Also in the United States, two more designs based on
glass-fiber composites are emerging. Composite Tech-
nology Corp. (CTGC; Irvine, California, U.S.) calls it the
aluminum conductor composite core (ACCC), and W.
Brandt Goldsworthy and Associates (Torrance, Califor-
nia) are developing composite reinforced aluminum
conductor (CRAC). These conductors are expected to
offer between 40% and 100% increases in ratings.

Six Utilities Share Their Perspectives
on Insulators

APR [, 2010 12:00 PM

BY RAVI S. GORUR, ARIZONA
STATE UNIVERSITY

Trends in the changing landscape of high-voltage
insulators are revealed through utility interviews.

(“Six Utilities Share Their Perspectives on Insulators” by
Ravi S. Gorur, Transmission & Distribution World Magazine
(April/2010). Reprinted with permission of Penton Media)
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Over the next few years, National Grid plans
to install ACSS and the Gap conductor techology
within its U.S. transmission system. Even a test span
of one or more of the new composite conductors is
being considered.

Art ). Peterson Jr. is a senior engineer in National
Grid’s transmission line engineering and project
management department in Syracuse, New York.
Peterson received a BS degree in physics from Le
Moyne College in Syracuse; a MS degree in physics
from Clarkson University in Potsdam, New York; a
M. Eng. degree in nuclear engineering from Penn-
sylvania State University in State College, Pennsyl-
vania; and a Ph.D. in organization and management
from Capella University in Minneapolis, Minnesota.
He has 20 years of experience in electric generation
and transmission.

Art.Peterson@us.ngrid.com

Sven Hoffmann is the circuits forward policy
team leader in National Grid’s asset strategy group
in Coventry, United Kingdom. Hoffmann has a
bachelor’s in engineering degree from the Univer-
sity of Birmingham in England. He is a chartered
engineer with the Institution of Electrical Engineers,
and the UK Regular Member for CIGRE Study
Committee B2. Hoffmann has been working at Na-
tional Grid, specializing in thermal and mechanical
aspects of overhead lines for eight years.

sven.hoffmann@uk.ngrid.com

The high-voltage transmission system in North
America is the result of planning and execution ini-
tiated soon after World War Il. Ambitious goals,
sound engineering and the vertically integrated
structure of utilities at that time all contributed to
high reliability and good quality of electric power.
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The high-voltage transmission infrastructure develop-
ment peaked in the 1970s. From then on until the
turn of the century, load growth was not as high as
anticipated, resulting in a drastic reduction in trans-
mission activity. Consequently, the system was
pushed to its limits, which led to a few large-scale
blackouts. The consensus is that the existing system is
bursting at its seams, continuing to age and needs re-
furbishment; at the same time, new lines are needed
to handle load growth and transfer massive amounts
of power from remote regions to load centers.

Today, several thousand kilometers of transmis-
sion lines at voltages from 345 kV ac to 765 kV ac
and high-voltage dc lines are either in the planning
or construction stages. A catalyst for this renewed
interest in transmission line construction is renew-
able energy. It is clear that in order to reap the
benefits of green and clean energy (mostly solar and
wind), there is an urgent need to build more lines
to transfer power from locations rich in these re-
sources to load centers quite distant from them.

For this upcoming surge of new high-voltage
projects and refurbishment of older lines, insulators
play a critical and often grossly underestimated role
in power delivery. Over many decades, the utility
perspective regarding insulation technologies has
changed in several ways.

INSULATOR TYPES

When the original transmission system was built, the
porcelain insulator industry was strong in North
America and utilities preferred to use domestic
products. Toughened glass insulators were introduced
in Europe in the 1950s and gained worldwide accep-
tance. In the United States, many users adopted the
new technology in the 1960s and 1970s, while others
were reluctant to use them because of perceived
concerns with vandalism. However, the use of glass
insulators in the United States continued to expand.

Polymer (also known as composite or non-
ceramic) insulators were introduced in the 1970s
and have been widely used in North America since
the 1980s. With the advent of polymers, it seemed
the use of glass and porcelain suspension insulators
started to decline. Polymers are particularly suited
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for compact line construction. Such compact lines
minimized right-of-way requirements and facilitated
the permitting of new transmission corridors in
congested and urban areas.

With the growing number of high-voltage lines
now reaching their life expectancy, many utilities are
turning their attention to the fast-growing population
of aging porcelain insulators. Deterioration of por-
celain insulators typically stems from impurities or
voids in the porcelain dielectric and expansion of the
cement in the pin region, which leads to radial cracks
in the shell. As internal cracks or punctures in por-
celain cannot be visually detected and require tools,
the labor-intensive process is expensive and requires
special training of the work force.

SUPPLY CHAIN

Today, there is no domestic supplier of porcelain
suspension insulators in North America. However,
there are quite a few suppliers of porcelain in-
sulators in several other countries, but most of
them have limited or no experience in North
America. This naturally has raised concerns among
many utilities in North America about the quality
and consistency of such productions.

Polymer insulators have been widely used at all
voltages but largely in the 230-kV and below range.
There are still unresolved issues with degradation,
life expectancy and live-line working—all of which
are hindering large-scale acceptance at higher vol-
tages. The Electric Power Research Institute (EPRI)
recently suggested that composite insulators for
voltages in the range of 115 kV to 161 kV may re-
quire corona rings, which would not only increase
the cost of composites but could create possible
confusion as the corona rings offered vary from one
manufacturer to another. With respect to tough-
ened glass, not much has been published or dis-
cussed in the United States.

SALT RIVER PROJECT, ARIZONA

Salt River Project (SRP) serves the central and
eastern parts of Arizona. Except for small pockets
in the eastern parts, which are subject to contami-
nation from the mining industry, SRP’s service
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territory is fairly clean and dry. Its bulk transmission
and distribution networks are based largely on
porcelain insulators. The utility began to use poly-
mer insulators in the early 1980s and has success-
fully used them at all voltages. Polymers are favored
for line post construction and account for the ma-
jority of 69-kV through 230-kV constructions in the
last 30 years. The 500-kV ac Mead-Phoenix line,
operational since 1990, was one of the first long
transmission lines in the country to use silicone
rubber composite insulators. The utility’s service
experience with these has been excellent.

The need for corona rings for composite in-
sulators at 230 kV and higher voltage was recog-
nized in the early 1980s by many users that experi-
ence fairly high wet periods in addition to
contamination. This was not a concern for SRP;
consequently, the first batch of composite in-
sulators installed in the 1980s on several 230-kV
lines had no corona rings. These insulators were
inspected visually and with a corona camera about
10 years ago and most recently in 2009.

Some 230-kV lines are constructed with polymer
insulators and no corona rings, and the insulators are
in remarkably good condition. The relatively clean
and dry environment in Arizona creates a corona-
free setting most of the time, and this contributes
greatly to SRP’s problem-free experience with all
types of insulators. In keeping with industry practice,
all 230-kV suspension composite insulators sub-
sequently installed by SRP have a corona ring at the
line end, and those installed on 500-kV lines have
rings at the line and tower ends.

SRP performs helicopter inspections of its trans-
mission lines annually. Insulators with visual damage
are replaced. Like many utilities, SRP trains and equips
its linemen to perform line maintenance under ener-
gized (live or hot) conditions. Even though most
maintenance is done with the lines de-energized, it is
considered essential to preserve the ability to work on
energized 500-kV lines. Future conditions may make
outages unobtainable or unreasonably expensive.

Because there is no industry standard on live-
line working with composite insulators and because
of the difficulty in getting an outage on its 500-kV
lines, which are co-owned by several utilities,
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SRP decided not to use polymer insulators at 500
kV. After reviewing the service experience of
toughened glass insulators, SRP decided to consider
them equal to porcelain in bid processes. This has
resulted in the installation of toughened glass in-
sulators on a portion of the utility’s recent 500-kV
line construction. The ease of detection of damaged
glass bells was a factor, although not the most im-
portant one as its service experience with porcelain
has been excellent.

PUBLIC SERVICE ELECTRIC & GAS,
NEW JERSEY

Public Service Electric & Gas (PSE&G) has experi-
enced problems with loss of dielectric strength and
punctures on porcelain insulators from some sup-
pliers. Lines with such insulators are being exam-
ined individually using a buzzer or electric field
probe, but the results are not always reliable.

The utility has used composite insulators ex-
tensively on compact lines (line post configuration)
up to 69 kV, and the experience has been good. It
has experienced degradation (erosion, corona cut-
ting) on some composite suspension insulators at
138 kV. These insulators were installed without a
corona ring as is common practice. In one instance,
PSE&G was fortunate to remove a composite insu-
lator with part of the fiberglass core exposed before
any mechanical failure (brittle fracture) could occur.

In the last five years, the utility has been using
toughened glass insulators on new construction and
as a replacement of degraded porcelain insulators
on 138-kV and higher lines. Since many of these
lines are shared with other utilities, PSE&G needs
to have the ability to maintain them live; it calls itself
a live-line utility. A major factor for using glass was
the ease of spotting damaged bells. For example,
the utility flies about 6 miles (10 km) per day and
inspects roughly 30 towers; in contrast, a ground
crew climbing and inspecting averages about three
towers per day. In many cases, the entire circuit
using glass insulators can be inspected in a single day
with helicopters. PSE&G has estimated the mainte-
nance of porcelain insulators can be up to 25 times
more than that of glass insulators.



The utility is working to make its specifications
for porcelain insulators more stringent than dic-
tated by present ANSI standards, so that only good-
quality insulators can be selected.

PACIFIC GAS AND ELECTRIC
CO., CALIFORNIA

Pacific Gas and Electric Co. (PG&E) operates its extra-
high-voltage lines at either 230 kV or 500 kV. The
primary insulator type used is ceramic or glass. The
exceptions are in vandalism-prone locations and
areas with high insulator wash cycles, where com-
posite insulators are used. Composite insulators are
also used at lower voltages. However, fairly recently,
corona cutting and cracks have been found on some
I15-kV composite insulators installed without co-
rona rings, which was the normal practice.

PG&E has reduced the use of composite in-
sulators somewhat at all voltages in the last five
years. In addition to aging-related issues, the utility
has experienced damage by birds, specifically crows.

The utility has approved two offshore suppliers
of porcelain insulators and expects several more
vying for acceptance. While PG&E does not differ-
entiate between porcelain and glass in the specifi-
cation, design and installation, it is seeing an in-
crease in the use of toughened glass insulators at all
voltages in the 69-kV to 500-kV range. The utility
attributes this to better education of the work
force and performance characteristics associated
with glass insulators.

The utility performs an aerial helicopter inspec-
tion annually, wherein insulators with visible damage
are noted. A detailed ground inspection is done ev-
ery five years. Climbing inspections are performed
only if triggered by a specific condition.

XCEL ENERGY, MINNESOTA

Xcel Energy recently updated its standard designs
by voltage. All technologies—porcelain, toughened
glass and polymer—may be used for voltages below
69 kV. For 69 kV to 345 kV, polymers are used for
suspension, braced and unbraced line post applica-
tions. For deadend application in this range and
higher voltages, only toughened glass insulators are
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used. This change was driven by problems encoun-
tered with porcelain and early generation polymers.

For example, several porcelain suspension and
deadend insulators on |15-kV and 345-kV lines in
critical locations failed mechanically, attributable to
cement growth. The age of these insulators was in
excess of 20 years. As most of the porcelain in-
sulators in the system are of this vintage or older,
the utility has instituted a rigorous maintenance
procedure where lines are examined regularly by
fixed wing, helicopter and foot patrols. Those iden-
tified for detailed inspection are worked by linemen
from buckets using the buzz technique. Needless to
say, this is a very expensive undertaking and adds to
the life-cycle cost of porcelain insulators.

Xcel has also experienced failures (brittle frac-
ture) with early generation composites, primarily
on | 15-kV and 345-kV installations, and is concerned
about longevity in 345-kV and higher applications.
The utility evaluated life-cycle costs with the three
insulator technologies before proceeding with re-
visions to its design philosophy.

HYDRO ONE, ONTARIO

Hydro One has excellent experience with all three in-
sulator technologies for lines up to 230 kV. For higher
voltages, it uses porcelain and glass, and does not use
polymer insulators because issues with live-line work-
ing, bird damage, corona and aging have not been fully
resolved. Porcelain and glass insulators on Hydro One’s
system in many places are 60 years or older for some
porcelain. The porcelain insulators are tested on a reg-
ular basis for punctures and cracks attributed to cement
expansion, which have caused primarily mechanical fail-
ures of several strings across the high-voltage system.
The utility has success using thermovision equip-
ment, and punctured bells show a temperature differ-
ence of up to 10C° (18F°) under damp conditions. In
the last two years, Hydro One has examined more
than 3000 porcelain strings at 230-kV and 500-kV
lines. With a five-man crew, the utility can inspect five
towers per day. Indeed, this is a time- and labor-
intensive, not to mention expensive, undertaking.
Owing to the ease of visually detecting damaged
units on toughened glass insulator strings, Hydro
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One will be using such insulators on its new con-
struction of 230-kV and 500-kV lines.

NORTHWESTERN ENERGY, MONTANA

NorthWestern Energy has been using toughened
glass insulators on its 500-kV lines since the 1980s.
It has had very good experience with them and will
continue this practice on its new construction of a
430-mile (692-km) 500-kV line being built for the
Mountain State Transmission Intertie project. The
utility performs much of its maintenance under live
conditions; it calls itself a live-line-friendly utility.
Since most of North Western’s lines are in remote
locations, routine inspections by helicopter occur
four times a year on the 500-kV lines and once per
year for all other lines. More detailed inspections
are done on a five- to |0-year cycle. The utility has
experienced problems due to vandalism in some
pockets, but since the damaged glass insulators are
easy to spot, it finds that glass is advantageous over
other options.

NorthWestern has had good experience with
porcelain at 230-kV and lower voltage lines. It in-
spects these insulators under de-energized con-
ditions. Owing to the relatively dry climate in Mon-
tana, the utility has many thousands of porcelain
insulators well in excess of 60 years old. Composite
insulators are the preferred choice for lines of
I'15 kV and below. At 161 kV and 230 kV, composites
are used on a limited basis for project-specific needs.

Porcelain is still the preferred choice for the bulk
transmission lines. NorthWestern has experienced
problems with many of the early vintage composite
insulators due to corona cutting and moisture in-
gress. One severe example of this was a 161-kV line
built in the early 1990s with composite horizontal
line post insulators. The line has only been oper-
ated at 69 kV since construction, yet moisture
ingress failures, believed to occur during manu-
facturing, have occurred on the 161-kV insulators,
forcing NorthWestern to replace them recently.

OVERALL PERSPECTIVE

It seems a shift is occurring in the use of the various
insulator technologies for high-voltage lines in
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North America. Users pointed out that, for distri-
bution (less than 69 kV), polymers are favored, be-
cause they are lightweight, easy to handle and low
cost; however, several utilities are limiting the use
of polymers at higher voltages. Polymers seem to
be established as the technological choice for com-
pact line applications (line posts and braced posts).
Maintenance concerns associated with the manage-
ment of aging porcelain insulators and associated
inspection costs are driving some utilities to ques-
tion the use of porcelain insulators, while life-cycle
cost considerations and ease of inspection asso-
ciated with toughened glass insulators are steering
other utilities toward this latter technology.

Clearly, all three insulation technologies are still
very much alive, and decisions made with regard to
insulation systems for the refurbishment of older
lines and the upcoming surge of new high-voltage
projects will depend on past experience and the
expected performance and life-cycle cost criteria
utilities set for the operation of their systems.

Ravi Gorur (ravigorur@asu.edu) is a professor
in the school of electrical, computer and energy en-
gineering at Arizona State University, Tempe. He has
authored a textbook and more than |50 publications
on the subject of outdoor insulators. He is the U.S.
representative to CIGRE Study Committee DI
(Materials and Emerging Technologies) and is actively
involved in various |EEE working groups and task forces
related to insulators. Gorur is a fellow of the IEEE.

The purpose of this article is to provide a cur-
rent review of the trends in insulator technologies
through interviews with several utilities, all familiar
with and having experience in the three tech-
nologies. The utilities selected for soliciting input
cover a wide range of geographic and climatic con-
ditions from the U.S. West Coast to the East Coast,
including one major Canadian utility. The author
gratefully acknowledges input from the following:

+ J. Hunt, Salt River Project

+ G. Giordanella, Public Service Electric and Gas
* D.H. Shaffner, Pacific Gas and Electric

* D. Berklund, Xcel Energy

*+ H. Crockett, Hydro One

* T. Pankratz, North Western Energy.
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4.1

TRANSMISSION LINE DESIGN CONSIDERATIONS

An overhead transmission line consists of conductors, insulators, support
structures, and, in most cases, shield wires.

CONDUCTORS

Aluminum has replaced copper as the most common conductor metal for
overhead transmission. Although a larger aluminum cross-sectional area is
required to obtain the same loss as in a copper conductor, aluminum has a
lower cost and lighter weight. Also, the supply of aluminum is abundant,
whereas that of copper is limited.

One of the most common conductor types is aluminum conductor,
steel-reinforced (ACSR), which consists of layers of aluminum strands sur-
rounding a central core of steel strands (Figure 4.1). Stranded conductors are
easier to manufacture, since larger conductor sizes can be obtained by simply
adding successive layers of strands. Stranded conductors are also easier to
handle and more flexible than solid conductors, especially in larger sizes. The
use of steel strands gives ACSR conductors a high strength-to-weight ratio.
For purposes of heat dissipation, overhead transmission-line conductors are
bare (no insulating cover).

Other conductor types include the all-aluminum conductor (AAC), all-
aluminum-alloy conductor (AAAC), aluminum conductor alloy-reinforced
(ACAR), and aluminum-clad steel conductor (Alumoweld). Higher-
temperature conductors capable of operation in excess of 150°C include the
aluminum conductor steel supported (ACSS), which uses fully annealed alu-
minum around a steel core, and the gap-type ZT-aluminum conductor
(GTZACSR) which uses heat-resistant aluminum over a steel core with a
small annular gap between the steel and first layer of aluminum strands.
Emerging technologies use composite materials, including the aluminum
conductor carbon reinforced (ACFR), whose core is a resinmatrix composite
containing carbon fiber, and the aluminum conductor composite reinforced
(ACCR), whose core is an aluminum-matrix containing aluminum fibers [10].

FIGURE 4.1

Typical ACSR
conductor

54/7 Cardinal
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FIGURE 4.2

A 765-kV transmission
line with self-supporting
lattice steel towers
(Courtesy of the
American Electric
Power Company)

FIGURE 4.3

A 345-kV double-circuit
transmission line with
self-supporting lattice

steel towers (Courtesy of

NSTAR, formerly
Boston Edison
Company)

EHV lines often have more than one conductor per phase; these con-
ductors are called a bundle. The 765-kV line in Figure 4.2 has four con-
ductors per phase, and the 345-kV double-circuit line in Figure 4.3 has two
conductors per phase. Bundle conductors have a lower electric field strength
at the conductor surfaces, thereby controlling corona. They also have a
smaller series reactance.

INSULATORS

Insulators for transmission lines above 69 kV are typically suspension-type
insulators, which consist of a string of discs constructed porcelain, toughened
glass, or polymer. The standard disc (Figure 4.4) has a 10-in. (0.254-m)
diameter, 5%—in. (0.146-m) spacing between centers of adjacent discs, and a
mechanical strength of 7500 kg. The 765-kV line in Figure 4.2 has two strings
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FIGURE 4.4

Cut-away view of a
standard porcelain
insulator disc for
suspension insulator
strings (Courtesy of
Ohio Brass)

FIGURE 4.5

Wood frame structure
for a 345-kV line
(Courtesy of NSTAR,
formerly Boston Edison
Company)

per phase in a V-shaped arrangement, which helps to restrain conductor
swings. The 345-kV line in Figure 4.5 has one vertical string per phase. The
number of insulator discs in a string increases with line voltage (Table 4.1).
Other types of discs include larger units with higher mechanical strength and
fog insulators for use in contaminated areas.

SUPPORT STRUCTURES

Transmission lines employ a variety of support structures. Figure 4.2 shows a
self-supporting, lattice steel tower typically used for 500- and 765-kV lines.
Double-circuit 345-kV lines usually have self-supporting steel towers with the
phases arranged either in a triangular configuration to reduce tower height or in
a vertical configuration to reduce tower width (Figure 4.3). Wood frame con-
figurations are commonly used for voltages of 345 kV and below (Figure 4.5).
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TABLE 4.1 ]
Nominal
Typical transmission-line  Voltage Phase Conductors
characteristics [1, 2]
(Electric Power Aluminum
Research Institute Cross-Section Minimum Clearances
(EPRI), EPRI AC Area per
Transmission Line Number of Conductor Bundle Phase-to- Phase-to-
Reference Book— Conductors (ACSR) Spacing Phase Ground
200 kV and Above  (kV) per Bundle (kemil) (cm) (m) (m)
(Palo Alto, CA: EPRI, 6 :
WWWw.epri.com,
December 2005); 138 1 300-700 — 4t05
Westinghouse Electric 230 ! 400-1000 - 6t09 _
Corporation, Electrical 345 1 2000-2500 — 6to09 7.6to 11
Transmission and 345 2 800-2200 45.7 6t09 7.6to 11
Distribution Reference 500 2 2000-2500 45.7 9to 11 9to 14
Book, 4th ed. (East 500 3 900-1500 45.7 9to 11 9to 14
Pittsburgh, PA, 1964)) 765 4 900-1300 45.7 13.7 12.2
Nominal
Voltage Suspension Insulator String Shield Wires
Number of
Standard
Insulator
Number of Discs per
Strings per Suspension Diameter
(kV) Phase String Type Number (cm)
69 1 4t06 Steel 0,1or2
138 1 8to 1l Steel 0,1o0r2
230 1 12 to 21 Steel or ACSR lor2 1.1to 1.5
345 1 18 to 21 Alumoweld 2 0.87to 1.5
345 1 and 2 18 to 21 Alumoweld 2 0.87 to 1.5
500 2 and 4 24 to 27 Alumoweld 2 098 to 1.5
500 2 and 4 24 to 27 Alumoweld 2 098to 1.5
765 2 and 4 30 to 35 Alumoweld 2 0.98

SHIELD WIRES

Shield wires located above the phase conductors protect the phase conductors
against lightning. They are usually high- or extra-high-strength steel, Alumo-
weld, or ACSR with much smaller cross section than the phase conductors.
The number and location of the shield wires are selected so that almost all
lightning strokes terminate on the shield wires rather than on the phase con-
ductors. Figures 4.2, 4.3, and 4.5 have two shield wires. Shield wires are
grounded to the tower. As such, when lightning strikes a shield wire, it flows
harmlessly to ground, provided the tower impedance and tower footing resis-
tance are small.
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The decision to build new transmission is based on power-system plan-
ning studies to meet future system requirements of load growth and new gen-
eration. The points of interconnection of each new line to the system, as well
as the power and voltage ratings of each, are selected based on these studies.
Thereafter, transmission-line design is based on optimization of electrical,
mechanical, environmental, and economic factors.

ELECTRICAL FACTORS

Electrical design dictates the type, size, and number of bundle conductors per
phase. Phase conductors are selected to have sufficient thermal capacity to
meet continuous, emergency overload, and short-circuit current ratings. For
EHV lines, the number of bundle conductors per phase is selected to control
the voltage gradient at conductor surfaces, thereby reducing or eliminating
corona.

Electrical design also dictates the number of insulator discs, vertical or
V-shaped string arrangement, phase-to-phase clearance, and phase-to-tower
clearance, all selected to provide adequate line insulation. Line insulation
must withstand transient overvoltages due to lightning and switching surges,
even when insulators are contaminated by fog, salt, or industrial pollution.
Reduced clearances due to conductor swings during winds must also be ac-
counted for.

The number, type, and location of shield wires are selected to intercept
lightning strokes that would otherwise hit the phase conductors. Also, tower
footing resistance can be reduced by using driven ground rods or a buried
conductor (called counterpoise) running parallel to the line. Line height is se-
lected to satisfy prescribed conductor-to-ground clearances and to control
ground-level electric field and its potential shock hazard.

Conductor spacings, types, and sizes also determine the series impedance
and shunt admittance. Series impedance affects line-voltage drops, I°R losses,
and stability limits (Chapters 5, 13). Shunt admittance, primarily capacitive,
affects line-charging currents, which inject reactive power into the power sys-
tem. Shunt reactors (inductors) are often installed on lightly loaded EHV
lines to absorb part of this reactive power, thereby reducing overvoltages.

MECHANICAL FACTORS

Mechanical design focuses on the strength of the conductors, insulator
strings, and support structures. Conductors must be strong enough to support
a specified thickness of ice and a specified wind in addition to their own
weight. Suspension insulator strings must be strong enough to support the
phase conductors with ice and wind loadings from tower to tower (span
length). Towers that satisfy minimum strength requirements, called suspen-
sion towers, are designed to support the phase conductors and shield wires

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



174 CHAPTER 4 TRANSMISSION LINE PARAMETERS

with ice and wind loadings, and, in some cases, the unbalanced pull due to
breakage of one or two conductors. Dead-end towers located every mile or so
satisfy the maximum strength requirement of breakage of all conductors on
one side of the tower. Angles in the line employ angle towers with intermedi-
ate strength. Conductor vibrations, which can cause conductor fatigue failure
and damage to towers, are also of concern. Vibrations are controlled by ad-
justment of conductor tensions, use of vibration dampers, and—for bundle
conductors—Ilarge bundle spacing and frequent use of bundle spacers.

ENVIRONMENTAL FACTORS

Environmental factors include land usage and visual impact. When a line route
is selected, the effect on local communities and population centers, land values,
access to property, wildlife, and use of public parks and facilities must all be
considered. Reduction in visual impact is obtained by aesthetic tower design
and by blending the line with the countryside. Also, the biological effects of
prolonged exposure to electric and magnetic fields near transmission lines is
of concern. Extensive research has been and continues to be done in this area.

ECONOMIC FACTORS

The optimum line design meets all the technical design criteria at lowest
overall cost, which includes the total installed cost of the line as well as the cost
of line losses over the operating life of the line. Many design factors affect cost.
Utilities and consulting organizations use digital computer programs com-
bined with specialized knowledge and physical experience to achieve optimum
line design.

4.2

RESISTANCE

The dc resistance of a conductor at a specified temperature T is

I
Rer=50 @ 4.2.1)

where p; = conductor resistivity at temperature T
| = conductor length
A = conductor cross-sectional area

Two sets of units commonly used for calculating resistance, SI and En-
glish units, are summarized in Table 4.2. In English units, conductor cross-
sectional area is expressed in circular mils (cmil). One inch equals 1000 mils
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TABLE 4.2

Quantity Symbol SI Units English Units

Comparison of SI and

English units for ~ Resistivity p Qm Q-cmil/ft
calculating conductor ~ Length / m ft
resistance  Cross-sectional area A m2 emil
dc resistance Ry = % Q Q

and 1 cmil equals /4 sq mil. A circle with diameter D in., or (D in.) (1000
mil/in.) = 1000 D mil = ¢ mil, has an area

N2
(T 22 mil\" 7 2 T o .
A= (4 D~ in. ><1000—in.) _4(1000D) _4d sq mil
or
(72 . 1 cmil » .
A= (4d sq mll) (771/4 s mil> =d° cmil (4.2.2)

Resistivity depends on the conductor metal. Annealed copper is the
international standard for measuring resistivity p (or conductivity o, where
o = 1/p). Resistivity of conductor metals is listed in Table 4.3. As shown,
hard-drawn aluminum, which has 61% of the conductivity of the international
standard, has a resistivity at 20°C of 17.00 Q-cmil/ft or 2.83 x 10~ Qm.

Conductor resistance depends on the following factors:

1. Spiraling

2. Temperature

3. Frequency (“skin effect™)

4. Current magnitude—magnetic conductors

These are described in the following paragraphs.

TABLE 4.3

P2a0°C T

% andqctivity, — -
resistivity, and Resistivity at 20°C Temperature Constant

temperature constant of

conductor metals  Material % Conductivity Qm x 1078 Q-cmil/fe °C

Copper:

Annealed 100% 1.72 10.37 234.5

Hard-drawn 97.3% 1.77 10.66 241.5
Aluminum

Hard-drawn 61% 2.83 17.00 228.1
Brass 20-27% 6.4-8.4 38-51 480
Iron 17.2% 10 60 180
Silver 108% 1.59 9.6 243
Sodium 40% 43 26 207
Steel 2-14% 12-88 72-530 180-980
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For stranded conductors, alternate layers of strands are spiraled in op-
posite directions to hold the strands together. Spiraling makes the strands 1
or 2% longer than the actual conductor length. As a result, the dc resistance
of a stranded conductor is 1 or 2% larger than that calculated from (4.2.1) for
a specified conductor length.

Resistivity of conductor metals varies linearly over normal operating
temperatures according to

T,+T
P12 = P11 ﬁ

where pr, and pp; are resistivities at temperatures T, and T; °C, respectively.
T is a temperature constant that depends on the conductor material, and is
listed in Table 4.3.

The ac resistance or effective resistance of a conductor is

o Pioss

1
where Py 1s the conductor real power loss in watts and 7 is the rms conduc-
tor current. For dc, the current distribution is uniform throughout the conduc-
tor cross section, and (4.2.1) is valid. However, for ac, the current distribution
is nonuniform. As frequency increases, the current in a solid cylindrical con-
ductor tends to crowd toward the conductor surface, with smaller current
density at the conductor center. This phenomenon is called skin effect. A
conductor with a large radius can even have an oscillatory current density
versus the radial distance from the conductor center.

With increasing frequency, conductor loss increases, which, from
(4.2.4), causes the ac resistance to increase. At power frequencies (60 Hz), the
ac resistance is at most a few percent higher than the dc resistance. Conduc-
tor manufacturers normally provide dc, 50-Hz, and 60-Hz conductor resis-
tance based on test data (see Appendix Tables A.3 and A.4).

For magnetic conductors, such as steel conductors used for shield wires,
resistance depends on current magnitude. The internal flux linkages, and
therefore the iron or magnetic losses, depend on the current magnitude. For
ACSR conductors, the steel core has a relatively high resistivity compared to
the aluminum strands, and therefore the effect of current magnitude on
ACSR conductor resistance is small. Tables on magnetic conductors list re-
sistance at two current levels (see Table A.4).

(4.2.3)

(4.2.4)

ac

EXAMPLE 4.1 Stranded conductor: dc and ac resistance

Table A.3 lists a 4/0 copper conductor with 12 strands. Strand diameter is
0.1328 in. For this conductor:

a. Verify the total copper cross-sectional area of 211,600 cmil.

b. Verify the dc resistance at 50°C of 0.302 Q/mi. Assume a 2% in-
crease in resistance due to spiraling.
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¢. From Table A.3, determine the percent increase in resistance at
60 Hz versus dc.

SOLUTION

a. The strand diameter is d = (0.1328 in.) (1000 mil/in.) = 132.8 mil, and,
from (4.2.2), the strand area is d> cmil. Using four significant figures, the
cross-sectional area of the 12-strand conductor is

A = 1242 = 12(132.8)> = 211,600 cmil

which agrees with the value given in Table A.3.
b. Using (4.2.3) and hard-drawn copper data from Table 4.3,

50 +241.5 .
Psoec = 1066(20_'_2415) =11.88 Q-lel/ft

From (4.2.1), the dc resistance at 50°C for a conductor length of 1 mile
(5280 ft) is
R ~ (11.88)(5280 x 1.02)
des0re = 211,600

=0.302 Q/mi

which agrees with the value listed in Table A.3.
c. From Table A.3,

Reo Hz50°C _ 0.303 — 1.003 Reo Hz25°C _ 0.278
Rae,50¢c 0.302 ' Ruce 250 0.276

Thus, the 60-Hz resistance of this conductor is about 0.3—0.7% higher than
the dc resistance. The variation of these two ratios is due to the fact that
resistance in Table A.3 is given to only three significant figures. |

= 1.007

4.3

CONDUCTANCE

Conductance accounts for real power loss between conductors or between
conductors and ground. For overhead lines, this power loss is due to leakage
currents at insulators and to corona. Insulator leakage current depends on
the amount of dirt, salt, and other contaminants that have accumulated on
insulators, as well as on meteorological factors, particularly the presence of
moisture. Corona occurs when a high value of electric field strength at a con-
ductor surface causes the air to become electrically ionized and to conduct.
The real power loss due to corona, called corona loss, depends on meteoro-
logical conditions, particularly rain, and on conductor surface irregularities.
Losses due to insulator leakage and corona are usually small compared to
conductor I°R loss. Conductance is usually neglected in power system studies
because it is a very small component of the shunt admittance.
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4.4

INDUCTANCE: SOLID CYLINDRICAL CONDUCTOR

The inductance of a magnetic circuit that has a constant permeability x« can
be obtained by determining the following:

1. Magnetic field intensity H, from Ampere’s law

2. Magnetic flux density B (B = uH)

3. Flux linkages /4

4. Inductance from flux linkages per ampere (L = 4/1)

As a step toward computing the inductances of more general conduc-
tors and conductor configurations, we first compute the internal, external,
and total inductance of a solid cylindrical conductor. We also compute the
flux linking one conductor in an array of current-carrying conductors.

Figure 4.6 shows a l-meter section of a solid cylindrical conductor
with radius r, carrying current /. For simplicity, assume that the conductor
(1) is sufficiently long that end effects are neglected, (2) is nonmagnetic
(u = py = 4n x 1077 H/m), and (3) has a uniform current density (skin effect
is neglected). From (3.1.1), Ampere’s law states that

%Htan dl = enclosed (44 1)

To determine the magnetic field inside the conductor, select the dashed
circle of radius x < r shown in Figure 4.6 as the closed contour for Ampere’s
law. Due to symmetry, H, is constant along the contour. Also, there is no
radial component of H,, so H, is tangent to the contour. That is, the con-
ductor has a concentric magnetic field. From (4.4.1), the integral of H,
around the selected contour is

H,(2nx) = I forx <r (4.4.2)

FIGURE 4.6

Internal magnetic field
of a solid cylindrical
conductor
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SECTION 4.4 INDUCTANCE: SOLID CYLINDRICAL CONDUCTOR 179

where I is the portion of the total current enclosed by the contour. Solving
(4.4.2)
I

H, = A 4.4.
(=5 A/m (44.3)

Now assume a uniform current distribution within the conductor, that is

2
I = (f) I forx<r (4.4.4)
Using (4.4.4) in (4.4.3)
xI
H, = T A/m (4.4.5)

For a nonmagnetic conductor, the magnetic flux density B, is

toXT
2nr?

The differential flux d® per-unit length of conductor in the cross-hatched
rectangle of width dx shown in Figure 4.6 is

d® = Bydx Wb/m (4.4.7)

B, = uyH, = Wb/m? (4.4.6)

Computation of the differential flux linkage d/ in the rectangle is tricky
since only the fraction (x/r)? of the total current [ is linked by the flux. That
s,

x\ Hol
=(Z) do =20 3 - 4.4.
dJ. (r) d e dx Wb-t/m (4.4.8)

Integrating (4.4.8) from x = 0 to x = r determines the total flux linkages iy
inside the conductor

SPR Y A tol 1 -7
- — =250 10771 - 4.4,
Aint L d gy Jo x” dx & =73 x 10 Wb-t/m (4.4.9)
The internal inductance Li, per-unit length of conductor due to this flux
linkage is then

A i 1 _
Ly ="F =g2=5x10" H/m (4.4.10)
Next, in order to determine the magnetic field outside the conductor,
select the dashed circle of radius x > r shown in Figure 4.7 as the closed con-
tour for Ampere’s law. Noting that this contour encloses the entire current /,
integration of (4.4.1) yields

H,(2nx) =1 (44.11)
which gives
1
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FIGURE 4.7

External magnetic field
of a solid cylindrical
conductor

Outside the conductor, u = g, and

By = uyH, = (4n x 10-6% =2x 10—7§ Wb/m? (4.4.13)

d® = B, dx =2 x 10—7)—IC dx Wb/m (4.4.14)
Since the entire current 7 is linked by the flux outside the conductor,

dl=d® =2 x 10*7§ dx Whb-t/m (4.4.15)

Integrating (4.4.15) between two external points at distances D; and
D, from the conductor center gives the external flux linkage A, between D

and D»:
Dz DZ
o = J di=2x 10*711 dx
D, D, X
—7 D>
=2x107"1 ln(D—) Wb-t/m (4.4.16)
1

The external inductance L, per-unit length due to the flux linkages between
D, and D» is then
A D
Lp=22=2x10"7In(=2) H/m (4.4.17)
1 Dy
The total flux Ap linking the conductor out to external point P at distance D
is the sum of the internal flux linkage, (4.4.9), and the external flux linkage,
(4.4.16) from D; = r to D, = D. That is

Jp = % x 1071 +2x 107" In ? (4.4.18)
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Using the identity 1 =21Ine'/* in (4.4.18), a more convenient expres-
sion for Ap is obtained:

Jp=2x% 1071(1n e/ +1n %)

D
_ -7
=2x 1071 In —
... D
=2x 107"/ In = Whb-t/m (4.4.19)
where
¥ =e V4 =0.7788r (4.4.20)

Also, the total inductance Lp due to both internal and external flux linkages
out to distance D is

Lp = ’11—1’ =2x10""In (3) H/m (4.4.21)
r

Finally, consider the array of M solid cylindrical conductors shown in
Figure 4.8. Assume that each conductor m carries current /,,, referenced out
of the page. Also assume that the sum of the conductor currents is zero—
that is,

M
htht - +hy=> I,=0 (4.4.22)
m=1

The flux linkage Axpr, which links conductor k out to point P due to current
I, is, from (4.4.19),

Dpy
Fapie =2 % 107 I In 3% (4.4.23)
k

FIGURE 48 ,,

Array of M solid
cylindrical conductors
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Note that J;p, includes both internal and external flux linkages due to ;.. The
flux linkage Zip,, which links conductor k out to P due to I,, is, from
(4.4.16),

DPm

km

In (4.4.24) we use Dy, instead of (Dyy, — 1) or (D + 1), which is a
valid approximation when Dy, is much greater than ry. It can also be shown
that this is a good approximation even when Dy, is small. Using super-
position, the total flux linkage /Zxp, which links conductor k out to P due to
all the currents, is

;LkPm =2x 10771)71 In (4424)

Akp = 2p1 + Agp2 + -+ kv

=2x10" 721 In DPm (4.4.25)

km

where we define Dy, =1, = ¢~!/*r, when m =k in the above summation.

Equation (4.4.25) is separated into two summations:

+2x1077 Z[ In Dp,, (4.4.26)

m=1

7 . 1
Aip =2 x 107 I, In
kP ; m Dkn

Removing the last term from the second summation we get:

M—1
Jp =2 x 10~ lz Iy In =— —+ Z I, In Dp,, + Ijy In DPM] (4.4.27)

From (4.4.22),

M-1
Iv=—N+hL++1Iy) Ly (4.4.28)

m=1

Using (4.4.28) in (4.4.27)

1 M—1 M—1
Jap =2 % 10™ lz I, In — o) + Z 1, In Dp,, — Z I, In Dpys
m

m=1 =

[ M—1 Dp
=2x10" Zlmln —i—Zlmln m

Dpys

(4.4.29)

Now, let 4, equal the total flux linking conductor k out to infinity. That

1S, Ay = plglglc Akp. As P — oo, all the distances Dp,, become equal, the ratios

Dp,,,/Dpys become unity, and In(Dp,,/Dpys) — 0. Therefore, the second sum-
mation in (4.4.29) becomes zero as P — oo, and

e =2x10" 721,” In Dl Wb-t/m (4.4.30)

=1 km
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SECTION 4.5 INDUCTANCE 183

Equation (4.4.30) gives the total flux linking conductor k in an array of M
conductors carrying currents Iy, I, ..., Iy, whose sum is zero. This equation
is valid for either dc or ac currents. A is a dc flux linkage when the currents
are dc, and /; is a phasor flux linkage when the currents are phasor repre-
sentations of sinusoids.

4.5

INDUCTANCE: SINGLE-PHASE TWO-WIRE LINE
AND THREE-PHASE THREE-WIRE LINE
WITH EQUAL PHASE SPACING

The results of the previous section are used here to determine the inductances
of two relatively simple transmission lines: a single-phase two-wire line and a
three-phase three-wire line with equal phase spacing.

Figure 4.9(a) shows a single-phase two-wire line consisting of two solid
cylindrical conductors x and y. Conductor x with radius r, carries phasor
current /, = I referenced out of the page. Conductor y with radius r, carries
return current I, = —I. Since the sum of the two currents is zero, (4.4.30) is
valid, from which the total flux linking conductor x is

1 1
/'{X = 2 X 10_7<IX lnm+[y ]n D—Yy)

1 |
-7
=2x10 <Ilnr;—llnD>

=2x107"1 lan/ Whb-t/m (4.5.1)

where 1/ = e~ /4, = 0.7788r,.

The inductance of conductor x is then

Ay Ay _ D
L,="*="2=2x10"In= H/m per conductor (4.5.2)

I, 1 .
FIGURE 4.9
Single-phase two-wire

line Ly
_/ LV
I r,
R
(a) Geometry (b) Inductances
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Similarly, the total flux linking conductor y is

dy=2x 107<[xlnl;+lylnl)

yx Dy,
1 1
=2x1077({IIn—=—1In—
D ry
D
=-2x10"TIn— (4.5.3)
r
i
and
Ay A D
L,="2="2=2x10"1In— H/m per conductor (4.5.4)
I, -1 r;
The total inductance of the single-phase circuit, also called loop induc-
tance, is

D D
LLX+Ly2><lO7<ln—/+ln—/>
r

rl ]
D2
=2x107In—
)
7 D -
=4x 107" In T H/m per circuit (4.5.5)
xry
Also, if rl. = r; =/, the total circuit inductance is
D .
L=4x10"In = H/m per circuit (4.5.6)

The inductances of the single-phase two-wire line are shown in Figure 4.9(b).
Figure 4.10(a) shows a three-phase three-wire line consisting of three
solid cylindrical conductors a, b, ¢, each with radius r, and with equal phase
spacing D between any two conductors. To determine inductance, assume
balanced positive-sequence currents I,, I, I. that satisfy I, + I, + 1. = 0.
Then (4.4.30) is valid and the total flux linking the phase « conductor is

FIGURE 4.10 c
Three-phase three-wire
line with equal phase
spacing D D La
—— Y
Gt
a b o neutral -
(a) Geometry (b) Phase inductance
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_ 1 1 1
Ae=2x10 7(1,, ln;—i—lb ln5+1C In B)

1 1
=2x107 [la In =+ (I + 1) In B} (4.5.7)

Using (I, + 1) = —1,,

1 1
=7
)\,a:Z,XlO <Ia lnplaln6>

D
=2x10"L,In— Wb-t/m (4.5.8)
r
The inductance of phase a is then
Ja ... D
L, = 7= 2x107" In P H/m per phase (4.5.9)

a

Due to symmetry, the same result is obtained for L, = 4,/I, and for
L. = A./I.. However, only one phase need be considered for balanced three-
phase operation of this line, since the flux linkages of each phase have equal
magnitudes and 120° displacement. The phase inductance is shown in
Figure 4.10(b).

4.6

INDUCTANCE: COMPOSITE CONDUCTORS,
UNEQUAL PHASE SPACING, BUNDLED
CONDUCTORS

The results of Section 4.5 are extended here to include composite conductors,
which consist of two or more solid cylindrical subconductors in parallel. A
stranded conductor is one example of a composite conductor. For simplicity
we assume that for each conductor, the subconductors are identical and share
the conductor current equally.

Figure 4.11 shows a single-phase two-conductor line consisting of two
composite conductors x and y. Conductor x has N identical subconductors,
each with radius r, and with current (//N) referenced out of the page. Simi-
larly, conductor y consists of M identical subconductors, each with radius r,
and with return current (—1/M). Since the sum of all the currents is zero,
(4.4.30) is valid and the total flux @, linking subconductor & of conductor
X is

O =2x 1077 iZlen ! —iilnL (4.6.1)
e Nm:l Dy M D o

m=1’

Since only the fraction (1/N) of the total conductor current 7 is linked
by this flux, the flux linkage /4 of (the current in) subconductor k is
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FIGURE 4.11 M
Single-phase two- N r @ r,
conductor line with @ *
composite conductors O
3

2
- -
Conductor x Conductor y
M = Dk 5107 Zl Z In (4.6.2)
N N2 ka NM ka

The total flux linkage of conductor x is

Ay —Z;k—leo 712[]\]221 D ZlnDk]

(4.6.3)

Using INnA*=alnA and Y InA;=1In[[A; (sum of Ins=In of
products), (4.6.3) can be rewritten in the following form:

(i)
km

(o)
m=1
and the inductance of conductor x, L, = %, can be written as
-7 ny
L,=2x10"1n H/m per conductor (4.6.5)
where
D,, = (4.6.6)
D.. = (4.6.7)
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D,,, given by (4.6.6), is the MNth root of the product of the MN distances
from the subconductors of conductor x to the subconductors of conductor y.
Associated with each subconductor k& of conductor x are the M distances
Dyi’,Dia2’, ..., Diyr to the subconductors of conductor y. For N subcon-
ductors in conductor x, there are therefore MN of these distances. Dy, is
called the geometric mean distance or GMD between conductors x and y.

Also, Dy,, given by (4.6.7), is the N? root of the product of the N
distances between the subconductors of conductor x. Associated with each
subconductor k are the N distances Dy, Dyo,..., D =1',..., Dyy. For
N subconductors in conductor x, there are therefore N2 of these distances.
D, is called the geometric mean radius or GMR of conductor x.

Similarly, for conductor y,

D,,

L,=2x10""In =2 H/m per conductor (4.6.8)
vy
where
MY M M
DJ’}’ = H H Dy (469)

k=1" m=1'

D,,, the GMR of conductor y, is the M? root of the product of the M? dis-
tances between the subconductors of conductor y. The total inductance L of
the single-phase circuit is

L=L.+L, H/m per circuit (4.6.10)

EXAMPLE 4.2 GMR, GMD, and inductance: single-phase two-conductor line

Expand (4.6.6), (4.6.7), and (4.6.9) for N = 3 and M = 2’. Then evaluate L,,
L,, and L in H/m for the single-phase two-conductor line shown in
Figure 4.12.

FIGURE 4.12 05m 1.5m 2m 0.3 m

Single-phase

| | |
two-conductor , )
line for Example 4.2 ! O O 2 & O L O O 2
rX x

A r. = 003 m r, r,=004m
« Y, N Y
Conductor x Conductor y
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SOLUTION For N =3 and M = 2/, (4.6.6) becomes

6

ny = H H Dy

=1 m=1'

3
= | [ w1/ D
k=1

= /(D11/D12/)(D21'Dyy ) (D31: D3y

Similarly, (4.6.7) becomes

9|1 3

D, = H H D)

k=1 m=1

3
= H Di1Dj2Dys
k=1

= /(D1D12D13)(D2;D2Dy;3) (D3 D3;Ds3)
and (4.6.9) becomes

4

Dyy = H H | Dy

=1" m=1'

4| o

= H Dy1/Dyo
=1/

= y(Dl/]’DI’Z’)(Dz/llDz/Z/)

Evaluating D,,, D,,, and D), for the single-phase two-conductor line shown
in Figure 4.12,

Dy =4m Dy =43m Dy =35m
Dy =38 m Ds3;r =2m D3 =23 m

D,, = /(4)(4.3)(3.5)(3.8)(2)(2.3) = 3.189 m

Dy = Dy = D33 = 7. = e7/4r, = (0.7788)(0.03) = 0.02336 m

D21 = D12 =05m
D23 = D32 =15m
D31 = D13 =20m
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D, = \9/(0.02336)3(0.5)2(1.5)2(2.0)2 =0.3128 m
Dy =Dy =1 = e/, = (0.7788)(0.04) = 0.03115 m
Dy =Dy =0.3m
D,, = 1/(0.03115)%(0.3)% = 0.09667 m
Then, from (4.6.5), (4.6.8), and (4.6.10):

3.189
0.3128

3.189
0.09667

L,=2x10" 1n< > =4.644 x 1077 H/m per conductor

L,=2x10"’ 1n< ) =6.992 x 1077 H/m per conductor

L=L,+L,=1.164x10°° H/m per circuit |

It is seldom necessary to calculate GMR or GMD for standard lines.
The GMR of standard conductors is provided by conductor manufacturers
and can be found in various handbooks (see Appendix Tables A.3 and A.4).
Also, if the distances between conductors are large compared to the distances
between subconductors of each conductor, then the GMD between con-
ductors is approximately equal to the distance between conductor centers.

EXAMPLE 4.3 Inductance and inductive reactance: single-phase line

A single-phase line operating at 60 Hz consists of two 4/0 12-strand copper
conductors with 5 ft spacing between conductor centers. The line length is
20 miles. Determine the total inductance in H and the total inductive re-
actance in Q.

SOLUTION The GMD between conductor centers is Dy, = 5 ft. Also, from
Table A.3, the GMR of a 4/0 12-strand copper conductor is D, = D,, =
0.01750 ft. From (4.6.5) and (4.6.8),

5
0.01750
=0.03639 H per conductor

L, = y=2><10—71n( -

>E>< 1609 2 % 20 mi
mi

The total inductance is
L=L,+L,=2x0.03639 =0.07279 H per circuit
and the total inductive reactance is

X =2nfL = (27)(60)(0.07279) = 27.44  Q per circuit [ |
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FIGURE 4.13 I
. o—» — o
Completely transposed Dy2 Position 1 Iy
three-phase line D Position 2 ° 7 o
D,3 Position 3 o N -0
‘g [ 4
3 ' 3 ' 3
¢

To calculate inductance for three-phase lines with stranded conductors
and equal phase spacing, r’ is replaced by the conductor GMR in (4.5.9). If
the spacings between phases are unequal, then balanced positive-sequence
flux linkages are not obtained from balanced positive-sequence currents. In-
stead, unbalanced flux linkages occur, and the phase inductances are unequal.
However, balance can be restored by exchanging the conductor positions
along the line, a technique called transposition.

Figure 4.13 shows a completely transposed three-phase line. The line
is transposed at two locations such that each phase occupies each position
for one-third of the line length. Conductor positions are denoted 1, 2, 3 with
distances Dj;, D3, D3 between positions. The conductors are identical,
each with GMR denoted Dg. To calculate inductance of this line, assume bal-
anced positive-sequence currents I, I, I, for which I, + I, + I. = 0. Again,
(4.4.30) is valid, and the total flux linking the phase a conductor while it is in
position 1 is

_ 1 1
Ja1 =2 x 10 {I ln—+Ib In—+1/11In —} Whb-t/m (4.6.11)
D, Ds,
Similarly, the total flux linkage of this conductor while it is in positions 2 and
3is

Jar =2 x 10771, ln +I/, In — ! + 1. lnL Whb-t/m (4.6.12)
Do3 Dz

Jay =2 x 1077 [la In DLS—F I, In Dl + 1. 1n DLJ Whb-t/m (4.6.13)

The average of the above flux linkages is

/ / /
L Jal <§> + a2 (§> + a3 (§> A+

[ B 3

{31 In — ! +I;, In L +/1. In L (4.6.14)

2x10°77
D1,D»; D3 D1>D»; D3

3
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Using (I, + I.) = —1, in (4.6.14),

2% 1077 1 1
dg =" 3L, In — — [, In ————
“ 3 o Ds ¢ B D12Dy3Ds;
3
¥/D,Dy3D
=2x10771, ln% Wb-t/m (4.6.15)
S

and the average inductance of phase «a is

3
v/ D12DasD
LaZ%:2x10_7ln% H/m per phase (4.6.16)
a S

The same result is obtained for L, = 4;/I, and for L, = A./I.. How-
ever, only one phase need be considered for balanced three-phase operation
of a completely transposed three-phase line. Defining

D¢, = v/D12DxDj (4.6.17)

we have

.. D
L,=2x10"1n D"q

H/m (4.6.18)
S

Dy¢q, the cube root of the product of the three-phase spacings, is the geometric
mean distance between phases. Also, Dg is the conductor GMR for stranded
conductors, or 1’ for solid cylindrical conductors.

EXAMPLE 4.4 Inductance and inductive reactance: three-phase line

A completely transposed 60-Hz three-phase line has flat horizontal phase
spacing with 10 m between adjacent conductors. The conductors are
1,590,000 cmil ACSR with 54/3 stranding. Line length is 200 km. Determine
the inductance in H and the inductive reactance in Q.

soLUTION From Table A.4, the GMR of a 1,590,000 cmil 54/3 ACSR
conductor is

1 m
Dg = 0.0520 ft TR 0.0159 m

Also, from (4.6.17) and (4.6.18),
Deq = v/(10)(10)(20) = 12.6 m

12.6 )H 1000 m

0.0159) m < km < 200 km

L,=2x10"’ ln(

=0.267 H

The inductive reactance of phase a is
X, =2nfL, = 27(60)(0.267) = 101 Q [ |
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Bundle conductor d d d

configurations S d S - (J -

FIGURE 4.14 d o
N

d
A

It is common practice for EHV lines to use more than one conductor
per phase, a practice called bundling. Bundling reduces the electric field
strength at the conductor surfaces, which in turn reduces or eliminates corona
and its results: undesirable power loss, communications interference, and
audible noise. Bundling also reduces the series reactance of the line by in-
creasing the GMR of the bundle.

Figure 4.14 shows common EHV bundles consisting of two, three, or
four conductors. The three-conductor bundle has its conductors on the ver-
tices of an equilateral triangle, and the four-conductor bundle has its con-
ductors on the corners of a square. To calculate inductance, Dg in (4.6.18) is
replaced by the GMR of the bundle. Since the bundle constitutes a composite
conductor, calculation of bundle GMR is, in general, given by (4.6.7). If
the conductors are stranded and the bundle spacing d is large compared to
the conductor outside radius, each stranded conductor is first replaced by an
equivalent solid cylindrical conductor with GMR = Dg. Then the bundle is
replaced by one equivalent conductor with GMR = Dg;, given by (4.6.7)
with n = 2, 3, or 4 as follows:

Two-conductor bundle:

Dsi. = /(Ds x d)? = /Dsd (4.6.19)

Three-conductor bundle:

Ds. = \/(Ds x d x d)* = V/Dsd? (4.6.20)

Four-conductor bundle:

Ds. = \/(Ds x d x d x dv2)* = 1.091 {/Dsd? (4.621)
The inductance is then
L,=2x1071n 2% H/m (4.6.22)
Dsp

If the phase spacings are large compared to the bundle spacing, then
sufficient accuracy for Dgq is obtained by using the distances between bundle
centers.

EXAMPLE 4.5 Inductive reactance: three-phase line with bundled conductors

Each of the 1,590,000 cmil conductors in Example 4.4 is replaced by two
795,000 cmil ACSR 26/2 conductors, as shown in Figure 4.15. Bundle
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FIGURE 4.15 | 04 m 795,000 cmil 26/2 ACSR
Three-phase bundled

conductor line for X% £ oy @/ e @

Example 4.5
a a' b b

| 10 m | 10m -

spacing is 0.40 m. Flat horizontal spacing is retained, with 10 m between ad-
jacent bundle centers. Calculate the inductive reactance of the line and com-
pare it with that of Example 4.4.

soLUTION From Table A.4, the GMR of a 795,000 cmil 26/2 ACSR con-
ductor is

I m
3.28 ft

From (4.6.19), the two-conductor bundle GMR is

Ds. = 1/(0.0114)(0.40) = 0.0676 m

Since Deq = 12.6 m is the same as in Example 4.4,

12.6
0.0676

X, = 2nfL; = (27)(60)(0.209) = 78.8 Q

The reactance of the bundled line, 78.8 Q, is 22% less than that of Example
4.4, even though the two-conductor bundle has the same amount of conduc-
tor material (that is, the same cmil per phase). One advantage of reduced
series line reactance is smaller line-voltage drops. Also, the loadability of
medium and long EHYV lines is increased (see Chapter 5). |

=0.0114 m

Dg = 0.0375 ft x

L,=2x10"7 1n< )(1000)(200) =0209 H

4.7

SERIES IMPEDANCES: THREE-PHASE LINE WITH
NEUTRAL CONDUCTORS AND EARTH RETURN

In this section, we develop equations suitable for computer calculation of
the series impedances, including resistances and inductive reactances, for the
three-phase overhead line shown in Figure 4.16. This line has three phase
conductors a, b, and ¢, where bundled conductors, if any, have already been
replaced by equivalent conductors, as described in Section 4.6. The line also
has N neutral conductors denoted nl,n2,...,nN.* All the neutral conductors

*Instead of shield wire we use the term neutral conductor, which applies to distribution as well as
transmission lines.
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FIGURE 4.16 n2(5) nN@3 + N)

n1(4)
Three-phase O O
transmission line with q)
earth replaced by earth
return conductors b(2)

Q c(3)
a(t) O

Earth surface

n2' nN'’

fo
D O

’

M

are connected in parallel and are grounded to the earth at regular intervals
along the line. Any isolated neutral conductors that carry no current are
omitted. The phase conductors are insulated from each other and from earth.

If the phase currents are not balanced, there may be a return current in
the grounded neutral wires and in the earth. The earth return current will
spread out under the line, seeking the lowest impedance return path. A clas-
sic paper by Carson [4], later modified by others [5, 6], shows that the earth
can be replaced by a set of “earth return” conductors located directly under
the overhead conductors, as shown in Figure 4.16. Each earth return con-
ductor carries the negative of its overhead conductor current, has a GMR
denoted Dy, distance Dy from its overhead conductor, and resistance Ry
given by:
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TABLE 4.4 T
Type of Earth Resistivity (2m) Dk (m)
Earth resistivities and
60-Hz equiva]ent Sea water 0.01-1.0 8.50-85.0
conductor distances ~ Swampy ground 10-100 269-850
Average damp earth 100 850
Dry earth 1000 2690
Pure slate 107 269,000
Sandstone 10° 2,690,000
Dyrr = Die - m (4.7.1)
Diir = 658.5+/p/f m (4.7.2)
Ry =9.869 x 1077/ Q/m (4.7.3)

where p is the earth resistivity in ohm-meters and f is frequency in hertz.
Table 4.4 lists earth resistivities and 60-Hz equivalent conductor distances
for various types of earth. It is common practice to select p = 100 Qm when
actual data are unavailable.

Note that the GMR of each earth return conductor, Dy, is the same
as the GMR of its corresponding overhead conductor, Dy;. Also, all the
earth return conductors have the same distance Dy from their overhead
conductors and the same resistance Ry:.

For simplicity, we renumber the overhead conductors from 1 to
(3+ N), beginning with the phase conductors, then overhead neutral con-
ductors, as shown in Figure 4.16. Operating as a transmission line, the sum of
the currents in all the conductors is zero. That is,

(6+2N)
> L=0 (4.7.4)
k=1
Equation (4.4.30) is therefore valid, and the flux linking overhead conductor
kis
(3+N) Dy
_ -7 m’
Je=2x10 ,,,2::1 I, In Do Wh-t/m (4.7.5)
In matrix format, (4.7.5) becomes
A=LI (4.7.6)
where

Aisa (3 + N) vector

Iisa (3+ N) vector

Lisa (34 N) x (3+ N) matrix whose elements are:
ka’

Liw =2 x 1077 In =222 4.7.
X X nka (4.7.7)
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FIGURE 4.17 LR, Las
A ot 55

Circuit representation of
series-phase impedances

(a) Complete circuit (b) Simplified circuit

When k =m, Dy in (4.7.7) is the GMR of (bundled) conductor k. When
k # m, Dy, is the distance between conductors k and m.

A circuit representation of a 1-meter section of the line is shown in
Figure 4.17(a). Using this circuit, the vector of voltage drops across the
conductors is:

Eyq f
a
Epp I
ECL‘
I,
0 | =(R+joL) I (4.7.8)
0
I 0 | _InN_

where L is given by (4.7.7) and Ris a (3+ N) x (3 + N) matrix of conductor

resistances.
_(Ra—l—Rk’)Rk/“. Rk,_
Ry (Rp + Ry )Ry - - :
(RC + er)er cee
R = Q/m 4.7.9
(Ryp + Ry )Rger -+ / ( )
_Rk’ (RnN + Rk’)
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The resistance matrix of (4.7.9) includes the resistance Ry of each overhead
conductor and a mutual resistance Ry due to the image conductors. Rj of
each overhead conductor is obtained from conductor tables such as Appendix
Table A.3 or A.4, for a specified frequency, temperature, and current. Ry, of
all the image conductors is the same, as given by (4.7.3).

Our objective now is to reduce the (3 + N) equations in (4.7.8) to three
equations, thereby obtaining the simplified circuit representations shown in
Figure 4.17(b). We partition (4.7.8) as follows:

Z4 ! Zp
—- - r | - -
Eq || Z1 VAL Zy3 | Zis o Z1GeN) 1,
Epy, || Za Zy Z3 | Zn4 A TE A0 I
|
Bee || G ___Zn __Zn 12w o1l DN ||k
Zy Zp Zs3 | Zus Z4G34N) I
: InN
| .
L 0 [ Zevn Zisnz Zans | Zowns o Zesneeny L
|
Zc Zp
(4.7.10)
The diagonal elements of this matrix are
D 7
Zie = Ri+ Ry +jo2 x 10 In D—"" Q/m (4.7.11)
e
And the off-diagonal elements, for k # m, are
Diow'
Zim = Ry + j2 x 10 In D" " Q/m (4.7.12)
km
Next, (4.7.10) is partitioned as shown above to obtain
5 -2z @713
0 Zc | Zp | Un
where
Ey, 1, In
Ep= |Ep |; Ip=|1|; I,=1] "
EC(,' 1(: InN

Ep is the three-dimensional vector of voltage drops across the phase con-
ductors (including the neutral voltage drop). Ip is the three-dimensional vec-
tor of phase currents and I, is the N vector of neutral currents. Also, the
(34+ N) x (3+ N) matrix in (4.7.10) is partitioned to obtain the following
matrices:
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Z, with dimension 3 x 3
Zg with dimension 3 x N
Z with dimension N x 3

Zp with dimension N x N
Equation (4.7.13) is rewritten as two separate matrix equations:
Ep=Z,Ip + Z3l, (4.7.14)
0="ZcIlp+ Zpl, (4.7.15)
Solving (4.7.15) for I,
1, =—-Z,' ZcIp (4.7.16)

Using (4.7.16) in (4.7.14):

Ep = Z4 — ZpZ,)' Z(|Ip (4.7.17)
or

Ep = Zplp (4.7.18)
where

Zp =27, ZpZ,' Z¢ (4.7.19)

Equation (4.7.17), the desired result, relates the phase-conductor voltage
drops (including neutral voltage drop) to the phase currents. Zp given by
(4.7.19) is the 3 x 3 series-phase impedance matrix, whose elements are de-
noted

V4 aaeq Z abeq Z aceq
Zp = Zabeq beeq Zbceq Q/m (4720)
Z aceq Z bceq Z ceeq

If the line is completely transposed, the diagonal and off-diagonal ele-
ments are averaged to obtain

aaeq Zabeq Zabeq

Zp = Aabeq Zaaeq abeq Q/m (4721)

abeq Zabeq Zaueq

where
Zaaeq = % (Zaaeq + beeq + cheq) (4722)
Zabeq - % (Zabeq + Zaceq + Zbceq) (4723)
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4.8

ELECTRIC FIELD AND VOLTAGE:
SOLID CYLINDRICAL CONDUCTOR

The capacitance between conductors in a medium with constant permittivity
¢ can be obtained by determining the following:

1. Electric field strength E, from Gauss’s law
2. Voltage between conductors
3. Capacitance from charge per unit volt (C = ¢/ V)

As a step toward computing capacitances of general conductor con-
figurations, we first compute the electric field of a uniformly charged, solid
cylindrical conductor and the voltage between two points outside the con-
ductor. We also compute the voltage between two conductors in an array of
charged conductors.

Gauss’s law states that the total electric flux leaving a closed surface
equals the total charge within the volume enclosed by the surface. That is, the
normal component of electric flux density integrated over a closed surface
equals the charge enclosed:

ﬁ D, ds= ﬁ eE | ds = Qenclosed (4.8.1)

where D, denotes the normal component of electric flux density, £, denotes
the normal component of electric field strength, and ds denotes the differen-
tial surface area. From Gauss’s law, electric charge is a source of electric
fields. Electric field lines originate from positive charges and terminate at
negative charges.

Figure 4.18 shows a solid cylindrical conductor with radius r and with
charge ¢ coulombs per meter (assumed positive in the figure), uniformly dis-
tributed on the conductor surface. For simplicity, assume that the conductor
is (1) sufficiently long that end effects are negligible, and (2) a perfect con-
ductor (that is, zero resistivity, p = 0).

Inside the perfect conductor, Ohm’s law gives Ej,; = pJ = 0. That is, the
internal electric field Ej,; is zero. To determine the electric field outside the
conductor, select the cylinder with radius x > r and with 1-meter length,
shown in Figure 4.18, as the closed surface for Gauss’s law. Due to the
uniform charge distribution, the electric field strength E, is constant on the
cylinder. Also, there is no tangential component of E,, so the electric field is
radial to the conductor. Then, integration of (4.8.1) yields

¢, (2mx)(1) = ¢(1)

q
E.=—— V/m 4.8.2
T 2mex / ( )

where, for a conductor in free space, & = & = 8.854 x 10~1? F/m.
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FIGURE 4.18

Perfectly conducting
solid cylindrical
conductor with uniform
charge distribution

A plot of the electric field lines is also shown in Figure 4.18. The direc-
tion of the field lines, denoted by the arrows, is from the positive charges
where the field originates, to the negative charges, which in this case are at
infinity. If the charge on the conductor surface were negative, then the direc-
tion of the field lines would be reversed.

Concentric cylinders surrounding the conductor are constant potential
surfaces. The potential difference between two concentric cylinders at dis-
tances D; and D, from the conductor center is

D,
V12 = J Ex dx (483)
D,
Using (4.8.2) in (4.8.1),
D,
_[te 44, D
Vip = JD] Tk dx = Te In D, volts (4.8.4)

Equation (4.8.4) gives the voltage V1, between two points, P; and P, at dis-
tances Dy and D, from the conductor center, as shown in Figure 4.18. Also,
in accordance with our notation, V1, is the voltage at P; with respect to P,. If
q is positive and D, is greater than D;, as shown in the figure, then Vy; is
positive; that is, Py is at a higher potential than P,. Equation (4.8.4) is also
valid for either dc or ac. For ac, Vj; is a phasor voltage and ¢ is a phasor
representation of a sinusoidal charge.

Now apply (4.8.4) to the array of M solid cylindrical conductors shown
in Figure 4.19. Assume that each conductor m has an ac charge ¢,, C/m uni-
formly distributed along the conductor. The voltage V;;, between conductors
k and i due to the charge ¢,, acting alone is

qm Dim
Viim = | | 4.8.5
% e 1B Dy, volts (4.8.5)
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FIGURE 4.19 M

Array of M solid @)
cylindrical conductors

where Dy, = r,, when k = m or i = m. In (4.8.5) we have neglected the dis-
tortion of the electric field in the vicinity of the other conductors, caused by
the fact that the other conductors themselves are constant potential surfaces.
Viim can be thought of as the voltage between cylinders with radii Dy, and
D;,, concentric to conductor m at points on the cylinders remote from con-
ductors, where there is no distortion.

Using superposition, the voltage V}; between conductors k and i due to
all the changes is

Vi = ! XM: In Din volts (4.8.6)
ki — e P dm D -O.

4.9

CAPACITANCE: SINGLE-PHASE TWO-WIRE LINE
AND THREE-PHASE THREE-WIRE LINE WITH
EQUAL PHASE SPACING

The results of the previous section are used here to determine the capaci-
tances of the two relatively simple transmission lines considered in Section
4.5, a single-phase two-wire line and a three-phase three-wire line with equal
phase spacing.

First we consider the single-phase two-wire line shown in Figure 4.9.
Assume that the conductors are energized by a voltage source such that con-
ductor x has a uniform charge ¢ C/m and, assuming conservation of charge,
conductor y has an equal quantity of negative charge —¢q. Using (4.8.6) with
k=x,i=y,andm=x,y,

| D, D,,
Vip = — |qIn =22 — g In =2
v = |1 D, 1" D,
9 DDy (4.9.1)

=—"1In
2re  DyD,,
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Using D,, = D, = D, D\, =r,, and D, = r,, (4.9.1) becomes

Ve = 41 volts (4.9.2)
e \fTxTy

For a I-meter line length, the capacitance between conductors is

Cy = B L — F/m line-to-line (4.9.3)

In
Fily
andifre =r, =,
e . .
Cy = In(D/7) F/m line-to-line (4.9.4)

If the two-wire line is supplied by a transformer with a grounded center
tap, then the voltage between each conductor and ground is one-half that
given by (4.9.2). That is,

Ve

and the capacitance from either line to the grounded neutral is
q
Cn - an - C)n - 5 = 2fo
V I/xn )
_ 2 F/m line-to-neutral (4.9.6)
~ In(D/r) o

Circuit representations of the line-to-line and line-to-neutral capaci-
tances are shown in Figure 4.20. Note that if the neutral is open in Figure
4.20(b), the two line-to-neutral capacitances combine in series to give the line-
to-line capacitance.

Next consider the three-phase line with equal phase spacing shown in
Figure 4.10. We shall neglect the effect of earth and neutral conductors here.
To determine the positive-sequence capacitance, assume positive-sequence
charges ¢4, ¢», ¢, such that g, + g5 + g. = 0. Using (4.8.6) with k = a, i = b,
and m = a, b, ¢, the voltage 1, between conductors ¢ and b is

1 D bb Dy

b D
e QalnD—aZ+Qb lnD—ab‘Fchn D,.

Using D,, = Dy, = r, and D, = Dy, = D, = Dy, = D, (4.9.7) becomes

Vb =

(4.9.7)

FIGURE 4.20 n
xo 1t oy xo—i} j——ov
Circu.it representatipn of Cy Cun = 2C,, Cyn = 2C,,
capacitances for a single-
phase two-wire line  (a) Line-to-line capacitance (b} Line-to-neutral capacitances
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1 D r D
%b:%{q(JIHT—FQ};InB—‘qulnB}

1 D r
= % |:qa ln 7 + qp In B:| VOltS (498)
Note that the third term in (4.9.8) is zero because conductors a and b are
equidistant from conductor ¢. Thus, conductors ¢ and b lie on a constant po-
tential cylinder for the electric field due to ¢..

Similarly, using (4.8.6) with k =a, i = ¢, and m = a, b, ¢, the voltage

Vae 18
1T Dca Dcc
Vae = 2 | qa In —— D, + 4 ln + qgcIn D,

1T D D

=—|¢sIn—+¢qpIn = +qcln

2me | r

1T D r

= 3me _qa In ~ +gcIn B] volts (4.9.9)

Recall that for balanced positive-sequence voltages,

3 1
ab \/_Van[ +3OO \/§Van % +]§ (4910)
3 1
Vie = —Via = V3V/ =30° = V3V, \/7_—]'51 (4.9.11)

Adding (4.9.10) and (4.9.11) yields
Vb + Vae = 3Vn (4912)
Using (4.9.8) and (4.9.9) in (4.9.12),

1 1 D r
Vi = 3 <2n ) [2% In —+ (g5 + ¢.) In B} (4.9.13)

FIGURE 4.21 and with g5 + ¢. = —qa,

Circuit representation of 1 D
the capacitance-to- Vin = =— ¢, In —  volts (4.9.14)
neutral of a three-phase _ 2me r . '
line with equal phase ~ The capacitance-to-neutral per line length is
spacing e .
Cun = ba _ F/m line-to-neutral (4.9.15)

a Vin <D>
l In{ —
-
C

Due to symmetry, the same result is obtained for C,, =g;/V,, and

an Cei = 4/ Ven. For balanced three-phase operation, however, only one phase

-[ need be considered. A circuit representation of the capacitance-to-neutral is
n shown in Figure 4.21.
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4.10

CAPACITANCE: STRANDED CONDUCTORS,
UNEQUAL PHASE SPACING, BUNDLED
CONDUCTORS

Equations (4.9.6) and (4.9.15) are based on the assumption that the con-
ductors are solid cylindrical conductors with zero resistivity. The electric field
inside these conductors is zero, and the external electric field is perpendicular
to the conductor surfaces. Practical conductors with resistivities similar to
those listed in Table 4.3 have a small internal electric field. As a result, the
external electric field is slightly altered near the conductor surfaces. Also, the
electric field near the surface of a stranded conductor is not the same as that
of a solid cylindrical conductor. However, it is normal practice when calcu-
lating line capacitance to replace a stranded conductor by a perfectly con-
ducting solid cylindrical conductor whose radius equals the outside radius of
the stranded conductor. The resulting error in capacitance is small since only
the electric field near the conductor surfaces is affected.

Also, (4.8.2) is based on the assumption that there is uniform charge
distribution. But conductor charge distribution is nonuniform in the presence
of other charged conductors. Therefore (4.9.6) and (4.9.15), which are derived
from (4.8.2), are not exact. However, the nonuniformity of conductor charge
distribution can be shown to have a negligible effect on line capacitance.

For three-phase lines with unequal phase spacing, balanced positive-
sequence voltages are not obtained with balanced positive-sequence charges.
Instead, unbalanced line-to-neutral voltages occur, and the phase-to-neutral
capacitances are unequal. Balance can be restored by transposing the line
such that each phase occupies each position for one-third of the line length. If
equations similar to (4.9.7) for ¥V, as well as for V. are written for each po-
sition in the transposition cycle, and are then averaged and used in (4.9.12)—
(4.9.14), the resulting capacitance becomes

27

Cun :m F/m (4101)

where

Deq = \3/ DuyDpcDye (4102)

Figure 4.22 shows a bundled conductor line with two conductors per
bundle. To determine the capacitance of this line, assume balanced positive-
sequence charges ¢,, ¢, ¢. for each phase such that ¢, + ¢, + g. = 0. Assume
that the conductors in each bundle, which are in parallel, share the charges
equally. Thus conductors a and a’ each have the charge ¢,/2. Also assume
that the phase spacings are much larger than the bundle spacings so that D,
may be used instead of (D, — d) or (D, + d). Then, using (4.8.6) with k = q,
i=bm=ua,a, bbb cc,
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FIGURE 4.22

I
Three-phase line with |

two conductors per O
bundle @

2 Daa * 2 Daa’ +7 " Dab

1 D, Dy Dy
v, {Q(Jln ba ﬁln ba le bb

> "p, " 2™"p,"2™D,

1 qa Dab Dab qb r d
=— =11 In — =1 1
2n£{2<n r+nd>+2<nDub+nDab

C DC DC
+q—<1n b +1In b)}

Dy c Dc c Dc’
Qb 4y 2060 Geq) Dbe | ey b:|

2 DaC DaC
1 Dab \/V‘d‘ Db(?
= 27718 qa ln \/T_d + qb ln Diub —+ qC ln Da(,] (4103)

Equation (4.10.3) is the same as (4.9.7), except that D, and Dy, in
(4.9.7) are replaced by v/rd in this equation. Therefore, for a transposed line,
derivation of the capacitance would yield

2me

Cu = m F/m (4.10.4)
where

Dsc = V/rd for a two-conductor bundle (4.10.5)
Similarly,

Dgc = Vrd?  for a three-conductor bundle (4.10.6)

Dgc = 1.091 Vrd®  for a four-conductor bundle (4.10.7)

Equation (4.10.4) for capacitance is analogous to (4.6.22) for induc-
tance. In both cases Deq, given by (4.6.17) or (4.10.2), is the geometric mean
of the distances between phases. Also, (4.10.5)—(4.10.7) for Dgc are analo-
gous to (4.6.19)—(4.6.21) for Dg;, except that the conductor outside radius r
replaces the conductor GMR Ds.

The current supplied to the transmission-line capacitance is called
charging current. For a single-phase circuit operating at line-to-line voltage
Viy = Vi, /0°, the charging current is

Ing = Yy Viy = jooCy Vi A (4.10.8)
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206 CHAPTER 4 TRANSMISSION LINE PARAMETERS

As shown in Chapter 2, a capacitor delivers reactive power. From (2.3.5), the
reactive power delivered by the line-to-line capacitance is

2

Vo 2 2
Qc = < = Yo V5, = wanyy var (4.10.9)

For a completely transposed three-phase line that has balanced positive-
sequence voltages with ¥, = Vi n/0°, the phase a charging current is

Leng = YVip = joCaVin A (4.10.10)
and the reactive power delivered by phase a is

Qciyp = YV, = 0CaiViy  var (4.10.11)
The total reactive power supplied by the three-phase line is

Qcip = 3Qc1y = 30Ca Viy = 0Cy Vi, var (4.10.12)

EXAMPLE 4.6 Capacitance, admittance, and reactive power supplied:
single-phase line

For the single-phase line in Example 4.3, determine the line-to-line capaci-
tance in F and the line-to-line admittance in S. If the line voltage is 20 kV,
determine the reactive power in kvar supplied by this capacitance.

soLUTION From Table A.3, the outside radius of a 4/0 12-strand copper
conductor is

0521
2 "7 12in

and from (4.9.4),

= 0.023 ft

7(8.854 x 10-12)

m(—>
0.023

F .
Cyy = 5.169 x 10722 x 1609 = x 20 mi = 1.66 x 107 F
m mi

Cy = =5169x 1072 F/m

or

and the shunt admittance is
Y,y = joCyy = j(2760)(1.66 x 1077)
—=j6.27 x 107> S line-to-line
From (4.10.9),
Qc = (6.27 x 107°)(20 x 10*)* = 25.1 kvar [
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EXAMPLE 4.7 Capacitance and shunt admittance; charging current and
reactive power supplied: three-phase line

For the three-phase line in Example 4.5, determine the capacitance-to-neutral
in F and the shunt admittance-to-neutral in S. If the line voltage is 345 kV,
determine the charging current in kA per phase and the total reactive power
in Mvar supplied by the line capacitance. Assume balanced positive-sequence
voltages.

SOLUTION From Table A.4, the outside radius of a 795,000 cmil 26/2 ACSR
conductor is

po L0 00254 ™ — 00141 m
2 n.

From (4.10.5), the equivalent radius of the two-conductor bundle is

Dsc = 1/(0.0141)(0.40) = 0.0750 m

Deq = 12.6 m is the same as in Example 4.5. Therefore, from (4.10.4),

—-12
(2”)(8'851422 107 g x 1000% x 200 km
In (0.0750)

=217x10°% F

Can =

The shunt admittance-to-neutral is

Yun = joCoy = j(2160)(2.17 x 107°)

=j819x 107 S
From (4.10.10),
Lehg = Iehg) = (8.19 x 107%) (ﬁ> =0.163 kA/phase
V3
and from (4.10.12),
Qcss = (8.19 x 107%)(345)> = 97.5 Mvar u

4.11

SHUNT ADMITTANCES: LINES WITH NEUTRAL
CONDUCTORS AND EARTH RETURN

In this section, we develop equations suitable for computer calculation of the
shunt admittances for the three-phase overhead line shown in Figure 4.16.
We approximate the earth surface as a perfectly conducting horizontal plane,
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FIGURE 4.23

Method of images

Earth plane

{a) Single conductor and earth plane

{b) Earth plane replaced by image conductor

even though the earth under the line may have irregular terrain and re-
sistivities as shown in Table 4.4.

The effect of the earth plane is accounted for by the method of images,
described as follows. Consider a single conductor with uniform charge distri-
bution and with height H above a perfectly conducting earth plane, as shown
in Figure 4.23(a). When the conductor has a positive charge, an equal quan-
tity of negative charge is induced on the earth. The electric field lines will
originate from the positive charges on the conductor and terminate at the
negative charges on the earth. Also, the electric field lines are perpendicular
to the surfaces of the conductor and earth.

Now replace the earth by the image conductor shown in Figure 4.23(b),
which has the same radius as the original conductor, lies directly below the
original conductor with conductor separation Hy; = 2H, and has an equal
quantity of negative charge. The electric field above the dashed line repre-
senting the location of the removed earth plane in Figure 4.23(b) is identical
to the electric field above the earth plane in Figure 4.23(a). Therefore, the
voltage between any two points above the earth is the same in both figures.

EXAMPLE 4.8 Effect of earth on capacitance: single-phase line

If the single-phase line in Example 4.6 has flat horizontal spacing with 18-ft
average line height, determine the effect of the earth on capacitance. Assume
a perfectly conducting earth plane.

SOLUTION The earth plane is replaced by a separate image conductor
for each overhead conductor, and the conductors are charged as shown in
Figure 4.24. From (4.8.6), the voltage between conductors x and y is
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FIGURE 4.24

Single-phase line for *q

Example 4.8

—— Earth plane

& 2re Dxx D Xy Hxx ny
_ 4 [m DDy H”HW}
27e Dxny} HxxH}y

Coy =1 e F/m
Y% InZ_m Hy
r H,.
Using D = 5 ft, r = 0.023 ft, H,, = 2H = 36 ft, and H,, = /(36)* + (5)* =
36.346 ft,
_ n(8854x10712) b
Cyy = S 36396 - 5178 x 107> F/m
0.023 36

compared with 5.169 x 10~'2 F/m in Example 4.6. The effect of the earth
plane is to slightly increase the capacitance. Note that as the line height H
increases, the ratio H,,/H., approaches 1, In(H,,/H,,) — 0, and the effect
of the earth becomes negligible. |

For the three-phase line with N neutral conductors shown in Figure
4.25, the perfectly conducting earth plane is replaced by a separate image
conductor for each overhead conductor. The overhead conductors a, b, ¢, nl,
n2,...,nN carry charges qu, qp,qc, qni, - - -, qnn, and the image conductors a’,
b', ¢, nl',...,nN' carry charges —q., —q», —qc, —qul, .- -, —qun. Applying
(4.8.6) to determine the voltage Vi between any conductor k and its image
conductor k’,
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FIGURE 4.25 n2 nN

Three-phase line with
neutral conductors and

with earth plane Danm 5 b
replaced by image ab c
conductors
2 B ©

_____ -+—{ ———————————— Earth plane

[ c
a
o
;i O O
' N’

2 nN Hk
=— 1 m 4.11.1
2n6mZan 1 Dy ( )

where Dy = rr and Dy, is the distance between overhead conductors k
and m. Hp, is the distance between overhead conductor k and image
conductor m. By symmetry, the voltage }}, between conductor k and the
earth is one-half of V.

Hc
V}m /ck 2 Z Qin fom (4 11 2)

where
k=a,b,c,nl,n2, ... nN
m=a,b,c,nl,n2,... nN
Since all the neutral conductors are grounded to the earth,
Vin =0 fork =nl,n2,...,nN (4.11.3)

In matrix format, (4.11.2) and (4.11.3) are
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P, Py
-Van_ _Paa Pab Pac Panl PanN 1 _% 1
Vin Poa  Pop Py Poni o Poanv || @b
I/cn Pca Pc Pcc Pc e PL' c
Ton | b d v || e (4.11.4)
0 Pnlu Pnlb Pnlc Pnlnl o PnlnN 4n1
L 0 i L PnNu Pan PnN(? Pnan et PnNnN_ _qu_
PC PD
The elements of the (3 + N) x (3 + N) matrix P are
1 Hkm
Piy, ==—1 F 4.11.5
in = 5 n Dy, m/ ( )

k=a,b,c,nl,... ,nN
m=a,b,c,nl,...,.nN

Equation (4.11.4) is now partitioned as shown above to obtain

GRERH

Vp is the three-dimensional vector of phase-to-neutral voltages. ¢p is the
three-dimensional vector of phase-conductor charges and ¢, is the N vector
of neutral conductor charges. The (3 + N) x (3 + N)P matrix is partitioned
as shown in (4.11.4) to obtain:

P, with dimension 3 x 3

P with dimension 3 x N

Pc with dimension N x 3

Pp with dimension N x N
Equation (4.11.6) is rewritten as two separate equations:

Ve = Paqp + Ppgq, (4.11.7)

0 =Pcqgp + Ppg, (4.11.8)
Then (4.11.8) is solved for ¢,,, which is used in (4.11.7) to obtain

Ve = (Py — PgP,'Pc)gp (4.11.9)
or

qp = CpVp (4.11.10)
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where
Cp = (P, —PsP;'Pc)' F/m (4.11.11)

Equation (4.11.10), the desired result, relates the phase-conductor
charges to the phase-to-neutral voltages. Cp is the 3 x 3 matrix of phase
capacitances whose elements are denoted

Caa Cab Cu('
Co=|Ca»r Cp Cp| F/m (4.11.12)
Cac Cbc CCE

It can be shown that Cp is a symmetric matrix whose diagonal terms C,,,
Cpp, C.. are positive, and whose off-diagonal terms C,;,, Cy., C,. are negative.
This indicates that when a positive line-to-neutral voltage is applied to one
phase, a positive charge is induced on that phase and negative charges are
induced on the other phases, which is physically correct.

If the line is completely transposed, the diagonal and off-diagonal ele-
ments of Cp are averaged to obtain

Caa éab Cab
Cr=|Cyp Cun Cu| F/m (4.11.13)
Cab cab Caa
where
Caa = %(Cau + Cbb + Ccc') F/m (41114)
Cab = %(Cab + Cpe + Cac’) F/m (41115)

Cpisa symmetrical capacitance matrix.
The shunt phase admittance matrix is given by

Yp = joCp = j(27f)Cp S/m (4.11.16)
or, for a completely transposed line,

Yp = joCp = j(27f)Cp S/m (4.11.17)

4.12

ELECTRIC FIELD STRENGTH AT CONDUCTOR
SURFACES AND AT GROUND LEVEL

When the electric field strength at a conductor surface exceeds the break-
down strength of air, current discharges occur. This phenomenon, called
corona, causes additional line losses (corona loss), communications interfer-
ence, and audible noise. Although breakdown strength depends on many
factors, a rough value is 30 kV/cm in a uniform electric field for dry air at
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atmospheric pressure. The presence of water droplets or rain can lower this
value significantly. To control corona, transmission lines are usually designed
to maintain calculated values of conductor surface electric field strength below
20 KV s/cm.

When line capacitances are determined and conductor voltages are
known, the conductor charges can be calculated from (4.9.3) for a single-phase
line or from (4.11.10) for a three-phase line. Then the electric field strength at
the surface of one phase conductor, neglecting the electric fields due to charges
on other phase conductors and neutral wires, is, from (4.8.2),

q
E=—"V 4.12.1
2mer /m ( )
where r is the conductor outside radius.
For bundled conductors with N, conductors per bundle and with
charge ¢ C/m per phase, the charge per conductor is ¢/N;, and

Ny
Erave = qz/
er

V/m (4.12.2)

Equation (4.12.2) represents an average value for an individual conductor in
a bundle. The maximum electric field strength at the surface of one conductor
due to all charges in a bundle, obtained by the vector addition of electric
fields (as shown in Figure 4.26), is as follows:

Two-conductor bundle (N, = 2):

E.o q/2 N q/2  q/2 (1 +1>

2rer  2med  2mer d
= Ene (1 + 1) (4.12.3)
d
Three-conductor bundle (N, = 3):
_q/3 (1  2cos30%\ 3
Ermax - 27[8 (}" + d — Erave 1 + d (4124)

Four-conductor bundle (N, = 4):
q/4 (1 | 2 cos 45°
rodv2 d

Ermax -

r
94 > :Eme[l +d(z.1213)] (4.12.5)

FIGURE 4.26

q/3 q/4 qa/4
Vector addition of
electric fields at the g/2 q/2 /3 a/3 a/4 q/4
surface of one conductor  «—
in a bundle e e Pz
30° -
45°

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.




214

TABLE 4.5

Examples of maximum
ground-level electric
field strength versus

transmission-line voltage

[1] (© Copyright 1987.

Electric Power Research
Institute (EPRI),
Publication Number
EL-2500. Transmission
Line Reference Book,
345-kV and Above,
Second Edition, Revised.
Reprinted with
permission)

FIGURE 4.27

Ground-level electric
field strength due to an
overhead conductor and
its image
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Line Voltage (kVyms) Maximum Ground-Level Electric Field Strength (kVms/m)

23 (1¢) 0.01-0.025

23 (3¢) 0.01-0.05
115 0.1-0.2
345 2.3-5.0
345 (double circuit) 5.6
500 8.0
765 10.0

Although the electric field strength at ground level is much less than at
conductor surfaces where corona occurs, there are still capacitive coupling
effects. Charges are induced on ungrounded equipment such as vehicles with
rubber tires located near a line. If a person contacts the vehicle and ground, a
discharge current will flow to ground. Transmission-line heights are designed
to maintain discharge currents below prescribed levels for any equipment that
may be on the right-of-way. Table 4.5 shows examples of maximum ground-
level electric field strength.

As shown in Figure 4.27, the ground-level electric field strength due to
charged conductor k and its image conductor is perpendicular to the earth
plane, with value

qk
E(w) = (—)
( ) 277:8 y]% + (M) _xk)2

_ (‘I_A> 20k
2n2) 2+ (w = xi)’?
where (xi, y,) are the horizontal and vertical coordinates of conductor k with
respect to reference point R, w is the horizontal coordinate of the ground-
level point where the electric field strength is to be determined, and ¢ is the

charge on conductor k. The total ground-level electric field is the phasor sum
of terms Ej(w) for all overhead conductors. A lateral profile of ground-level

2 cosl

V/m (4.12.6)

Ground level

Edw)
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electric field strength is obtained by varying w from the center of the line to
the edge of the right-of-way.

EXAMPLE 4.9 Conductor surface and ground-level electric field strengths:
single-phase line

For the single-phase line of Example 4.8, calculate the conductor surface
electric field strength in kVys/cm. Also calculate the ground-level electric
field in kV,ms/m directly under conductor x. The line voltage is 20 kV.

SOLUTION From Example 4.8, C,, = 5.178 x 10~'? F/m. Using (4.9.3) with
Ve =20/0° kV,
gx = —qy = (5.178 x 10712)(20 x 10°/0°) = 1.036 x 1077/0° C/m

From (4.12.1), the conductor surface electric field strength is, with r = 0.023
ft = 0.00701 m,
5 1.036 x 1077 v, kV L,
" (27)(8.854 x 10-12)(0.00701) m = 1000 V = 100 cm

=2.66 kVips/cm

Selecting the center of the line as the reference point R, the coordinates
(xyx, ) for conductor x are (—2.5 ft, 18 ft) or (—0.762 m, 5.49 m) and
(+0.762 m, 5.49 m) for conductor y. The ground-level electric field directly
under conductor x, where w = —0.762 m, is, from (4.12.6),

E(—0.762) = E,(—0.762) + E,(—0.762)

1.036x 107 [(2)(5.49) (2)(5.49)

T (2m)(8.85x10°12) | (5.49)>  (5.49)> +(0.762+0.762)°

= 1.862 x 103(0.364 — 0.338) = 48.5/0° V/m = 0.0485 kV/m

For this 20-kV line, the electric field strengths at the conductor surface
and at ground level are low enough to be of relatively small concern. For
EHYV lines, electric field strengths and the possibility of corona and shock
hazard are of more concern. |

4.13

PARALLEL CIRCUIT THREE-PHASE LINES

If two parallel three-phase circuits are close together, either on the same
tower as in Figure 4.3, or on the same right-of-way, there are mutual induc-
tive and capacitive couplings between the two circuits. When calculating the
equivalent series impedance and shunt admittance matrices, these couplings
should not be neglected unless the spacing between the circuits is large.
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FIGURE 4.28 4 Es _

Single-line diagram of a

D oy + Ipy) fer
double-circuit line P P2
]

Consider the double-circuit line shown in Figure 4.28. For simplicity,
assume that the lines are not transposed. Since both are connected in parallel,
they have the same series-voltage drop for each phase. Following the same
procedure as in Section 4.7, we can write 2(6 + N) equations similar to
(4.7.6)—(4.7.9): six equations for the overhead phase conductors, N equations
for the overhead neutral conductors, and (6 + N) equations for the earth re-
turn conductors. After lumping the neutral voltage drop into the voltage
drops across the phase conductors, and eliminating the neutral and earth
return currents, we obtain

Ep Ip
=7 4.13.1
[EJ ' [IPz] ( )
where Ep is the vector of phase-conductor voltage drops (including the neu-

tral voltage drop), and Ip; and Ip, are the vectors of phase currents for lines
1 and 2. Zp is a 6 x 6 impedance matrix. Solving (4.13.1)

Ip, (Y4 + Yp)
Ip,

(Y + Yp)
where Yy, Yp, Yc, and Yp are obtained by partitioning Z, Uinto four 3 x 3
matrices. Adding Ip; and Ip;,

Y. | Ys
Yo | Yp

Ep
Ep

Ep
Ep

—1

Ep (4.13.2)

(Ipy + Ip2) = (Y4 + Y + Yc + Yp)Ep (4.13.3)
and solving for Ep,

Ep = Zpeq(Ip1 + Ir) (4.13.4)
where

Zpey= (Y4 + Yg+ Yo+ Yp) ! (4.13.5)

Zpeq is the equivalent 3 x 3 series phase impedance matrix of the double-
circuit line. Note that in (4.13.5) the matrices ¥z and Y¢ account for the
inductive coupling between the two circuits.

An analogous procedure can be used to obtain the shunt admittance
matrix. Following the ideas of Section 4.11, we can write (6 + N) equations
similar to (4.11.4). After eliminating the neutral wire charges, we obtain

ZP_I Cy | Cp I/B (CA + CB)
qp> Ce|Cpl|Vp

(C c+Cp )
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=C
P Vo

= = Ve (4.13.6)
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where Vp is the vector of phase-to-neutral voltages, and ¢p; and ¢p, are the
vectors of phase-conductor charges for lines 1 and 2. Cp is a 6 x 6 capaci-
tance matrix that is partitioned into four 3 x 3 matrices C4, Cp, C¢, and Cp.
Adding ¢p; and ¢p,

(gp1 + gp2) = Cpeq Vp (4.13.7)
where

Cpeq = (C4 + Cp+ Cc + Cp) (4.13.8)
Also,

Ypeq = jrCpeq (4.13.9)

Ypeq is the equivalent 3 x 3 shunt admittance matrix of the double-circuit
line. The matrices Cp and C¢ in (4.13.8) account for the capacitive coupling
between the two circuits.

These ideas can be extended in a straightforward fashion to more than
two parallel circuits.

MULTIPLE CHOICE QUESTIONS
SECTION 4.1

4.1 ACSR stands for
(a) Aluminum-clad steel conductor
(b) Aluminum conductor steel supported
(c) Aluminum conductor steel reinforced

4.2 Overhead transmission-line conductors arc barc with no insulating cover.

(a) True (b) False

4.3 Alumoweld is an aluminum-clad steel conductor.
(a) True (b) False

4.4 EHV lines often have more than one conductor per phase; these conductors are called
a . Fill in the Blank.

4.5 Shield wires located above the phase conductors protect the phase conductors against
lightning.
(a) True (b) False

4.6 Conductor spacings, types, and sizes do have an impact on the series impedance and
shunt admittance.
(a) True (b) False

SECTION 4.2

4.7 A circle with diameter D in = 1000 D mil = 4 mil has an area of cemil. Fill in
the Blank.

4.8 AC resistance is higher than dc resistance.
(a) True (b) False
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4.9 Match the following for the current distribution throughout the conductor cross section:
(i) For dc (a) uniform
(ii) For ac (b) nonuniform

SECTION 4.3

4.10 Transmission line conductance is usually neglected in power system studies.
(a) True (b) False

SECTION 4.4

4.11 The internal inductance L;,; per unit-length of a solid cylindrical conductor is a con-
stant, given by % x 1077H/m in SI system of units.
(a) True (b) False

4.12 The total inductance Lp of a solid cylindrical conductor (of radius r) due to both in-
ternal and external flux linkages out of distance D is given by (in H/m)
(a) 2 x 1077 (b)2x 1077 In(®)
(¢)2x 10 7In(2)

where ¥ = et r=0.778r

SECTION 4.5

4.13 For a single-phase, two-wire line consisting of two solid cylindrical conductors of same
radius, r, the total circuit inductance, also called loop inductance, is given by (in H/m)
(a)2x 1077 In(®) (b) 4 x 107 In(2)

where ¥ = et r =0.778r

4.14 For a three-phase, three-wire line consisting of three solid cylindrical conductors, each
with radius r, and with equal phase spacing D between any two conductors, the in-
ductance in H/m per phase is given by

(a) 2 x 1077 ln(I,D,) (b) 4 x 1077 ln(%)
(c) 6 x 1077 In(2)
where ¥ = ¢4 r=0.778r
4.15 For a balanced three-phase, positive-sequence currents I, I, I., does the equation
I, + I + I. = 0 hold good?
(a) Yes (b) No
SECTION 4.6

4.16 A stranded conductor is an example of a composite conductor.

(a) True (b) False

4.17 X InA;, =1Inll A4y
(a) True (b) False

4.18 Is Geometric Men Distance (GMD) the same as Geometric Mean Radius (GMR)?
(a) Yes (b) No

4.19 Expand 6,/1I;_| TI?_ |, Dy,
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4.20 If the distance between conductors are large compared to the distances between sub-
conductors of each conductor, then the GMD between conductors is approximately
equal to the distance between conductor centers.

(a) True (b) False

4.22 For a single-phase, two-conductor line with composite conductors x and y, express the
inductance of conductor x in terms of GMD and its GMR.

4.23 In a three-phase line, in order to avoid unequal phase inductances due to unbalanced
flux linkages, what technique is used?

4.24 For a completely transposed three-phase line identical conductors, each with GMR
denoted Dg, with conductor distance Dj,, D»3, and D3, give expressions for GMD
between phases, and the average per-phase inductance.

4.25 For EHV lines, a common practice of conductor bundling is used. Why?

4.26 Does bundling reduce the series reactance of the line?
(a) Yes (b) No

4.27 Does ¥ = ¢ r = 0.788 r, that comes in calculation of inductance, play a role in ca-
pacitance computations?
(a) Yes (b) No

4.28 In terms of line-to-line capacitance, the line-to-neutral capacitance of a single-phase
transmission line is
(a) same (b) twice (c) one-half

4.29 For ecither single-phase two-wire line or balanced three-phase three-wire line, with
equal phase spacing D and with conductor radius r, the capacitance (line-to-neutral)
in F/m is given by C,,, = . Fill in the Blank.

4.30 In deriving expressions for capacitance for a balanced three-phase, three-wire line with
equal phase spacing, the following relationships may have been used.
(i) Sum of positive-sequence charges, ¢, + ¢» + g. =0
(ii) The sum of the two line-to-line voltages V,;, + V., is equal to three-times the line-
to-neutral voltage V.

Which of the following is true?
(a) both (b) only (i) (c) only (ii) (d) None

SECTION 4.10

4.31 When calculating line capacitance, it is normal practice to replace a stranded conduc-
tor by a perfectly conducting solid cylindrical conductor whose radius equals the out-
side radius of the stranded conductor.

(a) True (b) False

4.32 For bundled-conductor configurations, the expressions for calculating Dg; in induc-
tance calculations and Dg¢ in capacitance calculations are analogous, except that the
conductor outside radius r replaces the conductor GMR, Dg.

(a) True (b) False
4.33 The current supplied to the transmission-line capacitance is called . Fill in
the Blank.

4.34 For a completely transposed three-phase line that has balanced positive-sequence
voltages, the total reactive power supplied by the three-phase line, in var, is given by
Qcs = , in terms of frequency w, line-to-neutral capacitance C,,, and
line-to-line voltage V.

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.
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SECTION 4.11

4.35 Considering lines with neutral conductors and earth return, the effect of earth plane is
accounted for by the method of with a perfectly conducting earth plane.

4.36 The affect of the earth plane is to slightly increase the capacitance, an as the line
height increases, the effect of earth becomes negligible.
(a) True (b) False

SECTION 4.12

4.37 When the electric field strength at a conductor surface exceeds the breakdown strength
of air, current, discharges occur. This phenomenon is called . Fill in the
Blank.

4.38 To control corona, transmission lines are usually designed to maintain the calculated
conductor surface electric field strength below kV,ms/cm. Fill in the Blank.

4.39 Along with limiting corona and its effects, particularly for EHV lines, the maximum
ground level electric field strength needs to be controlled to avoid the shock hazard.
(a) True (b) False

SECTION 4.13

4.40 Considering two parallel three-phase circuits that are close together, when calculating
the equivalent series-impedance and shunt-admittance matrices, mutual inductive and
capacitive couplings between the two circuits can be neglected.

(a) True (b) False

PROBLEMS
SECTION 4.2

4.1 The Aluminum Electrical Conductor Handbook lists a dc resistance of 0.01558 ohm per
1000 ft at 20°C and a 60-Hz resistance of 0.0956 ohm per mile at 50 °C for the all-
aluminum Marigold conductor, which has 61 strands and whose size is 1113 kemil.
Assuming an increase in resistance of 2% for spiraling, calculate and verify the dc re-
sistance. Then calculate the dc resistance at 50°C, and determine the percentage in-
crease due to skin effect.

4.2 The temperature dependence of resistance is also quantified by the relation
R, = Ry[l + (T, — T;)] where R; and R, are the resistances at temperatures T; and
T,, respectively, and « is known as the temperature coefficient of resistance. If a cop-
per wire has a resistance of 50 Q at 20°C, find the maximum permissible operating
temperature of the wire if its resistance is to increase by at most 10%. Take the tem-
perature coefficient at 20 °C to be « = 0.00382.

4.3 A transmission-line cable, of length 3 km, consists of 19 strands of identical copper
conductors, each 1.5 mm in diameter. Because of the twist of the strands, the actual
length of each conductor is increased by 5%. Determine the resistance of the cable, if
the resistivity of copper is 1.72 pQ-cm at 20°C.

4.4 One thousand circular mils or 1 kemil is sometimes designated by the abbreviation
MCM. Data for commercial bare aluminum electrical conductors lists a 60-Hz
resistance of 0.0080 ohm per kilometer at 75°C for a 793-MCM AAC conductor.
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(a) Determine the cross-sectional conducting area of this conductor in square meters.
(b) Find the 60-Hz resistance of this conductor in ohms per kilometer at 50 °C.

4.5 A 60-Hz, 765-kV three-phase overhead transmission line has four ACSR 900 kcmil
54/3 conductors per phase. Determine the 60-Hz resistance of this line in ohms per ki-
lometer per phase at 50°C.

4.6 A three-phase overhead transmission line is designed to deliver 190.5 MVA at
220 kV over a distance of 63 km, such that the total transmission line loss is not to
exceed 2.5% of the rated line MVA. Given the resistivity of the conductor material
to be 2.84 x 107% Q-m, determine the required conductor diameter and the conduc-
tor size in circular mils. Neglect power losses due to insulator leakage currents and
corona.

4.7 If the per-phase line loss in a 60-km-long transmission line is not to exceed 60 kW
while it is delivering 100 A per phase, compute the required conductor diameter, if the
resistivity of the conductor material is 1.72 x 1078 Qm.

SECTIONS 4.4 AND 4.5

4.8 A 60-Hz single-phase, two-wire overhead line has solid cylindrical copper conductors
with 1.5 cm diameter. The conductors are arranged in a horizontal configuration with
0.5 m spacing. Calculate in mH/km (a) the inductance of each conductor due to inter-
nal flux linkages only, (b) the inductance of each conductor due to both internal and
external flux linkages, and (c) the total inductance of the line.

4.9 Rework Problem 4.8 if the diameter of each conductor is: (a) increased by 20% to
1.8 cm, (b) decreased by 20% to 1.2 cm, without changing the phase spacing. Com-
pare the results with those of Problem 4.8.

4.10 A 60-Hz three-phase, three-wire overhead line has solid cylindrical conductors ar-
ranged in the form of an equilateral triangle with 4 ft conductor spacing. Conductor
diameter is 0.5 in. Calculate the positive-sequence inductance in H/m and the positive-
sequence inductive reactance in Q/km.

4.11 Rework Problem 4.10 if the phase spacing is: (a) increased by 20% to 4.8 ft, (b) de-
creased by 20% to 3.2 ft. Compare the results with those of Problem 4.10.

4.12 Find the inductive reactance per mile of a single-phase overhead transmission line op-
erating at 60 Hz, given the conductors to be Partridge and the spacing between centers
to be 20 ft.

4.13 A single-phase overhead transmission line consists of two solid aluminum conductors
having a radius of 2.5 cm, with a spacing 3.6 m between centers. (a) Determine the
total line inductance in mH/m. (b) Given the operating frequency to be 60 Hz, find
the total inductive reactance of the line in Q/km and in Q/mi. (c) If the spacing is
doubled to 7.2 m, how does the reactance change?

4.14 (a) In practice, one deals with the inductive reactance of the line per phase per mile
and use the logarithm to the base 10.
Show that Eq. (4.5.9) of the text can be rewritten as

D .
x =k log P ohms per mile per phase

= X4+ X4
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222 CHAPTER 4 TRANSMISSION LINE PARAMETERS

Where x; = k log D is the inductive reactance spacing factor in ohms per mile,
x, = k log % is the inductive reactance at 1-ft spacing in ohms per mile.
and k =4.657 x 1073f = 0.2794 at 60 Hz.
(b) Determine the inductive reactance per mile per phase at 60 Hz for a single-phase

line with phase separation of 10 ft and conductor radius of 0.06677 ft.
If the spacing is doubled, how does the reactance change?

SECTION 4.6
4.15 Find the GMR of a stranded conductor consisting of six outer strands surrounding
and touching one central strand, all strands having the same radius r.

4.16 A bundle configuration for UHV lines (above 1000 kV) has identical conductors
equally spaced around a circle, as shown in Figure 4.29. N, is the number of con-
ductors in the bundle, A is the circle radius, and Dg is the conductor GMR. Using the
distance Dj, between conductors 1 and n given by Dy, = 2A sin[(n — 1)n/N,] for
n=1,2,..., Ny, and the following trigonometric identity:

[2 sin(z/Np)][2 sin(27/Np)][2 sin(37/Np)] - - - [2 sin{(Np — 1)n/Np}] = Np
show that the bundle GMR, denoted Dy, is

Ds. = [NstAW/’_l)](l/Nh)

Also show that the above formula agrees with (4.6.19)—(4.6.21) for EHV lines with
N, =2,3, and 4.

FIGURE 4.29

Bundle configuration for

Problem 4.16
Ds = conductor GMR

4.17 Determine the GMR of each of the unconventional stranded conductors shown in
Figure 4.30. All strands have the same radius r.

FIGURE 4.30

Unconventional
stranded conductors for
Problem 4.17

(a) (b) (c)
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4.18 A 230-kV, 60-Hz, three-phase completely transposed overhead line has one ACSR
954-kemil conductor per phase and flat horizontal phase spacing, with 8 m between

adjacent conductors. Determine the inductance in H/m and the inductive reactance in
Q/km.

4.19 Rework Problem 4.18 if the phase spacing between adjacent conductors is: (a) in-
creased by 10% to 8.8 m, (b) decreased by 10% to 7.2 m. Compare the results with
those of Problem 4.18.

4.20 Calculate the inductive reactance in Q/km of a bundled 500-kV, 60-Hz, three-phase
completely transposed overhead line having three ACSR 1113-kemil conductors per
bundle, with 0.5 m between conductors in the bundle. The horizontal phase spacings
between bundle centers are 10, 10, and 20 m.

4.21 Rework Problem 4.20 if the bundled line has: (a) three ACSR, 1351-kcmil conductors
per phase, (b) three ACSR, 900-kcmil conductors per phase, without changing the
bundle spacing or the phase spacings between bundle centers. Compare the results
with those of Problem 4.20.

4.22 The conductor configuration of a bundled single-phase overhead transmission line is
shown in Figure 4.31. Line X has its three conductors situated at the corners of an
equilateral triangle with 10-cm spacing. Line Y has its three conductors arranged in
a horizontal configuration with 10-cm spacing. All conductors are identical, solid-
cylindrical conductors, each with a radius of 2 cm. (a) Find the equivalent representa-
tion in terms of the geometric mean radius of each bundle and a separation that is the
geometric mean distance.

FIGURE 4.31 Line X LineY
Problem 4.22

4.23 Figure 4.32 shows the conductor configuration of a completely transposed three-phase
overhead transmission line with bundled phase conductors. All conductors have a ra-
dius of 0.74 cm with a 30-cm bundle spacing. (a) Determine the inductance per phase
in mH/km and in mH/mi. (b) Find the inductive line reactance per phase in Q/mi at
60 Hz.

FIGURE 4.32 B C
CB—SO cm —Eg

A
-~—30cm
Problem 4.23 ?l) (g 44)
S

m | 6m !

é;— 30 cm
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224 CHAPTER 4 TRANSMISSION LINE PARAMETERS

4.24 Consider a three-phase overhead line made up of three phase conductors, Linnet,
336.4 kemil, ACSR 26/7. The line configuration is such that the horizontal separation
between center of C and that of A is 40”, and between that of A and B is also 40" in
the same line; the vertical separation of A from the line of C-B is 16”. If the line is
operated at 60 Hz at a conductor temperature of 75°C, determine the inductive re-
actance per phase in Q/mi,

(a) By using the formula given in Problem 4.14 (a), and
(b) By using (4.6.18) of the text.

4.25 For the overhead line of configuration shown in Figure 4.33, operating at 60 Hz, and
a conductor temperature of 70°C, determine the resistance per phase, inductive re-
actance in ohms/mile/phase and the current carrying capacity of the overhead line.
Each conductor is ACSR Cardinal of Table A.4.

FIGURE 4.33 |<2_0>|
Line coni}i)fg{)eféﬁnfg o O 120"
' 0:0
12
o O o O
 ojo | olo
|

| 40' 40’ |

4.26 Consider a symmetrical bundle with N subconductors arranged in a circle of radius A.
The inductance of a single-phase symmetrical bundle-conductor line is given by

L:2x10*71n% H/m

Where GMR is given by [Nr/(A)N—l]l/N

' = (e7'/*r), r being the subconductor radius, and GMD is approximately the
distance D between the bundle centers. Note that A is related to the subconductor
spacing S in the bundle circle by S = 2A sin(IT/N)

Now consider a 965-kV, single-phase, bundle-conductor line with eight subconductors
per phase, with phase spacing D = 17 m, and the subconductor spacing S = 45.72 cm.
Each subconductor has a diameter of 4.572 cm. Determine the line inductance in

4.27 Figure 4.34 shows double-circuit conductors’ relative positions in Segment 1 of trans-
position of a completely transposed three-phase overhead transmission line. The in-
ductance is given by

_ _7, GMD
L=2x10"1In GMR H/m/phase

Where GMD = (D5 Dgc, Dac,)'?

eq eq eq

With mean distances defined by equivalent spacings
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FIGURE 4.34 A @ 1 3 @ C

For Problem 4.27
(Double-circuit
conductor configuration)

B @ 2 2 @ B
cC @ 3 1" @ A
_ 1/4
Dyp,, = (D12D12/D12Dy12)
Dgc,, = D23D23 Dy Dayr)
Dyc, = (Di3Dy3Dy3Dys) '

And GMR = [(GMR) ,(GMR) 4,(GMR)]'/?
with phase GMRs defined by

(GMR), = ['D11/]'?  (GMR), = ['D2/]"?  (GMR),. = [r'Ds3/]"?

and ' is the GMR of phase conductors.

Now consider A 345-kV, three-phase, double-circuit line with phase-conductor’s
GMR of 0.0588 ft, and the horizontal conductor configuration shown in Figure 4.35.
(a) Determine the inductance per meter per phase in henries.

(b) Calculate the inductance of just one circuit and then divide by 2 to obtain the in-
ductance of the double circuit.

FIGURE 4.35 Find the relative error involved

For Problem 4.27 A B C A B’ C'
1 2'

1 2 3 3
@30~ 1@~ 30~@}~ 308~ 30-/@~30~®

4.28 For the case of double-circuit, bundle-conductor lines, the same method indicated in
Problem 4.27 applies with r’ replaced by the bundle’s GMR in the calculation of the
overall GMR.

Now consider a double-circuit configuration shown in Figure 4.36, which belongs to a
500-kV, three-phase line with bundle conductors of three subconductors at 21-in.
spacing. The GMR of each subconductor is given to be 0.0485 ft.

Determine the inductive reactance of the line in ohms per mile per phase. You
may use

GMD
XL = 0.27% log G

MR Q/mi/phase
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FIGURE 4.36

Configuration for
Problem 4.28

4.29

4.30

4.31

FIGURE 4.37

CHAPTER 4 TRANSMISSION LINE PARAMETERS

2,B 3,C 1, A
[ ] [ ] [ ]

2, B

I 32’ 1 32" 1 32' |

Reconsider Problem 4.28 with an alternate phase placement given below:

Physical Position

1|23 |12 |3

Phase Placement | A | B | B'| C | C' | 4’

Calculate the inductive reactance of the line in Q/mi/phase.

Reconsider Problem 4.28 with still another alternate phase placement shown below.

Physical Position

L |2 (3|1 (2 |3

Phase Placement | C | A | B | B | 4" | C'

Find the inductive reactance of the line in Q/mi/phase.

Figure 4.37 shows the conductor configuration of a three-phase transmission line and
a telephone line supported on the same towers. The power line carries a balanced

Conductor layout for
Problem 4.31

46m |

ST L
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current of 250 A/phase at 60 Hz, while the telephone line is directly located below
phase b. Assume balanced three-phase currents in the power line. Calculate the volt-
age per kilometer induced in the telephone line.

SECTION 4.9
4.32 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for
the single-phase line in Problem 4.8. Neglect the effect of the earth plane.

4.33 Rework Problem 4.32 if the diameter of each conductor is: (a) increased by 20% to
1.8 cm, (b) decreased by 20% to 1.2 cm. Compare the results with those of Prob-
lem 4.32.

4.34 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for
the three-phase line in Problem 4.10. Neglect the effect of the earth plane.

4.35 Rework Problem 4.34 if the phase spacing is: (a) increased by 20% to 4.8 ft, (b) de-
creased by 20% to 3.2 ft. Compare the results with those of Problem 4.34.

4.36 The line of Problem 4.23 as shown in Figure 4.32 is operating at 60 Hz. Determine (a)
the line-to-neutral capacitance in nF/km per phase and in nF/mi per phase; (b) the
capacitive reactance in Q-km per phase and in Q-mi per phase; and (c) the capacitive
reactance in Q per phase for a line length of 100 mi.

4.37 (a) In practice, one deals with the capacitive reactance of the line in ohms - mi to neu-
tral. Show that Eq. (4.9.15) of the text can be rewritten as

D .
Xc =k’ log - ohms - mi to neutral
=xg+x,
Where x/, =k’ log D is the capacitive reactance spacing factor,
, , 1. . .
x, = k' log P is the capacitive reactance at 1-ft spacing,
and k' = (4.1 x 10%)/f = 0.06833 x 10° at f = 60 Hz.

(b) Determine the capacitive reactance in Q - mi. for a single-phase line of Problem
4.14. If the spacing is doubled, how does the reactance change?

4.38 The capacitance per phase of a balanced three-phase overhead line is given by

0.0389

= Tog(GMD/7) 4f /mi/phase

For the line of Problem 4.24, determine the capacitive reactance per phase in Q - mi.

SECTION 4.10

4.39 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km for
the three-phase line in Problem 4.18. Also calculate the line-charging current in kA/
phase if the line is 100 km in length and is operated at 230 kV. Neglect the effect of
the earth plane.
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4.40 Rework Problem 4.39 if the phase spacing between adjacent conductors is: (a) in-
creased by 10% to 8.8 m, (b) decreased by 10% to 7.2 m. Compare the results with
those of Problem 4.39.

4.41 Calculate the capacitance-to-neutral in F/m and the admittance-to-neutral in S/km
for the line in Problem 4.20. Also calculate the total reactive power in Mvar/km
supplied by the line capacitance when it is operated at 500 kV. Neglect the effect of
the earth plane.

4.42 Rework Problem 4.41 if the bundled line has: (a) three ACSR, 1351-kemil conductors
per phase, (b) three ACSR, 900-kcmil conductors per phase, without changing the
bundle spacing or the phase spacings between bundle centers.

4.43 Three ACSR Drake conductors are used for a three-phase overhead transmission line
operating at 60 Hz. The conductor configuration is in the form of an isosceles triangle
with sides of 20, 20, and 38 ft. (a) Find the capacitance-to-neutral and capacitive
reactance-to-neutral for each 1-mile length of line. (b) For a line length of 175 mi and
a normal operating voltage of 220 kV, determine the capacitive reactance-to-neutral
for the entire line length as well as the charging current per mile and total three-phase
reactive power supplied by the line capacitance.

4.44 Consider the line of Problem 4.25. Calculate the capacitive reactance per phase in
Q- mi.

SECTION 4.11

4.45 For an average line height of 10 m, determine the effect of the earth on capacitance
for the single-phase line in Problem 4.32. Assume a perfectly conducting earth
plane.

4.46 A three-phase 60-Hz, 125-km overhead transmission line has flat horizontal
spacing with three identical conductors. The conductors have an outside diame-
ter of 3.28 cm with 12 m between adjacent conductors. (a) Determine the ca-
pacitive reactance-to-neutral in Q-m per phase and the capacitive reactance of
the line in Q per phase. Neglect the effect of the earth plane. (b) Assuming that
the conductors are horizontally placed 20 m above ground, repeat (a) while tak-
ing into account the effect of ground. Consider the earth plane to be a perfect
conductor.

4.47 For the single-phase line of Problem 4.14 (b), if the height of the conductor above
ground is 80 ft., determine the line-to-line capacitance in F/m. Neglecting earth effect,
evaluate the relative error involved. If the phase separation is doubled, repeat the
calculations.

4.48 The capacitance of a single-circuit, three-phase transposed line, and with configuration
shown in Figure 4.38 including ground effect, with conductors not equilaterally
spaced, is given by

2me
DL“i —In ﬂ

r H;

(o
In

F/m Line-to-neutral

Where Deq = \3/D12D23D1 = GMD,
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FIGURE 4.38 B
Three-phase single- /OZ\
circuit line configuration Dy, Dy
including ground effect 1 \/%
for Problem 4.48 A Dy c
H,
Ground
‘ H13 H
i He Ha :
A1 3 C
B 2

r = conductor’s outside radius,
H, = (1"1121"12315713)1/3
and H, = (H H,H3)'"?

(a) Now consider Figure 4.39 in which the configuration of a three-phase, single cir-
cuit, 345-kV line, with conductors having an outside diameter of 1.065 in., is shown.
Determine the capacitance to neutral in F/m, including the ground effect.

(b) Next, neglecting the effect of ground, see how the value changes.

FIGURE 4.39

1
Configuration for N T 25'
Problem 4.48 (a)

25'

Ton
YTow

Ground
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4.49 The capacitance to neutral, neglecting the ground effect, for the three-phase, single-
circuit, bundle-conductor line is given by

27[80
,, (GMD
T\ GMR

Where GMD = (DABDBCDAC)I/3

Cup = F/m Line-to-neutral

GMR = [rN(A)Y 'Y

in which NV is the number of subconductors of the bundle conductor on a circle of ra-
dius A, and each subconductor has an outside radius of r.
The capacitive reactance in mega-ohms for 1 mi of line, at 60 Hz, can be shown
to be

GMD

XC = 00683 log(m) = Xal +Xé

Where X, = 0.0683 log (ﬁ) and X, = 0.0683 log(GMD)

Note that A4 is related to the bundle spacing S given by

A:; for N > 1

T
2sin| —
()

Using the above information, for the configuration shown in Figure 4.40, compute
the capacitance to neutral in F/m, and the capacitive reactance in £ - mi to neutral,
for the three-phase, 765-kV, 60-Hz, single-circuit, bundle-conductor line (N = 4),
with subconductor’s outside diameter of 1.16 in. and subconductor spacing (S) of
18 in.

FIGURE 440 © L] ® ( J (] [ )

Configuration for
Problem 4.49 @ | e
| 60’ | 60’ |

SECTION 4.12

4.50 Calculate the conductor surface electric field strength in kVyy,e/cm for the single-
phase line in Problem 4.32 when the line is operating at 20 kV. Also calculate the
ground-level electric field strength in kVy,s/m directly under one conductor. Assume a
line height of 10 m.
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4.51 Rework Problem 4.50 if the diameter of each conductor is: (a) increased by 25% to
1.875 cm, (b) decreased by 25% to 1.125 cm, without changing the phase spacings.
Compare the results with those of Problem 4.50.

CASE STUDY QUESTIONS

a. Why is aluminum today’s choice of metal for overhead transmission line con-
ductors versus copper or some other metal? How does the use of steel together with
aluminum as well as aluminum alloys and composite materials improve conductor
performance?

b. What is a high-temperature conductor? What are its advantages over conventional
ACSR and AAC conductors? What are its drawbacks?

c. What are the concerns among utilities about porcelain insulators used for overhead
transmission lines in the United States?

d. What are the advantages of toughened glass insulators versus porcelain? What are the
advantages of polymer insulators versus porcelain? What are the disadvantages of
polymer insulators?
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Series capacitor installation
at Goshen Substation,
Goshen, Idaho, USA rated
at 395 kV, 965 Mvar

( Courtesy of PacifiCorp)

TRANSMISSION LINES:
STEADY-STATE OPERATION

In this chapter, we analyze the performance of single-phase and balanced
three-phase transmission lines under normal steady-state operating conditions.
Expressions for voltage and current at any point along a line are developed,
where the distributed nature of the series impedance and shunt admittance is
taken into account. A line is treated here as a two-port network for which the
ABCD parameters and an equivalent 7 circuit are derived. Also, approxi-
mations are given for a medium-length line lumping the shunt admittance, for
a short line neglecting the shunt admittance, and for a lossless line assuming
zero series resistance and shunt conductance. The concepts of surge impedance
loading and transmission-line wavelength are also presented.

An important issue discussed in this chapter is wvoltage regulation.
Transmission-line voltages are generally high during light load periods and

233
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234 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

low during heavy load periods. Voltage regulation, defined in Section 5.1, refers
to the change in line voltage as line loading varies from no-load to full load.
Another important issue discussed here is line loadability. Three major
line-loading limits are: (1) the thermal limit, (2) the voltage-drop limit, and
(3) the steady-state stability limit. Thermal and voltage-drop limits are dis-
cussed in Section 5.1. The theoretical steady-state stability limit, discussed in
Section 5.4 for lossless lines and in Section 5.5 for lossy lines, refers to the
ability of synchronous machines at the ends of a line to remain in synchro-

nism. Practical line loadability is discussed in Section 5.6.
In Section 5.7 we discuss line compensation techniques for improving
voltage regulation and for raising line loadings closer to the thermal limit.

CASE STUDY

High Voltage Direct Current (HVDC) applications embedded within ac power system

grids have many benefits. A bipolar HVDC transmission line has only two insulated sets
of conductors versus three for an ac transmission line. As such, HYDC transmission

lines have smaller transmission towers, narrower rights-of-way, and lower line losses
compared to ac lines with similar capacity. The resulting cost savings can offset the higher
converter station costs of HVDC. Further, HVYDC may be the only feasible method to:
(1) interconnect two asynchronous ac networks; (2) utilize long underground or underwater
cable circuits; (3) bypass network congestion; (4) reduce fault currents; (5) share utility
rights-of-way without degrading reliability; and (6) mitigate environmental concerns. The
following article provides an overview of HVDC along with HVDC applications [6].

The ABCs of HYDC Transmission
Technologies: An Overview of High
Voltage Direct Current Systems and
Applications

BY MICHAEL P BAHRMAN
AND BRIAN K. JOHNSON

High voltage direct current (HVDC) technology has char-
acteristics that make it especially attractive for certain
transmission applications. HVDC transmission is widely
recognized as being advantageous for long-distance bulk-
power delivery, asynchronous interconnections, and long
submarine cable crossings. The number of HYDC projects
committed or under consideration globally has increased
in recent years reflecting a renewed interest in this ma-
ture technology. New converter designs have broadened

(“The ABCs of HVDC Transmission Technologies” by Michael
P. Bahrman and Brian K. Johnson. © 2007 IEEE. Reprinted,
with permission, from |EEE Power & Energy Magazine,
March/April 2007)
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the potential range of HVDC transmission to include
applications for underground, offshore, economic re-
placement of reliability-must-run generation, and voltage
stabilization. This broader range of applications has con-
tributed to the recent growth of HVDC transmission.
There are approximately ten new HVDC projects under
construction or active consideration in North America
along with many more projects underway globally. Figure |
shows the Danish terminal for Skagerrak’s pole 3, which is
rated 440 MW. Figure 2 shows the +500-kV HVDC
transmission line for the 2,000 MW Intermountain Power
Project between Utah and California. This article dis-
cusses HVDC technologies, application areas where
HVDC is favorable compared to ac transmission, system
configuration, station design, and operating principles.
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- CORE HVDC TECHNOLOGIES

Two basic converter technologies are used in modem
HVDC transmission systems. These are conventional
line-commutated current source converters (CSCs)
and self-commutated voltage source converters (VSCs).
Figure 3 shows a conventional HVDC converter station
with CSCs while Figure 4 shows a HVDC converter
station with VSCs.

LINE-COMMUTATED CURRENT SOURCE
Fi CONVERTER
igure |

HVDC converter station with ac filters in the Conventional HVDC transmission employs line-commutated
foreground and valve hall in the background CSCs with thyristor valves. Such converters require a
synchronous voltage source in order to operate. The
basic building block used for HVDC conversion is the
three-phase, full-wave bridge referred to as a six-pulse or
Graetz bridge. The term six-pulse is due to six commu-
tations or switching operations per period resulting in a
characteristic harmonic ripple of six times the funda-
mental frequency in the dc output voltage. Each six-pulse
bridge is comprised of six controlled switching elements
or thyristor valves. Each valve is comprised of a suitable
number of series-connected thyristors to achieve the
desired dc voltage rating.

The dc terminals of two six-pulse bridges with ac volt-
age sources phase displaced by 30° can be connected in
Figure 2 series to increase the dc voltage and eliminate some of the
A £500-kV HVDC transmission line characteristic ac current and dc voltage harmonics. Oper-

ation in this manner is referred to as |2-pulse operation. In

I12-pulse operation, the characteristic ac current and dc
voltage harmonics have frequencies of 12n + |
and [2n, respectively. The 30° phase displace-
ment is achieved by feeding one bridge through a
transformer with a wye-connected secondary
and the other bridge through a transformer with
a delta-connected secondary. Most modern
HVDC transmission schemes utilize |12-pulse con-
verters to reduce the harmonic filtering require-
ments required for six-pulse operation; e.g., fifth
and seventh on the ac side and sixth on the dc
side. This is because, although these harmonic
currents still flow through the valves and the
transformer windings, they are 180° out of phase
and cancel out on the primary side of the con-
verter transformer. Figure 5 shows the thyristor
valve arrangement for a |2-pulse converter
with three quadruple valves, one for each phase.
Figure 3 Each thyristor valve is built up with series-
Conventional HYDC with current source converters connected thyristor modules.

HVDC-CSC

Thyristor Valves
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Line-commutated converters require a rela-
tively strong synchronous voltage source in order
to commutate. Commutation is the transfer of
current from one phase to another in a
synchronized firing sequence of the thyristor
valves. The three-phase symmetrical short circuit
capacity available from the network at the con-
verter connection point should be at least twice
the converter rating for converter operation.
Line-commutated CSCs can only operate with the

HVDC-VSC

ac

| Outdoor
At e I ; ac current lagging the voltage, so the conversion
| Indoor i process demands reactive power. Reactive power
— is supplied from the ac filters, which look capaci-
IGBT Valves tive at the fundamental frequency, shunt banks, or
~ series capacitors that are an integral part of the
Figure 4 converter station. Any surplus or deficit in reac-
HVDC with voltage source converters tive power from these local sources must be ac-

commodated by the ac system. This difference in
reactive power needs to be kept within a given
band to keep the ac voltage within the desired
tolerance. The weaker the ac system or the fur-
ther the converter is away from generation, the
tighter the reactive power exchange must be to
stay within the desired voltage tolerance. Figure 6
illustrates the reactive power demand, reactive
power compensation, and reactive power ex-
change with the ac network as a function of dc
load current.

Converters with series capacitors connected
between the valves and the transformers were in-
troduced in the late 1990s for weak-system, back-
A | to-back applications. These converters are referred

 to as capacitor-commutated converters (CCCs).

Figure 5 The series capacitor provides some of the con-
Thyristor valve arrangement for a |12-pulse converter with three verter reactive power compensation requirements
quadruple valves, one for each phase automatically with load current and provides part of
the commutation voltage, improving voltage stabil-
ity. The overvoltage protection of the series ca-
Q4 pacitors is simple since the capacitor is not exposed

- 0,5 to line faults, and the fault current for internal con-
Converter verter faults is limited by the impedance of the
converter transformers. The CCC configuration
allows higher power ratings in areas were the ac
network is close to its voltage stability limit. The
ly asynchronous Garabi interconnection between
Unbalance Brazil and Argentina consists of 4 x 550 MW par-
allel CCC links. The Rapid City Tie between the
Figure 6 Eastern and Western interconnected systems con-

Reactive power compensation for conventional HYDC converter  SiSts of 2 x 10 MW parallel CCC links (Figure 7).
station Both installations use a modular design with

Single Double Quadruple

Valve Valve Thyristors.

e Shunt
*_'I Banks

o

Harmonic
Filters
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Figure 7

Asynchronous back-to-back tie with capacitor-commutated converter near Rapid City, South Dakota

converter valves located within prefabricated electrical en-
closures rather than a conventional valve hall.

SELF-COMMUTATED VOLTAGE
SOURCE CONVERTER

HVDC transmission using VSCs with pulse-width mod-
ulation (PWM), commercially known as HVDC Light,
was introduced in the late 1990s. Since then the pro-
gression to higher voltage and power ratings for these

converters has roughly paralleled that for thyristor valve
converters in the 1970s. These VSC-based systems are
self-commutated with insulated-gate bipolar transistor
(IGBT) valves and solid-dielectric extruded HVDC
cables. Figure 8 illustrates solid-state converter devel-
opment for the two different types of converter tech-
nologies using thyristor valves and IGBT valves.

HVDC transmission with VSCs can be beneficial to
overall system performance. VSC technology can rapidly
control both active and reactive power independently of

one another. Reactive power can also be con-

2,000

trolled at each terminal independent of the dc
transmission voltage level. This control capa-

1,800

bility gives total flexibility to place converters

f | anywhere in the ac network since there is no

1,600

1,400 [ |

restriction on minimum network short-circuit

capacity. Self-commutation with VSC even

1,200 I
/

permits black start; i.e., the converter can be

1,000

_l used to synthesize a balanced set of three

phase voltages like a virtual synchronous gen-
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:
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Figure 8
Solid-state converter development

at each converter terminal improves the volt-
age stability and can increase the transfer ca-
pability of the sending- and receiving-end ac
systems, thereby leveraging the transfer capa-
bility of the dc link. Figure 9 shows the IGBT
converter valve arrangement for a VSC sta-
tion. Figure 10 shows the active and reactive
power operating range for a converter station
with a VSC. Unlike conventional HVDC
transmission, the converters themselves have
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Figure 9
HVDC IGBT valve converter arrangement

no reactive power demand and can actually control their
reactive power to regulate ac system voltage just like a
generator.

HVDC APPLICATIONS

HVDC transmission applications can be broken down
into different basic categories. Although the rationale for

selection of HVDC is often economic, there may be
other reasons for its selection. HYDC may be the only
feasible way to interconnect two asynchronous net-
works, reduce fault currents, utilize long underground
cable circuits, bypass network congestion, share utility
rights-of-way without degradation of reliability, and to
mitigate environmental concerns. In all of these applica-
tions, HVDC nicely complements the ac transmission
system.

LONG-DISTANCE BULK POWER
TRANSMISSION

HVDC transmission systems often provide a more eco-
nomical alternative to ac transmission for long-distance
bulk-power delivery from remote resources such as hy-
droelectric developments, mine-mouth power plants, or
large-scale wind farms. Higher power transfers are possible
over longer distances using fewer lines with HYDC trans-
mission than with ac transmission. Typical HVDC lines uti-
lize a bipolar configuration with two independent poles,
one at a positive voltage and the other at a negative voltage
with respect to ground. Bipolar HVDC lines are compara-
ble to a double circuit ac line since they can operate at half
power with one pole out of service but require

P-Q Diagram
1.25 | T S T T

| e

|
- 0.5
|
|

10.25
1

Active Power (p.u.)

25—
Reactive Power (p.u.)

HVDC VSC Operating Range

only one-third the number of insulated sets of
conductors as a double circuit ac line. Automatic
restarts from temporary dc line fault clearing se-
quences are routine even for generator outlet
transmission. No synchro-checking is required as
for automatic reclosures following ac line faults
since the dc restarts do not expose turbine gener-
ator units to high risk of transient torque amplifi-
cation from closing into faults or across high phase
angles. The controllability of HVDC links offer firm
transmission capacity without limitation due to
network congestion or loop flow on parallel paths.
Controllability allows the HVDC to “leap-frog”
multiple “choke-points” or bypass sequential path
limits in the ac network. Therefore, the utilization
of HVDC links is usually higher than that for extra
high voltage ac transmission, lowering the trans-
mission cost per MWh. This controllability can
also be very beneficial for the parallel transmission
since, by eliminating loop flow, it frees up this
transmission capacity for its intended purpose of
serving intermediate load and providing an outlet

Figure 10

Operating range for voltage source converter HVDC transmission
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for local generation.
Whenever long-distance transmission is dis-
cussed, the concept of “break-even distance”



frequently arises. This is where the savings in line costs
offset the higher converter station costs. A bipolar
HVDC line uses only two insulated sets of conductors
rather than three. This results in narrower rights-of-way,
smaller transmission towers, and lower line losses than
with ac lines of comparable capacity. A rough approxima-
tion of the savings in line construction is 30%.

Although break-even distance is influenced by the
costs of right-of-way and line construction with a typical
value of 500 km, the concept itself is misleading because
in many cases more ac lines are needed to deliver the
same power over the same distance due to system sta-
bility limitations. Furthermore, the long-distance ac lines
usually require intermediate switching stations and reac-
tive power compensation. This can increase the substa-
tion costs for ac transmission to the point where it is
comparable to that for HVYDC transmission .

For example, the generator outlet transmission alterna-
tive for the +250-kV, 500-MW Square Butte Project was
two 345-kV series-compensated ac transmission lines. The
12,600-MW Itaipu project has half its power delivered on
three 800-kV series-compensated ac lines (three circuits)
and the other half delivered on two +600-kV bipolar
HVDC lines (four circuits). Similarly, the =£500-kV,
1,600-MW Intermountain Power Project (IPP) ac alterna-
tive comprised two 500-kV ac lines. The IPP takes
advantage of the double-circuit nature of the bipolar line
and includes a 100% short-term and 50% continuous mo-
nopolar overload. The first 6,000-MWV stage of the trans-
mission for the Three Gorges Project in China would have
required 5 x 500-kV ac lines as opposed to 2 x +500-kV,
3,000-MW bipolar HVDC lines.

Table | contains an economic comparison of capital
costs and losses for different ac and dc transmission alter-
natives for a hypothetical 750-mile, 3,000-MW transmission
system. The long transmission distance requires intermedi-
ate substations or switching stations and shunt reactors for
the ac alternatives. The long distance and heavy power
transfer, nearly twice the surge-impedance loading on the
500-kV ac alternatives, require a high level of series com-
pensation. These ac station costs are included in the cost
estimates for the ac alternatives.

It is interesting to compare the economics for trans-
mission to that of transporting an equivalent amount of
energy using other transport methods, in this case using
rail transportation of sub-bituminous western coal with a
heat content of 8,500 Btu/Ib to support a 3,000-MW base
load power plant with heat rate of 8,500 Btu/kWh oper-
ating at an 85% load factor. The rail route is assumed to
be longer than the more direct transmission route; i.e.,

CASE STUDY 239

900 miles. Each unit train is comprised of 100 cars each
carrying 100 tons of coal. The plant requires three unit
trains per day. The annual coal transportation costs are
about US$560 million per year at an assumed rate of
US$50/ton. This works out to be US$186 kW/year and
US$25 per MWh. The annual diesel fuel consumed in the
process is in excess of 20 million gallons at 500 net ton-
miles per gallon. The rail transportation costs are subject
to escalation and congestion whereas the transmission
costs are fixed. Furthermore, transmission is the only way
to deliver remote renewable resources.

UNDERGROUND AND SUBMARINE
CABLE TRANSMISSION

Unlike the case for ac cables, there is no physical restric-
tion limiting the distance or power level for HYDC un-
derground or submarine cables. Underground cables can
be used on shared rights-of-way with other utilities with-
out impacting reliability concerns over use of common
corridors. For underground or submarine cable systems
there is considerable savings in installed cable costs and
cost of losses when using HYDC transmission. Depend-
ing on the power level to be transmitted, these savings
can offset the higher converter station costs at distances
of 40 km or more. Furthermore, there is a drop-off in
cable capacity with ac transmission over distance due to
its reactive component of charging current since cables
have higher capacitances and lower inductances than ac
overhead lines. Although this can be compensated by in-
termediate shunt compensation for underground cables
at increased expense, it is not practical to do so for sub-
marine cables.

For a given cable conductor area, the line losses with
HVDC cables can be about half those of ac cables. This
is due to ac cables requiring more conductors (three
phases), carrying the reactive component of current,
skin-effect, and induced currents in the cable sheath and
armor.

With a cable system, the need to balance unequal
loadings or the risk of postcontingency overloads often
necessitates use of a series-connected reactors or phase
shifting transformers. These potential problems do not
exist with a controlled HVDC cable system.

Extruded HVDC cables with prefabricated joints used
with VSC-based transmission are lighter, more flexible,
and easier to splice than the mass-impregnated oil-paper
cables (MINDs) used for conventional HVDC transmis-
sion, thus making them more conducive for land cable
applications where transport limitations and extra splicing
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costs can drive up installation costs. The lower-cost cable
installations made possible by the extruded HVDC cables
and prefabricated joints makes long-distance underground
transmission economically feasible for use in areas with
rights-of-way constraints or subject to permitting diffi-
culties or delays with overhead lines.

ASYNCHRONOUS TIES

With HVDC transmission systems, interconnections can
be made between asynchronous networks for more eco-
nomic or reliable system operation. The asynchronous
interconnection allows interconnections of mutual benefit
while providing a buffer between the two systems. Often
these interconnections use back-to-back converters with
no transmission line. Asynchronous HVDC links act as an
effective “firewall” against propagation of cascading out-
ages in one network from passing to another network.

Many asynchronous interconnections exist in North
America between the Eastern and Western inter-
connected systems, between the Electric Reliability Coun-
cil of Texas (ERCQOT) and its neighbors, [e.g., Mexico and
the Southwest Power Pool (SPP)], and between Quebec
and its neighbors (e.g., New England and the Maritimes).
The August 2003 Northeast blackout provides an example
of the “firewall” against cascading outages provided by
asynchronous interconnections. As the outage expanded
and propagated around the lower Great Lakes and through
Ontario and New York, it stopped at the asynchronous
interface with Quebec. Quebec was unaffected; the weak
ac interconnections between New York and New England
tripped, but the HVDC links from Quebec continued to
deliver power to New England.

Regulators try to eliminate “seams” in electri-
cal networks because of their potential restriction
on power markets. Electrical “seams,” however,
serve as natural points of separation by acting as
“shear-pins,” thereby reducing the impact of large-
scale system disturbances. Asynchronous ties can
eliminate market “seams” while retaining natural
points of separation.

Interconnections between asynchronous net-
works are often at the periphery of the respec-
tive systems where the networks tend to be weak
relative to the desired power transfer. Higher
power transfers can be achieved with improved
voltage stability in weak system applications using
CCGs. The dynamic voltage support and im-
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without as much need for ac system reinforcement.
VSCs do not suffer commutation failures, allowing fast
recoveries from nearby ac faults. Economic power
schedules that reverse power direction can be made
without any restrictions since there is no minimum
power or current restrictions.

OFFSHORE TRANSMISSION

Self-commutation, dynamic voltage control, and black-
start capability allow compact VSC HVDC transmission
to serve isolated loads on islands or offshore production
platforms over long-distance submarine cables. This ca-
pability can eliminate the need for running expensive local
generation or provide an outlet for offshore generation
such as that from wind. The VSCs can operate at variable
frequency to more efficiently drive large compressor or
pumping loads using high-voltage motors. Figure |1
shows the Troll A production platform in the North Sea
where power to drive compressors is delivered from
shore to reduce the higher carbon emissions and higher
O&M costs associated with less efficient platform-based
generation.

Large remote wind generation arrays require a col-
lector system, reactive power support, and outlet trans-
mission. Transmission for wind generation must often
traverse scenic or environmentally sensitive areas or
bodies of water. Many of the better wind sites with higher
capacity factors are located offshore. VSC-based HVYDC
transmission allows efficient use of long-distance land or
submarine cables and provides reactive support to the
wind generation complex. Figure 12 shows a design for an

2 x 40 MW VSC HVDC

proved voltage stability offered by VSC-based
converters permits even higher power transfers

Figure 11
VSC power supply to Troll A production platform
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Figure 12
VSC converter for offshore wind generation

offshore converter station designed to transmit power
from offshore wind generation.

MULTITERMINAL SYSTEMS

Most HVDC systems are for point-to-point transmission
with a converter station at each end. The use of inter-
mediate taps is rare. Conventional HYDC transmission
uses voltage polarity reversal to reverse the power di-
rection. Polarity reversal requires no special switching
arrangement for a two-terminal system where both ter-
minals reverse polarity by control action with no switch-
ing to reverse power direction. Special dc-side switching
arrangements are needed for polarity reversal in a multi-
terminal system, however, where it may be desired to
reverse the power direction at a tap while maintaining the
same power direction on the remaining terminals. For a
bipolar system this can be done by connecting the con-
verter to the opposite pole. VSC HVDC transmission,
however, reverses power through reversal of the current
direction rather than voltage polarity. Thus, power can be
reversed at an intermediate tap independently of the main
power flow direction without switching to reverse volt-
age polarity.

POWER DELIVERY TO LARGE
URBAN AREAS

Power supply for large cities depends on local generation
and power import capability. Local generation is often
older and less efficient than newer units located remotely.
Often, however, the older, less-efficient units located near
the city center must be dispatched out-of-merit because
they must be run for voltage support or reliability due to
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inadequate transmission. Air quality regulations may limit
the availability of these units. New transmission into large
cities is difficult to site due to right-of-way limitations and
land-use constraints.

Compact VSC-based underground transmission cir-
cuits can be placed on existing dual-use rights-of-way to
bring in power as well as to provide voltage support, al-
lowing a more economical power supply without
compromising reliability. The receiving terminal acts like a
virtual generator delivering power and supplying voltage
regulation and dynamic reactive power reserve. Stations
are compact and housed mainly indoors, making siting in
urban areas somewhat easier. Furthermore, the dynamic
voltage support offered by the VSC can often increase the
capability of the adjacent ac transmission.

SYSTEM CONFIGURATIONS
AND OPERATING MODES

Figure 13 shows the different common system config-
urations and operating modes used for HVDC trans-
mission. Monopolar systems are the simplest and least
expensive systems for moderate power transfers since
only two converters and one high-voltage insulated ca-
ble or line conductor are required. Such systems have
been used with low-voltage electrode lines and sea
electrodes to carry the return current in submarine
cable crossings.

In some areas conditions are not conducive to mo-
nopolar earth or sea return. This could be the case in
heavily congested areas, fresh water cable crossings, or
areas with high earth resistivity. In such cases a metallic
neutral- or low-voltage cable is used for the return path
and the dc circuit uses a simple local ground connection
for potential reference only. Back-to-back stations are
used for interconnection of asynchronous networks and
use ac lines to connect on either side. In such systems
power transfer is limited by the relative capacities of the
adjacent ac systems at the point of connection.

As an economic alternative to a monopolar system
with metallic return, the midpoint of a |12-pulse converter
can be connected to earth directly or through an imped-
ance and two half-voltage cables or line conductors can
be used. The converter is only operated in 12-pulse mode
so there is never any stray earth current.

VSC-based HVDC transmission is usually arranged
with a single converter connected pole-to-pole rather
than pole-to-ground. The center point of the converter is
connected to ground through a high impedance to provide
a reference for the dc voltage. Thus, half the converter dc
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Figure 13
HVDC configurations and operating modes

voltage appears across the insulation on each of the two
dc cables, one positive the other negative.

The most common configuration for modern overhead
HVDC transmission lines is bipolar with a single 12-pulse
converter for each pole at each terminal. This gives two
independent dc circuits each capable of half capacity. For
normal balanced operation there is no earth current. Mo-
nopolar earth return operation, often with overload ca-
pacity, can be used during outages of the opposite pole.

Earth return operation can be minimized during mo-
nopolar outages by using the opposite pole line for metallic
return via pole/converter bypass switches at each end. This
requires a metallic-return transfer breaker in the ground
electrode line at one of the dc terminals to commutate the
current from the relatively low resistance of the earth into
that of the dc line conductor. Metallic return operation
capability is provided for most dc transmission systems.
This not only is effective during converter outages but
also during line insulation failures where the remaining
insulation strength is adequate to withstand the low re-
sistive voltage drop in the metallic return path.

For very-high-power HVDC transmission, especially
at dc voltages above £500 kV (i.e., =600 kV or 800 kV),
series-connected converters can be used to reduce the
energy unavailability for individual converter outages or
partial line insulation failure. By using two series-
connected converters per pole in a bipolar system, only
one quarter of the transmission capacity is lost for a
converter outage or if the line insulation for the affected
pole is degraded to where it can only support half the
rated dc line voltage. Operating in this mode also avoids
the need to transfer to monopolar metallic return to limit
the duration of emergency earth return.

STATION DESIGN AND LAYOUT
CONVENTIONAL HVDC

The converter station layout depends on a number of fac-
tors such as the dc system configuration (i.e., monopolar,
bipolar, or back-to-back), ac filtering, and reactive power
compensation requirements. The thyristor valves are air-
insulated, water-cooled, and enclosed in a converter
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building often referred to as a valve hall. For back-to-back
ties with their characteristically low dc voltage, thyristor
valves can be housed in prefabricated electrical enclosures,
in which case a valve hall is not required.

To obtain a more compact station design and reduce
the number of insulated high-voltage wall bushings, con-
verter transformers are often placed adjacent to the valve
hall with valve winding bushings protruding through the
building walls for connection to the valves. Double or
quadruple valve structures housing valve modules are
used within the valve hall. Valve arresters are located im-
mediately adjacent to the valves. Indoor motor-operated
grounding switches are used for personnel safety during
maintenance. Closed-loop valve cooling systems are used
to circulate the cooling medium, deionized water or
water-glycol mix, through the indoor thyristor valves with
heat transfer to dry coolers located outdoors. Area re-
quirements for conventional HVDC converter stations
are influenced by the ac system voltage and reactive
power compensation requirements where each individual
bank rating may be limited by such system requirements
as reactive power exchange and maximum voltage step
on bank switching. The ac yard with filters and shunt
compensation can take up as much as three quarters of
the total area requirements of the converter station.

Figure 14 shows a typical arrangement for an HVDC
converter station.

VSC-BASED HVDC

The transmission circuit consists of a bipolar two-wire
HVDC system with converters connected pole-to-pole.
DC capacitors are used to provide a stiff dc voltage
source. The dc capacitors are grounded at their electrical
center point to establish the earth reference potential for
the transmission system. There is no earth return opera-
tion. The converters are coupled to the ac system
through ac phase reactors and power transformers. Un-
like most conventional HVDC systems, harmonic filters
are located between the phase reactors and power
transformers. Therefore, the transformers are exposed
to no dc voltage stresses or harmonic loading, allowing
use of ordinary power transformers. Figure 15 shows the
station arrangement for a £150-kV, 350 to 550-MW VSC
converter station.

The IGBT valves used in VSC converters are com-
prised of series-connected IGBT positions. The IGBT is
a hybrid device exhibiting the low forward drop of a
bipolar transistor as a conducting device. Instead of
the regular current-controlled base, the IGBT has a

ac Line

Shunt Capacitors

Harmonic Filters

ac Switchyard

Converter Transformers

Valve Hall

dc Switchyard

Figure 14
Monopolar HVDC converter station
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for VSC-based HVDC converter stations, except

Coolers

IGBT Valve
Enclosures

the transformer, high-side breaker, and valve
coolers, is located indoors.

HVDC CONTROL AND
OPERATING PRINCIPLES

CONVENTIONAL HVDC

The fundamental objectives of an HYDC control
system are as follows:

I) to control basic system quantities such
as dc line current, dc voltage, and trans-
mitted power accurately and with suffi-
cient speed of response

2) to maintain adequate commutation mar-

Figure 15
VSC HVDC converter station

voltage-controlled capacitive gate, as in the MOSFET
device.

A complete IGBT position consists of an IGBT, an
anti-parallel diode, a gate unit, a voltage divider, and a
water-cooled heat sink. Each gate unit includes gate-
driving circuits, surveillance circuits, and optical interface.
The gate-driving electronics control the gate voltage and
current at turn-on and turn-off to achieve optimal turn-
on and turn-off processes of the IGBTs.

To be able to switch voltages higher than the rated
voltage of one IGBT, many positions arc connected in se-
ries in each valve similar to thyristors in conventional
HVDC valves. All IGBTs must turn on and off at the same
moment to achieve an evenly distributed voltage across
the valve. Higher currents are handled by paralleling IGBT
components or press packs.

The primary objective of the valve dc-side capacitor is
to provide a stiff voltage source and a low-inductance
path for the turn-off switching currents and to provide
energy storage. The capacitor also reduces the harmonic
ripple on the dc voltage. Disturbances in the system (e.g.,
ac faults) will cause dc voltage variations. The ability to
limit these voltage variations depends on the size of the
dc-side capacitor. Since the dc capacitors are used in-
doors, dry capacitors are used.

AC filters for VSC HVDC converters have smaller
ratings than those for conventional converters and are not
required for reactive power compensation. Therefore,
these filters are always connected to the converter bus
and not switched with transmission loading. All equipment

gin in inverter operation so that the valves
can recover their forward blocking capa-
bility after conduction before their volt-
age polarity reverses
3) to control higher-level quantities such as frequency
in isolated mode or provide power oscillation
damping to help stabilize the ac network
4) to compensate for loss of a pole, a generator, or
an ac transmission circuit by rapid readjustment of
power
5) to ensure stable operation with reliable commuta-
tion in the presence of system disturbances
6) to minimize system losses and converter reactive
power consumption
7) to ensure proper operation with fast and
stable recoveries during ac system faults and
disturbances.

For conventional HYDC transmission, one terminal
sets the dc voltage level while the other terminal(s) reg-
ulates the (its) dc current by controlling its output volt-
age relative to that maintained by the voltage-setting
terminal. Since the dc line resistance is low, large changes
in current and hence power can be made with relatively
small changes in firing angle (alpha). Two independent
methods exist for controlling the converter dc output
voltage. These are |) by changing the ratio between the
direct voltage and the ac voltage by varying the delay
angle or 2) by changing the converter ac voltage via load
tap changers (LTCs) on the converter transformer.
Whereas the former method is rapid the latter method
is slow due to the limited speed of response of the LTC.
Use of high delay angles to achieve a larger dynamic
range, however, increases the converter reactive power
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b
b

Figure 16
Conventional HYDC control

consumption. To minimize the reactive power demand
while still providing adequate dynamic control range and
commutation margin, the LTC is used at the rectifier
terminal to keep the delay angle within its desired steady-
slate range (e.g., 13—18°) and at the inverter to keep the
extinction angle within its desired range (e.g., 17-20°), if
the angle is used for dc voltage control or to maintain
rated dc voltage if operating in minimum commutation
margin control mode. Figure 16 shows the characteristic
transformer current and dc bridge voltage waveforms
along with the controlled items Ud, Id, and tap changer
position (TCP).

VSC-BASED HYDC

Power can be controlled by changing the phase angle of
the converter ac voltage with respect to the filter bus
voltage, whereas the reactive power can be controlled by
changing the magnitude of the fundamental component of
the converter ac voltage with respect to the filter bus
voltage. By controlling these two aspects of the converter
voltage, operation in all four quadrants is possible. This
means that the converter can be operated in the middle of
its reactive power range near unity power factor to
maintain dynamic reactive power reserve for contingency
voltage support similar to a static var compensator. It also
means that the real power transfer can be changed rapidly
without altering the reactive power exchange with the ac
network or waiting for switching of shunt compensation.
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Being able to independently control ac voltage magni-
tude and phase relative to the system voltage allows use
of separate active and reactive power control loops for
HVDC system regulation. The active power control loop
can be set to control either the active power or the dc-
side voltage. In a dc link, one station will then be selected
to control the active power while the other must be set
to control the dc-side voltage. The reactive power con-
trol loop can be set to control either the reactive power
or the ac-side voltage. Either of these two modes can
be selected independently at either end of the dc link.
Figure |7 shows the characteristic ac voltage waveforms
before and after the ac filters along with the controlled
items Ud, Id, Q, and Uac.

CONCLUSIONS

The favorable economics of long-distance bulk-power
transmission with HVDC together with its controllability
make it an interesting alternative or complement to ac
transmission. The higher voltage levels, mature technol-
ogy, and new converter designs have significantly in-
creased the interest in HYDC transmission and expanded
the range of applications.

FOR FURTHER READING

B. Jacobson, Y. Jiang-Hafner, P. Rey, and G. Asplund,
“HVDC with voltage source converters and extruded



CASE STUDY 247

Uacz | Upcreto

@

Voltage

[(PwM Control PWM
Internal Internal
Current Preft Pratz Current Oretz
Control _'C(C Control O

Principle Control of HYDC-Light

Control

Figure 17
Control of YSC HVDC transmission

cables for up to 300 kV and 1000 MW, in Proc. CIGRE
2006, Paris, France, pp. B4—105.

L. Ronstrom, B.D. Railing, JJ. Miller, P. Steckley,
G. Moreau, P. Bard, and J. Lindberg, “Cross sound cable
project second generation VSC technology for HVDC,”
Proc. CIGRE 2006, Paris, France, pp. B4-102.

M. Bahrman, D. Dickinson, P. Fisher, and M. Stoltz,
“The Rapid City Tie—New technology tames the East-
West interconnection,” in Proc. Minnesota Power Systems
Conf., St. Paul, MN, Nov. 2004.

D. McCallum, G. Moreau, ). Primeau, D. Soulier, M.
Bahrman, and B. Ekehov, “Multiterminal integration of the
Nicolet Converter Station into the Quebec-New England
Phase Il transmission system,” in Proc. CIGRE 1994, Paris,
France.

A. Ekstrom and G. Liss, “A refined HYDC control sys-
tem,” IEEE Trans. Power Systems, vol. PAS-89, pp. 723-732,
May—June 1970.

BIOGRAPHIES

Michael P. Bahrman received a BS.E.E. from Michigan
Technological University. He is currently the U.S. HYDC

marketing and sales manger for ABB Inc. He has 24 years
of experience with ABB Power Systems including system
analysis, system design, multiterminal HYDC control de-
velopment, and project management for various HYDC
and FACTS projects in North America. Prior to joining
ABB, he was with Minnesota Power for |0 years where
he held positions as transmission planning engineer,
HVDC control engineer, and manager of system oper-
ations. He has been an active member of |IEEE, serving on
a number of subcommittees and working groups in the
area of HYDC and FACTS.

Brian K. Johnson received the Ph.D. in electrical en-
gineering from the University of Wisconsin-Madison. He
is currently a professor in the Department of Electrical
and Computer Engineering at the University of Idaho. His
interests include power system protection and the appli-
cation of power electronics to utility systems, security
and survivability of ITS systems and power systems, dis-
tributed sensor and control networks, and real-time sim-
ulation of traffic systems. He is a member of the Board of
Governors of the IEEE Intelligent Transportation Systems
Society and the Administrative Committee of the |EEE
Council on Superconductivity.

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



248 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

5.1

MEDIUM AND SHORT LINE APPROXIMATIONS

In this section, we present short and medium-length transmission-line approxi-
mations as a means of introducing A BCD parameters. Some readers may pre-
fer to start in Section 5.2, which presents the exact transmission-line equations.

It is convenient to represent a transmission line by the two-port net-
work shown in Figure 5.1, where Vs and Is are the sending-end voltage and
current, and Vg and Ig are the receiving-end voltage and current.

The relation between the sending-end and receiving-end quantities can
be written as

Vs = AVg + Blg volts (5.1.1)
Is=CVr +DIg A (5.1.2)

or, in matrix format,

A | B
Cc|D

where A, B, C, and D are parameters that depend on the transmission-line
constants R, L, C, and G. The ABCD parameters are, in general, complex
numbers. 4 and D are dimensionless. B has units of ohms, and C has units of
siemens. Network theory texts [5] show that A BCD parameters apply to lin-
ear, passive, bilateral two-port networks, with the following general relation:

AD — BC =1 (5.1.4)

Vs
Is

VR
Ir

(5.1.3)

The circuit in Figure 5.2 represents a short transmission line, usually
applied to overhead 60-Hz lines less than 80 km long. Only the series resis-
tance and reactance are included. The shunt admittance is neglected. The
circuit applies to either single-phase or completely transposed three-phase
lines operating under balanced conditions. For a completely transposed

FIGURE 5.1 Is In
n ———0
Representation of two- Two-port * v
port network _ network _
o S L 5
FIGURE 5.2 Z=2z0= (R +joL)

Short transmission line

+
Vs Vi
o
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three-phase line, Z is the series impedance, Vs and Vr are positive-sequence
line-to-neutral voltages, and I5 and Ir are positive-sequence line currents.

To avoid confusion between total series impedance and series imped-
ance per unit length, we use the following notation:

z=R+ joL Q/m, series impedance per unit length
y=G+ joC S/m, shunt admittance per unit length
Z =zl Q, total series impedance
Y =yl 8, total shunt admittance

[ = line length m

Recall that shunt conductance G is usually neglected for overhead transmission.
The ABCD parameters for the short line in Figure 5.2 are easily ob-
tained by writing a KVL and KCL equation as

Vs = Ve + ZIr (5.1.5)
Is = Ix (5.1.6)
or, in matrix format,
Vs 11Z]|]| R
_ (5.1.7)
Is 0|1 ]]r
Comparing (5.1.7) and (5.1.3), the ABCD parameters for a short line are
A=D=1 perunit (5.1.8)
B=Z Q (5.1.9)
C=0 S (5.1.10)

For medium-length lines, typically ranging from 80 to 250 km at 60 Hz,
it is common to lump the total shunt capacitance and locate half at each end
of the line. Such a circuit, called a nominal 7 circuit, is shown in Figure 5.3.

To obtain the ABCD parameters of the nominal 7z circuit, note first that

. . P VRY .
the current in the series branch in Figure 5.3 equals Ir + %. Then, writing
a KVL equation,

rY
Vs = VR“!‘Z(IR‘F%)
YZ
:C+3Jw+mk (5.1.11)
FIGURE 5.3

Medium-length ¢ -
transmission line— y ,
V. =Y = Va

nominal 7 circuit

Nl <
+0

1l

o | »

B
N
N
1

'y
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Also, writing a KCL equation at the sending end,
VRY VsY
IS:1R+%+ST (5.1.12)

Using (5.1.11) in (5.1.12),

VrRY YZ Y
Is=Ix +——+ {(1—1——) VR+ZIR:|3

2 2
YZ YZ
=Y|14+—|Vr+ |1 +— |Ir (5.1.13)
4 2
Writing (5.1.11) and (5.1.13) in matrix format,
YZ
= (5.1.14)

YZ YZ
y(1+2) | (1422
| [0+ -2

Thus, comparing (5.1.14) and (5.1.3)

YZ .
A:D:1+7 per unit (5.1.15)
B=7Z Q (5.1.16)
YZ
C= Y(l—s—T) S (5.1.17)

Note that for both the short and medium-length lines, the relation AD —
BC =1 is verified. Note also that since the line is the same when viewed from
either end, 4 = D.

Figure 5.4 gives the ABCD parameters for some common networks, in-
cluding a series impedance network that approximates a short line and a =
circuit that approximates a medium-length line. A medium-length line could
also be approximated by the T circuit shown in Figure 5.4, lumping half of
the series impedance at each end of the line. Also given are the ABCD pa-
rameters for networks in series, which are conveniently obtained by multi-
plying the ABCD matrices of the individual networks.

ABCD parameters can be used to describe the variation of line voltage
with line loading. Voltage regulation is the change in voltage at the receiving
end of the line when the load varies from no-load to a specified full load at
a specified power factor, while the sending-end voltage is held constant. Ex-
pressed in percent of full-load voltage,

| VenL| — | VrEL| « 100

ercent VR =
P | VREL|

(5.1.18)
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252 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

where percent VR is the percent voltage regulation, |Frny| is the magnitude
of the no-load receiving-end voltage, and |Vrgy| is the magnitude of the full-
load receiving-end voltage.

The effect of load power factor on voltage regulation is illustrated by the pha-
sor diagrams in Figure 5.5 for short lines. The phasor diagrams are graphical repre-
sentations of (5.1.5) for lagging and leading power factor loads. Note that, from
(5.1.5) at no-load, Igxny, = 0 and Vs = Vg for a short line. As shown, the higher
(worse) voltage regulation occurs for the lagging p.f. load, where Vrny exceeds
VrrL by the larger amount. A smaller or even negative voltage regulation occurs for
the leading p.f. load. In general, the no-load voltage is, from (5.1.1), with Ixny = 0,

Vs

VRNL = (5.1.19)

which can be used in (5.1.18) to determine voltage regulation.

In practice, transmission-line voltages decrease when heavily loaded
and increase when lightly loaded. When voltages on EHV lines are main-
tained within +5% of rated voltage, corresponding to about 10% voltage
regulation, unusual operating problems are not encountered. Ten percent
voltage regulation for lower voltage lines including transformer-voltage drops
is also considered good operating practice.

In addition to voltage regulation, line loadability is an important issue.
Three major line-loading limits are: (1) the thermal limit, (2) the voltage-drop
limit, and (3) the steady-state stability limit.

The maximum temperature of a conductor determines its thermal limit. Con-
ductor temperature affects the conductor sag between towers and the loss of con-
ductor tensile strength due to annealing. If the temperature is too high, prescribed
conductor-to-ground clearances may not be met, or the elastic limit of the conduc-
tor may be exceeded such that it cannot shrink to its original length when cooled.
Conductor temperature depends on the current magnitude and its time duration, as
well as on ambient temperature, wind velocity, and conductor surface conditions.
Appendix Tables A.3 and A .4 give approximate current-carrying capacities of cop-
per and ACSR conductors. The loadability of short transmission lines (less than 80
km in length for 60-Hz overhead lines) is usually determined by the conductor ther-
mal limit or by ratings of line terminal equipment such as circuit breakers.

For longer line lengths (up to 300 km), line loadability is often determined
by the voltage-drop limit. Although more severe voltage drops may be tolerated
in some cases, a heavily loaded line with Vg /Vs > 0.95 is usually considered
safe operating practice. For line lengths over 300 km, steady-state stability be-
comes a limiting factor. Stability, discussed in Section 5.4, refers to the ability of
synchronous machines on either end of a line to remain in synchronism.

EXAMPLE 5.1 ABCD parameters and the nominal 7 circuit: medium-length line

A three-phase, 60-Hz, completely transposed 345-kV, 200-km line has two
795,000-cmil 26/2 ACSR conductors per bundle and the following positive-
sequence line constants:
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SECTION 5.1 MEDIUM AND SHORT LINE APPROXIMATIONS 253

z=0.032 + j0.35 Q/km
y=j42x10"% S/km

Full load at the receiving end of the line is 700 MW at 0.99 p.f. leading and at
95% of rated voltage. Assuming a medium-length line, determine the following:

a. ABCD parameters of the nominal 7 circuit
b. Sending-end voltage Vs, current /5, and real power Pg
c. Percent voltage regulation

d. Thermal limit, based on the approximate current-carrying capacity
listed in Table A.4

e. Transmission-line efficiency at full load
SOLUTION
a. The total series impedance and shunt admittance values are
Z = zI = (0.032 + j0.35)(200) = 6.4 + j70 = 70.29/84.78° Q
Y =yl = (j4.2 x 107)(200) = 8.4 x 1074/90° S
From (5.1.15)—(5.1.17),
A=D=1+ (8.4 x10%/90°)(70.29/84.78°) ()
=1+0.02952/174.78°
= 0.9706 + j0.00269 = 0.9706/0.159°  per unit
B=27=170.29/84.78° Q
C = (8.4 x 107%/90°)(1 + 0.01476/174.78°)
= (8.4 x 107*/90°)(0.9853 + j0.00134)
=8.277 x 1074/90.08° S

b. The receiving-end voltage and current quantities are
Vr = (0.95)(345) = 327.8 kViL

327.8
Ve =222 /0° = 189.2/0° kV
R \/§ L LN
—1
= bl 00D — 1.246/8.11° kA

(v/3)(0.95 x 345)(0.99)
From (5.1.1) and (5.1.2), the sending-end quantities are
Vs = (0.9706/0.159°)(189.2/0°) + (70.29/84.78°)(1.246/8.11°)

= 183.6/0.159° + 87.55/92.89°
=179.2 + j87.95 = 199.6/26.14° kVin
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254 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

Vs = 199.6V/3 = 3458 kVi . ~ 1.00 per unit
Is = (8.277 x 1074/90.08°)(189.2/0°) + (0.9706/0.159°)(1.246/8.11°)

= 0.1566/90.08° + 1.209/8.27°
= 1.196 + j0.331 = 1.241/15.5° kA

and the real power delivered to the sending end is

Ps = (V/3)(345.8)(1.241) cos(26.14° — 15.5°)

=730.5 MW
c. From (5.1.19), the no-load receiving-end voltage is
Vs 3458
VRNL = X = m = 3563 kVLL
and, from (5.1.18),
356.3 — 327.8 .
percent VR = — 378 x 100 = 8.7%

d. From Table A.4, the approximate current-carrying capacity of two
795,000-cmil 26/2 ACSR conductors is 2 x 0.9 = 1.8 kA.

e. The full-load line losses are Ps — Pr = 730.5 — 700 = 30.5 MW and the

full-load transmission efficiency is
Pr 700
EFF = — x 100 = ——— x 100 = 95.8¢
percent P x 100 7305 X 95.8%

Since Vg = 1.00 per unit, the full-load receiving-end voltage of 0.95 per
unit corresponds to Vg /Vs = 0.95, considered in practice to be about the
lowest operating voltage possible without encountering operating prob-
lems. Thus, for this 345-kV 200-km uncompensated line, voltage drop
limits the full-load current to 1.246 kA at 0.99 p.f. leading, well below
the thermal limit of 1.8 kA. |

5.2

TRANSMISSION-LINE DIFFERENTIAL EQUATIONS

The line constants R, L, and C are derived in Chapter 4 as per-length values
having units of Q/m, H/m, and F/m. They are not lumped, but rather are
uniformly distributed along the length of the line. In order to account for the
distributed nature of transmission-line constants, consider the circuit shown
in Figure 5.6, which represents a line section of length Ax. V' (x) and I(x) de-
note the voltage and current at position x, which is measured in meters from
the right, or receiving end of the line. Similarly, V' (x 4+ Ax) and I(x + Ax)
denote the voltage and current at position (x + Ax). The circuit constants are
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where G is usually neglected for overhead 60-Hz lines. Writing a KVL equa-
tion for the circuit

V(x+Ax) = V(x) + (zAx)I(x) volts (5.2.3)
Rearranging (5.2.3),
V(x+ Ax) — V(x)

=zl 2.4
- 21(v) (524)
and taking the limit as Ax approaches zero,
dZiX) = I (x) (5.2.5)
Similarly, writing a KCL equation for the circuit,
I(x+Ax) =I(x) + (yAx)V(x +Ax) A (5.2.6)
Rearranging,
I(x+ Ax) — I(x)
= .2.
- V() (527)
and taking the limit as Ax approaches zero,
dI(x)
= .2.
=y () (528)

Equations (5.2.5) and (5.2.8) are two linear, first-order, homogeneous differ-
ential equations with two unknowns, V' (x) and /(x). We can eliminate /(x)
by differentiating (5.2.5) and using (5.2.8) as follows:

d?Vv(x)  dl(x)

2 T zyV(x) (5.2.9)
or
2
d dzg’” 2V (x) =0 (5.2.10)

Equation (5.2.10) is a linear, second-order, homogeneous differential equa-
tion with one unknown, V(x). By inspection, its solution is
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256 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

V(x) = Aje”™ + A,e™  volts (5.2.11)
where A; and A, are integration constants and

y=+Zy m! (5.2.12)

y, whose units are m~', is called the propagation constant. By inserting

(5.2.11) and (5.2.12) into (5.2.10), the solution to the differential equation can

be verified.
Next, using (5.2.11) in (5.2.5),
dl;b(cX) =ypAie” — pAre™ = zI(x) (5.2.13)

Solving for 7(x),

Aje’™ — Are 7

I(x 5.2.14
(x) - (52.14)
Using (5.2.12), z/y = z/\/zy = \/2/», (5.2.14) becomes
Aje’™ — Aye ™
Iy =21 — 220 T (5.2.15)
Z.
where

Z = \/E Q (5.2.16)
¥

Z., whose units are Q, is called the characteristic impedance.

Next, the integration constants 4; and A4, are evaluated from the
boundary conditions. At x = 0, the receiving end of the line, the receiving-
end voltage and current are

Ve = V(0) (5.2.17)
Ir = 1(0) (5.2.18)
Also, at x = 0, (5.2.11) and (5.2.15) become
VR =41+ 4> (5.2.19)
Ay — A
Ir = % (5.2.20)

Solving for A and A4,

Z. 0
A = YR+ Zdr (5.2.21)
2
Ay = w (5.2.22)

Substituting 4; and A4, into (5.2.11) and (5.2.15),
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Vix) = (L +2ZCIR)ew i (L _2Z“IR)e“’ (5.223)
o VR + Z('IR yx VR - ZCIR —yx
I(x) = ( 7 )e 2 e (5.2.24)

Rearranging (5.2.23) and (5.2.24),

X —)X PX _ =YX

V(x) = (%) Vi + Ze (%) I (5.2.25)
I [er —e ™ e e

I(x) = Z (T) Vr + (f) Ir (5.2.26)

Recognizing the hyperbolic functions cosh and sinh,

V(x) = cosh(yx) Vg + Z. sinh(yx)Ir (5.2.27)

1
I(x) = —- sinh(yx) Vr + cosh(yx) I (5.2.28)

&

Equations (5.2.27) and (5.2.28) give the ABCD parameters of the dis-
tributed line. In matrix format,

lV(x) _ A(x) | B(x) VR] (52.29)

I(x) C(x)| D(x) || Ir

where
A(x) = D(x) = cosh(yx) per unit (5.2.30)
B(x) = Z, sinh(yx) Q (5.2.31)
C(x) = ZLC sinh(yx) S (5.2.32)

Equation (5.2.29) gives the current and voltage at any point x along the
line in terms of the receiving-end voltage and current. At the sending end,
where x =/, V(I) = Vs and I(/) = Is. That is,

Vs A|B|| W
= (5.2.33)
I c|p|| Rk
where
A =D = cosh(y/) per unit (5.2.34)
B=Z.sinh(y/) Q (5.2.35)
C= ZL sinh(yl) S (5.2.36)
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TABLE 5.1

Summary: Transmission-
line ABCD parameters
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Equations (5.2.34)—(5.2.36) give the ABCD parameters of the distri-
buted line. In these equations, the propagation constant y is a complex quan-
tity with real and imaginary parts denoted « and f. That is,

y=o+jf m! (5.2.37)
The quantity y/ is dimensionless. Also
el = P — o oIPl — ¥ /B (5.2.38)

Using (5.2.38) the hyperbolic functions cosh and sinh can be evaluated
as follows:

e",'l + eiyl 1 ol —ol
cosh(yl) = —5 =53 (e* /Pl + e~ /—=BI) (5.2.39)
and
e’ —e 1
sinh(yl) = ———— =3 (e /Bl — e /=PI (5.2.40)
Alternatively, the following identities can be used:
cosh(al 4 jpl) = cosh(al) cos(pl) + j sinh(al) sin(fI) (5.2.41)
sinh(a/ + jpl) = sinh(al) cos(pl) + j cosh(al) sin(fI) (5.2.42)

Note that in (5.2.39)—(5.2.42), the dimensionless quantity f/ is in radians, not
degrees.

The ABCD parameters given by (5.2.34)—(5.2.36) are exact parameters
valid for any line length. For accurate calculations, these equations must be
used for overhead 60-Hz lines longer than 250 km. The ABCD parameters
derived in Section 5.1 are approximate parameters that are more conve-
niently used for hand calculations involving short and medium-length lines.
Table 5.1 summarizes the ABCD parameters for short, medium, long, and
lossless (see Section 5.4) lines.

Parameter A=D B C
Units per Unit Q S
Short line (less than 80 km) 1 A 0
Medium line—nominal 7 1+ g VA Y<1 + ?)
circuit (80 to 250 km) v’z
Long line—equivalent 7 cosh(y/) =1+ Z,sinh(y/)=2Z"  (1/Z.) sinh(y/)
circuit (more than 250 km) (i vz
- 4
. . in(fp¢
Lossless line (R =G =0) cos(f/) JZ. sin(fi/) / Sl;(ﬁ )
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EXAMPLE 5.2 Exact ABCD parameters: long line

A three-phase 765-kV, 60-Hz, 300-km, completely transposed line has the
following positive-sequence impedance and admittance:

z=0.0165 + j0.3306 = 0.3310/87.14° Q/km
y = j4.674 x 107 S/km

Assuming positive-sequence operation, calculate the exact ABCD parameters
of the line. Compare the exact B parameter with that of the nominal 7 circuit.

soLUTION From (5.2.12) and (5.2.16):

[ 03310/8714° . ;
%= \/4'674 =7 \/7.082 x 104/ -2.86

=2066.1/—-1.43° Q

and

yl = \/(0.3310[87.14")(4.674 % 10-6/90°) x (300)

= /1.547 x 10-6/177.14° x (300)
— 0.3731/88.57° = 0.00931 + j0.3730 per unit
From (5.2.38),
e = 00081, H03730 — 1 0094/0.3730 radians
— 0.9400 + j0.3678

and
e = ¢ 0003703730 = 0.9907/-0.3730 radians
= 0.9226 — j0.3610
Then, from (5.2.39) and (5.2.40),
(0.9400 + 0.3678) + (0.9226 — j0.3610)

cosh(yl) = :
— 09313 + j0.0034 = 0.9313/0.209°
sin(y1) = (0:9400 & J0.3678) — (0.9226 — 0.3610)

2
= 0.0087 + j0.3644 = 0.3645/88.63°

Finally, from (5.2.34)—(5.2.36),
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260 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

A = D = cosh(y/) = 0.9313/0.209°  per unit
B = (266.1/—1.43°)(0.3645/88.63°) = 97.0/87.2° Q

C— 0.3645/88.63°
~266.1/—-1.43°

Using (5.1.16), the B parameter for the nominal z circuit is

Buominal x = Z = (0.3310/87.14°)(300) = 99.3/87.14° ©Q

which is 2% larger than the exact value. |

=1.37%x1073/90.06° S

5.3

EQUIVALENT = CIRCUIT

Many computer programs used in power system analysis and design assume
circuit representations of components such as transmission lines and trans-
formers (see the power-flow program described in Chapter 6 as an example).
It is therefore convenient to represent the terminal characteristics of a trans-
mission line by an equivalent circuit instead of its ABCD parameters.

The circuit shown in Figure 5.7 is called an equivalent n circuit. It is
identical in structure to the nominal = circuit of Figure 5.3, except that Z’
and Y’ are used instead of Z and Y. Our objective is to determine Z’ and Y’
such that the equivalent 7 circuit has the same ABCD parameters as those of
the distributed line, (5.2.34)—(5.2.36). The ABCD parameters of the equiva-
lent 7 circuit, which has the same structure as the nominal 7, are

Y'z'

A=D=1+ 5 per unit (5.3.1)
B=27 Q (5.3.2)
FIGURE 5.7 Z I
0
Transmission-line +
equivalent 7 circuit y
7 Ve
o
7' = Z,sinh(yt)= ZF, = ZS"‘:#)
Y _ tanh(¥£/2) Ye _ Y tanh(y£/2)
757 Z T2 T3
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Y'z'
C:Y’<1+ i ) S (5.3.3)

where we have replaced Z and Y in (5.1.15)—(5.1.17) with Z’ and Y’ in
(5.3.1)—(5.3.3). Equating (5.3.2) to (5.2.35),

Z' = Z, sinh(yl) = \/% sinh(y/) (5.3.4)

Rewriting (5.3.4) in terms of the nominal 7 circuit impedance Z = z/,

P \/Z smh(yl)] _ [smh(yl)]
y ozl Vzyl
=ZF Q (5.3.5)
where
F = smhl(yl) per unit (5.3.6)
b4

Similarly, equating (5.3.1) to (5.2.34),

17!

1+ > = cosh(yl)
Y’ cosh(yl) — 1
7 —_— T (5-3-7)

Using (5.3.4) and the identity tanh <y21) %, (5.3.7) becomes

Y’ cosh(y/) =1 tanh(y//2) _ tanh(yl/2)

2 Z.sinh(yl) — Z. z (538)
Y
Rewriting (5.3.8) in terms of the nominal 7z circuit admittance Y = yl,
Y’ yl |tanh(y//2) | yl|tanh(y//2)
22 zyl | 2| vl
y 2
Y
=—F S (5.3.9)
2
where
) = tanill(/yé/Z) per unit (5.3.10)

Equations (5.3.6) and (5.3.10) give the correction factors F; and F, to convert
Z and Y for the nominal 7 circuit to Z’ and Y’ for the equivalent x circuit.
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262 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

EXAMPLE 5.3 Equivalent =« circuit: long line

Compare the equivalent and nominal 7 circuits for the line in Example 5.2.

SOLUTION For the nominal 7 circuit,

= z[ = (0.3310/87.14°)(300) = 99.3/87.14° Q

Y _ iyl <j4.674 x 1076

5 )(300) =7.011x107%/90° S

5.3.6) and (5.3.10), the correction factors are

0.3645/88.63° . .
' = 0.3731/88.57° =0.9769/0.06° per unit

tanh(yl/Z) cosh(yl) — 1
pl/2 " (y1/2) sinh(y])
_ 0.9313 + ;0.0034 — 1
~ (0.3731
=~ 12 /88.57° ) (0.3645/88.63°)

—0.0687 + j0.0034
0.06800/177.20°

~0.06878/177.17° .
—1.012/-0.03°
= 0.06800/ 177 20° — 1012/=0.03°  per unit

Then, from (5.3.5) and (5.3.9), for the equivalent z circuit,

— (99.3/87.14°)(0.9769/0.06°) = 97.0/87.2° Q
!/

— = (7011 1074/90°)(1.012/—0.03°) = 7.095 x 1074/89.97° S

=37x1077 + j7.095x 107* S

Comparing these nominal and equivalent 7 circuit values, Z' is about
2% smaller than Z, and Y’/2 is about 1% larger than Y/2. Although the cir-
cuit values are approximately the same for this line, the equivalent 7 circuit
should be used for accurate calculations involving long lines. Note the small
shunt conductance, G’ = 3.7 x 10~7 S, introduced in the equivalent 7 circuit.
G’ is often neglected. |

5.4

LOSSLESS LINES

In this section, we discuss the following concepts for lossless lines: surge im-
pedance, ABCD parameters, equivalent 7 circuit, wavelength, surge imped-
ance loading, voltage profiles, and steady-state stability limit.
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SECTION 5.4 LOSSLESS LINES 263

When line losses are neglected, simpler expressions for the line param-
eters are obtained and the above concepts are more easily understood. Since
transmission and distribution lines for power transfer generally are designed
to have low losses, the equations and concepts developed here can be used for
quick and reasonably accurate hand calculations leading to seat-of-the-pants
analyses and to initial designs. More accurate calculations can then be made
with computer programs for follow-up analysis and design.

SURGE IMPEDANCE

For a lossless line, R = G = 0, and
z=joL Q/m (54.1)
= joC S/m (5.4.2)
From (5 2.12) and (5.2.16),

z_\[ \/j? \/7 Q (5.4.3)
an

? =7y =/ (joL)(joC) = jovLC = jB m™' (5.4.4)

where
f=wVLC m! (5.4.5)

The characteristic impedance Z, = /L/C, commonly called surge impedance
for a lossless line, is pure real—that is, resistive. The propagation constant
y = jf is pure imaginary.

ABCD PARAMETERS

The ABCD parameters are, from (5.2.30)—(5.2.32),
A(x) = D(x) = cosh(yx) = cosh(jfx)

= M = cos(fx) per unit (5.4.6)
oI _ pib
sinh(yx) = sinh(jfx) = — = Jj sin(fx) per unit (5.4.7)
B(x) = Z, sinh(yx) = jZ, sin(fx) = j\/g sin(fx) Q (5.4.8)
Clx) = sinl;(cyx) _J sin(Lﬁx) S (5.49)
C

A(x) and D(x) are pure real; B(x) and C(x) are pure imaginary.
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264 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

A comparison of lossless versus lossy 4BCD parameters is shown in
Table 5.1.

EQUIVALENT n CIRCUIT

For the equivalent 7 circuit, using (5.3.4),

Z' = jZ.sin(pl) = jX' Q (5.4.10)
or, from (5.3.5) and (5.3.6),
Z' = (joLl) (Smﬂ(l/ﬂ)> =X Q (5.4.11)

Also, from (5.3.9) and (5.3.10),
Y’ Y tanh(jpl/2) Y sinh(jp1/2)
22 /2 2 (jBl/2) cosh(jpl/2)
e Jjsin(pl/2) JoCI\ tan(pl/2)
-(5)1 (%)

2 jpl/2) cos(pl/2) 2 pl/2
_ (j“’zcll) S (5.4.12)

Z' and Y’ are both pure imaginary. Also, for f/ less than n radians, Z’ is
pure inductive and Y’ is pure capacitive. Thus the equivalent z circuit for a
lossless line, shown in Figure 5.8, is also lossless.

WAVELENGTH

A wavelength is the distance required to change the phase of the voltage or
current by 2z radians or 360°. For a lossless line, using (5.2.29),

V(x) = A(x)Vr + B(x)Ir

= cos(fx)Vr + jZ. sin(fx)Ir (5.4.13)
FIGURE 5.8 Is z I
. — o— YL RN
Equivalent 7 circuit for + J_ J_ +
a lossless line (S less _ Y Y .,
than 7) Vs = Vs /8 -IV 2 ?'l' Vg = Vg [0°
o

B¢
Y _ (j@Ce\tan(pt/2) _joCt ¢
7—( 2 ) (Be72y — 2
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and
I(x) = C(x)Vr + D(x)Ir
_Jsin(fx)
==

From (5.4.13) and (5.4.14), V(x) and I(x) change phase by 27 radians when
x = 2n/f. Denoting wavelength by A, and using (5.4.5),

VR + cos(fx)Ir (5.4.14)

2n 2n 1
i:?:a) LC:f e (5.4.15)
or
1
fl= ﬁ (5.4.16)

We will show in Chapter 12 that the term (1/+/LC) in (5.4.16) is the velocity
of propagation of voltage and current waves along a lossless line. For over-
head lines, (1/v/LC) ~ 3 x 10® m/s, and for f = 60 Hz, (5.4.14) gives

3x 108
L~ X60 = 5% 10° m = 5000 km = 3100 mi
Typical power-line lengths are only a small fraction of the above 60-Hz
wavelength.

SURGE IMPEDANCE LOADING

Surge impedance loading (SIL) is the power delivered by a lossless line to a
load resistance equal to the surge impedance Z. = /L/C. Figure 5.9 shows a
lossless line terminated by a resistance equal to its surge impedance. This line
represents either a single-phase line or one phase-to-neutral of a balanced
three-phase line. At SIL, from (5.4.13),

V(x) = cos(fix)Vr + jZ. sin(fx)Ir

= cos(fx)Vr + jZ. sin(fx) <%>

c

= (cos fx + j sin fx) Vg

=Py volts (5.4.17)
|[V(x)| =|Vr| volts (5.4.18)
FIGURE 5.9 5 I
+[ ———>
Lossless line terminated +
by its surge impedance V. <~> VoS Z = \/E Q
s ¢ C
x={ ) — x =0
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266 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

TABLES2 y__ z.=/L/C SIL= Vocea/Ze

Surge impedance and  (kV) Q) (MW)
SIL values for typical

60-Hz overhead lines 366-400 12-13
1, 2] (Electric Power 138 366-405 47-52
Research Institute 230 365-395 134-145
(EPRI), EPRI AC 34> 280366 325425
Transmission Line 290 233-294 850-1075
765 254-266 2200-2300

Reference Book—

200 kV and Above
(Palo Alto, CA: EPRI,
WWW.epri.com,
December 2005);
Westinghouse Electric

Thus, at SIL, the voltage profile is flat. That is, the voltage magnitude at any
point x along a lossless line at SIL is constant.

Corporation, Electrical Also from (5.4.14) at SIL,
Transmission and J sin(fx) Ve
Distribution Reference I(x) =22 1y 4+ (cos Bx)—
Book, 4th ed. (East ) Z, R+ (cos fx) Z.

Pittsburgh, PA, 1964)) VR
= (cos fx + j sin fix) —
Z.

Vi |

= (/P A (5.4.19)
Using (5.4.17) and (5.4.19), the complex power flowing at any point x along

the line is

S(x) =P(x) +jQ(x) = V(x)I"(x)
) P\
Ve |?

=— 5.4.20
> (54.20)

Thus the real power flow along a lossless line at SIL remains constant from
the sending end to the receiving end. The reactive power flow is zero.
At rated line voltage, the real power delivered, or SIL, is, from (5.4.20),

Viated
SIL = k< 5.4.21
ZL‘ ( )
where rated voltage is used for a single-phase line and rated line-to-line volt-
age is used for the total real power delivered by a three-phase line. Table 5.2
lists surge impedance and SIL values for typical overhead 60-Hz three-phase
lines.

VOLTAGE PROFILES

In practice, power lines are not terminated by their surge impedance. Instead,
loadings can vary from a small fraction of SIL during light load conditions
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FIGURE 5.10 VX

Voltage profiles of an Vane = Vs/cos(B¢)

uncompensated lossless
line with fixed sending-
end voltage for line
lengths up to a quarter
wavelength

Vesie = Vg

VRFL
Vesc = 0
x=f x =0
Sending end Receiving end

up to multiples of SIL, depending on line length and line compensation, dur-
ing heavy load conditions. If a line is not terminated by its surge impedance,
then the voltage profile is not flat. Figure 5.10 shows voltage profiles of lines
with a fixed sending-end voltage magnitude Vg for line lengths / up to a
quarter wavelength. This figure shows four loading conditions: (1) no-load,
(2) SIL, (3) short circuit, and (4) full load, which are described as follows:

1. At no-load, Ixny, = 0 and (5.4.13) yields
VL (x) = (cos fx)VrnL (5.4.22)

The no-load voltage increases from Vg = (cos ff/)VrnL at the send-
ing end to Vrny at the receiving end (where x = 0).

2. From (5.4.18), the voltage profile at SIL is flat.
3. For a short circuit at the load, Vrsc = 0 and (5.4.13) yields
Vsc(x) = (ZC sin ﬁX)IRSC (5.4.23)

The voltage decreases from Vg = (sin f/)(Z.Irsc) at the sending end
to Vrsc = 0 at the receiving end.

4. The full-load voltage profile, which depends on the specification of
full-load current, lies above the short-circuit voltage profile.

Figure 5.10 summarizes these results, showing a high receiving-end
voltage at no-load and a low receiving-end voltage at full load. This voltage
regulation problem becomes more severe as the line length increases.
In Section 5.6, we discuss shunt compensation methods to reduce voltage
fluctuations.
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268 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

STEADY-STATE STABILITY LIMIT

The equivalent 7 circuit of Figure 5.8 can be used to obtain an equation for
the real power delivered by a lossless line. Assume that the voltage magni-
tudes Vs and Vg at the ends of the line are held constant. Also, let J denote
the voltage-phase angle at the sending end with respect to the receiving end.
From KVL, the receiving-end current /g is

[ = S
R 7z > Vr
Vsé’j{S — VR ]wC’l
= — \Y 5.4.24

and the complex power Sg delivered to the receiving end is
Ve — VR \' joC'l )
v
(Vse/é — VR> JjoCl _ 5
Vi
2
JVRrVs cosd + VR Vg sind — jVé JjwCl
= 7 +
X 2

The real power delivered is

Sr = VRI}z = VR<

Vi (5.4.25)

\%
P = Pg = Pg = Re(Sg) = ‘;{VS sinéd W (5.4.26)

Note that since the line is lossless, Ps = Pg.

Equation (5.4.26) is plotted in Figure 5.11. For fixed voltage magni-
tudes Vg and Vg, the phase angle J increases from 0 to 90° as the real power
delivered increases. The maximum power that the line can deliver, which oc-
curs when 6 = 90°, is given by

VsV
Prax = —~ W (5.4.27)
X
FIGURE 5.11 Real power P
Real power delivered by
a lossless line versus VeV
voltage angle across Prax = —o8
. X
the line
+ 8
90°
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Piax represents the theoretical steady-state stability limit of a lossless line. If
an attempt were made to exceed this steady-state stability limit, then syn-
chronous machines at the sending end would lose synchronism with those at
the receiving end. Stability is further discussed in Chapter 13.

It is convenient to express the steady-state stability limit in terms of
SIL. Using (5.4.10) in (5.4.26),

_ VsVR sin 0 _ VsVR sin ¢
- Zesinpl < Z. ) (2711) (54.28)
1n T

Expressing Vs and Vg in per-unit of rated line voltage,

p_ (Vs Vi \ [Vied) siné
Vrated Vrated Z(: . (27‘[ / >
sin| —

A

sin 0
sin

v

= VS.p.u.VR.p.u. (SIL)

And for 0 = 90°, the theoretical steady-state stability limit is
o VS.p.uVR.p.u.(SIL)

PlTl‘dX - Sin %
A

Equations (5.4.27)—(5.4.30) reveal two important factors affecting the
steady-state stability limit. First, from (5.4.27), it increases with the square of
the line voltage. For example, a doubling of line voltage enables a fourfold
increase in maximum power flow. Second, it decreases with line length.
Equation (5.4.30) is plotted in Figure 5.12 for Vspu = Vrpu = 1, 2 = 5000
km, and line lengths up to 1100 km. As shown, the theoretical steady-state
stability limit decreases from 4(SIL) for a 200-km line to about 2(SIL) for a

w (5.4.30)

400-km line.
FIGURE 5.12 B
Transmission-line Z’ 40SiL ] é\
loadability curve for _f_f Thermal\- g,
60-Hz overhead lines— S 505 limit (g%
no series or shunt g \ %
compensation 2 \ S
= B
Z 20sIL = %:%
i e
g Cracy,,] 7s\tab//'-ty limit
eay
S 10SIL ne oadabiiny
L

100 300 500 700 900 1100
Line length (km)
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270 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

EXAMPLE 5.4 Theoretical steady-state stability limit: long line

Neglecting line losses, find the theoretical steady-state stability limit for the
300-km line in Example 5.2. Assume a 266.1-Q surge impedance, a 5000-km
wavelength, and Vg = Vg = 765 kV.

soLUTION From (5.4.21),

(765)*
266.1
From (5.4.30) with / = 300 km and A = 5000 km,

(D(1)(2199)

SIL = =219 MW

Prax = ——-—— 2 = (2.716)(2199) = 5974 MW
. <27z X 300)
@ TR EEE ® ) Case: E le5_d.pwh Status: Initialized | Si 15 Beta _mx
(@) gt LR e
CaseInformation  Drsw  Onelines | Tools | Options  AddOns  indow @
) » df o - 85% i
caiiinde || @hen ® & ’ LT 4 Emuizanalsis i ey SlZ '% E Equisalencing:
B log Solve = 4\ TR {4 Time Step Simulation e AX Other ~ || Modify Case
Fun Mode single Saluton | gimulator Contingensy  Sensitvites Lirnit Difference  Seale Model  Connedions
= W8 seript ~ || Fall pewton Options..  REFIONE ™ |1 analusis - Ling Loading Replicatar. Monitoring Flows ~  Case Explorer L Renumber
4l moge Log Power FlowTools Run Mode Other Tools Edithlode
.
) Example5_4 i [m] B3]

2199 MW 765.0 kV 765.0 kV
0 Mvar

Reactive Power Losses: -0.1 Mvar

Gacb) ) >

Angle Difference: -21.4 Deg

21 99w
Ongar

RunMode |Solution animation Stopped [az | ewing Current case

FIGURE 5.13 Screen for Example 5.4
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SECTION 55 MAXIMUM POWER FLOW 271

Alternatively, from Figure 5.12, for a 300-km line, the theoretical steady-state
stability limit is (2.72)SIL = (2.72)(2199) = 5980 MW, about the same as the
above result (see Figure 5.13).

Open PowerWorld Simulator case Example 5_4 and select Tools Play
to see an animated view of this example. When the load on a line is equal
to the SIL, the voltage profile across the line is flat and the line’s net reactive
power losses are zero. For loads above the SIL, the line consumes
reactive power and the load’s voltage magnitude is below the sending-end
value. Conversely, for loads below the SIL, the line actually generates reac-
tive power and the load’s voltage magnitude is above the sending-end value.
Use the load arrow button to vary the load to see the changes in the receiving-
end voltage and the line’s reactive power consumption. |

5.5

MAXIMUM POWER FLOW

Maximum power flow, discussed in Section 5.4 for lossless lines, is derived
here in terms of the ABCD parameters for lossy lines. The following notation

1s used:
A = cosh(yl) = A/0s
B=27'=7'/0;

Vs=Vs/0  Vr=Vr/0®
Solving (5.2.33) for the receiving-end current,

_ Vs — AVR _ Vsejé — AVReﬁA

Ik 2 ST (5.5.1)
The complex power delivered to the receiving end is
. Vse/0=02) — AVye/0a=02)|°
Sk =P +/Qr = Valg = V| = Vi
VRVs i, AVx
- RZ’ S pil0z—0) _ Z'R o/ (02=04) (5.5.2)
The real and reactive power delivered to the receiving end are thus
VRV AVi
Pr = Re(Sp) = 1; S cos(; — ) — z/R cos(fz — 04) (5.5.3)
VR Vs . AVy .
Qg = Im(Sg) = ; S sin(6; —8) — o sin(0z — 0a) (5.5.4)
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272 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

Note that for a lossless line, 05 = 0°, B=Z' =jX', Z' = X', 07 = 90°, and
(5.5.3) reduces to

~ VrVs AVy .
Pr = X cos(90 — o) < cos(90°)
VrVs .
= ;,S sin 6 (5.5.5)

which is the same as (5.4.26).
The theoretical maximum real power delivered (or steady-state stability
limit) occurs when ¢ = 0z in (5.5.3):

VrVs AVa

z' z'

Prmax = cos(0z — 0a) (5.5.6)

The second term in (5.5.6), and the fact that Z' is larger than X', reduce
Prmax to a value somewhat less than that given by (5.4.27) for a lossless line.

EXAMPLE 5.5 Theoretical maximum power delivered: long line

Determine the theoretical maximum power, in MW and in per-unit of SIL,
that the line in Example 5.2 can deliver. Assume Vg = Vg = 765 kV.

SOLUTION From Example 5.2,
A =0.9313 per unit; O0x = 0.209°
B=27'=970 Q  0,=872°
Z.=266.1 Q

From (5.5.6) with Vg = Vg = 765 kV,

_(765)%  (0.9313)(765)° . i
PRmax - 97 97 COS(87.2 0.209 )

= 6033 — 295 = 5738 MW

From (5.4.20),

_ (165 _
SIL = 266.1 =2199 MW
Thus
5738 .
Rmax = 5700 = 2.61 per unit

This value is about 4% less than that found in Example 5.4, where losses were
neglected. u
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SECTION 5.6 LINE LOADABILITY 273

5.6

LINE LOADABILITY

In practice, power lines are not operated to deliver their theoretical maximum
power, which is based on rated terminal voltages and an angular displace-
ment 0 = 90° across the line. Figure 5.12 shows a practical line loadability
curve plotted below the theoretical steady-state stability limit. This curve is
based on the voltage-drop limit Vg /Vs > 0.95 and on a maximum angular
displacement of 30 to 35° across the line (or about 45° across the line and
equivalent system reactances), in order to maintain stability during transient
disturbances [1, 3]. The curve is valid for typical overhead 60-Hz lines with
no compensation. Note that for short lines less than 80 km long, loadability
is limited by the thermal rating of the conductors or by terminal equipment
ratings, not by voltage drop or stability considerations. In Section 5.7, we in-
vestigate series and shunt compensation techniques to increase the loadability
of longer lines toward their thermal limit.

EXAMPLE 5.6 Practical line loadability and percent voltage regulation: long line

The 300-km uncompensated line in Example 5.2 has four 1,272,000-cmil 54/3
ACSR conductors per bundle. The sending-end voltage is held constant at 1.0
per-unit of rated line voltage. Determine the following:

a. The practical line loadability. (Assume an approximate receiving-end
voltage Vg = 0.95 per unit and ¢ = 35° maximum angle across the
line.)

b. The full-load current at 0.986 p.f. leading based on the above practi-
cal line loadability

c¢. The exact receiving-end voltage for the full-load current found in
part (b)
d. Percent voltage regulation for the above full-load current

e. Thermal limit of the line, based on the approximate current-carrying
capacity given in Table A.4

SOLUTION

a. From (5.5.3), with Vg = 765, Vr = 0.95 x 765 kV, and ¢ = 35°, using the
values of Z', 07, A, and 0, from Example 5.5,

(765)(0.95 x 765)
97.0

2
B (0.9313)(9()7.9(;5 x 765) c0s(87.2° — 0.209°)

= 3513 — 266 = 3247 MW

Pr = cos(87.2° — 35°)
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274 CHAPTER 5 TRANSMISSION LINES: STEADY-STATE OPERATION

Pr = 3247 MW is the practical line loadability, provided the thermal and
voltage-drop limits are not exceeded. Alternatively, from Figure 5.12 for a
300-km line, the practical line loadability is (1.49)SIL = (1.49)(2199) =
3277 MW, about the same as the above result.

b. For the above loading at 0.986 p.f. leading and at 0.95 x 765 kV, the full-
load receiving-end current is

P = 3247 =2.616 kA

L e (pE)  (V3)(0.95 x 765)(0.986)

¢. From (5.1.1) with Ixpp = 2.616/cos™! 0.986 = 2.616/9.599° kA, using the
A and B parameters from Example 5.2,
Vs = AVRrFL + BIrrL
765
%@ = (0.9313/0.209°)(VrFr/0%) + (97.0/87.2°)(2.616/9.599°)

441.7/6 = (0.9313VrgL — 30.04) +j(0.0034Vgpy + 251.97)

Taking the squared magnitude of the above equation,
(441.7)% = 0.8673V2p, — 54.24VRpL + 64,391
Solving,
VreL = 420.7 kVin
= 420.7v/3 =728.7 kViL =0.953 per unit

d. From (5.1.19), the receiving-end no-load voltage is

Vs 765
VRNL_K_O.9313_821'4 kVyiL
And from (5.1.18),
~ 821.4 7287 B .
percent VR = 787 x 100 = 12.72%

e. From Table A.4, the approximate current-carrying capacity of four
1,272,000-cmil 54/3 ACSR conductors is 4 x 1.2 = 4.8 kKA.

Since the voltages Vs = 1.0 and Vgpp = 0.953 per unit satisfy the
voltage-drop limit Vg /Vs = 0.95, the factor that limits line loadability is
steady-state stability for this 300-km uncompensated line. The full-load cur-
rent of 2.616 kA corresponding to loadability is also well below the thermal
limit of 4.8 kA. The 12.7% voltage regulation is too high because the no-load
voltage is too high. Compensation techniques to reduce no-load voltages are
discussed in Section 5.7. |
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EXAMPLE 5.7 Selection of transmission line voltage and number of lines for
power transfer

From a hydroelectric power plant 9000 MW are to be transmitted to a load
center located 500 km from the plant. Based on practical line loadability cri-
teria, determine the number of three-phase, 60-Hz lines required to transmit
this power, with one line out of service, for the following cases: (a) 345-kV
lines with Z, =297 Q; (b) 500-kV lines with Z, =277 Q; (c) 765-kV lines
with Z, = 266 Q. Assume Vg = 1.0 per unit, Vg = 0.95 per unit, and 6 = 35°.
Also assume that the lines are uncompensated and widely separated such that
there is negligible mutual coupling between them.

SOLUTION
a. For 345-kV lines, (5.4.21) yields
(3457
SIL = 207 = 401 MW

Neglecting losses, from (5.4.29), with / = 500 km and 6 = 35°,
(1.0)(0.95)(401) sin(35°)
. (27 x 500
sm( 5000 )
Alternatively, the practical line loadability curve in Figure 5.12 can be
used to obtain P = (0.93)SIL for typical 500-km overhead 60-Hz uncom-

pensated lines.
In order to transmit 9000 MW with one line out of service,

9000 MW
45-kVilines=—————+1=242+1~2
#345-kV lines 377 MW/line+ F 6

P:

= (401)(0.927) =372 MW/line

b. For 500-kV lines,
(500)*
277
P =(903)(0.927) = 837 MW/line

SIL = =903 MW

#500-kV lines = 2000 +1=108+1~12

837
¢. For 765-kV lines,
(765)*
IL = =2200 MW
S 266
P = (2200)(0.927) = 2039 MW/line
. 9000
#765-kV lines = 2039 +1=44+1%6
Increasing the line voltage from 345 to 765 kV, a factor of 2.2, reduces the
required number of lines from 26 to 6, a factor of 4.3. |
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EXAMPLE 5.8 Effect of intermediate substations on number of lines required
for power transfer

Can five instead of six 765-kV lines transmit the required power in Example 5.7
if there are two intermediate substations that divide each line into three
167-km line sections, and if only one line section is out of service?

SOLUTION The lines are shown in Figure 5.14. For simplicity, we neglect
line losses. The equivalent 7 circuit of one 500-km, 765-kV line has a series
reactance, from (5.4.10) and (5.4.15),

27 x 500

;_ .
X' = (266) sin (75000

) =156.35 Q
Combining series/parallel reactances in Figure 5.14, the equivalent reactance
of five lines with one line section out of service is

12, 1 XN o
Xeg =3 <3x> e (3) —0.2167X' =33.88 Q

Then, from (5.4.26) with 6 = 35°,

(765)(765 x 0.95) sin(35°)

P= 33 88 =9412 MW
Inclusion of line losses would reduce the above value by 3 or 4% to about
9100 MW. Therefore, the answer is yes. Five 765-kV, 500-km uncompensated
lines with two intermediate substations and with one line section out of ser-
vice will transmit 9000 MW. Intermediate substations are often economical if
their costs do not outweigh the reduction in line costs.

This example is modeled in PowerWorld Simulator case Example 5_8
(see Figure 5.15). Each line segment is represented with the lossless line
model from Example 5.4 with the 7z circuit parameters modified to exactly
match those for a 167 km distributed line. The pie charts on each line seg-
ment show the percentage loading of the line, assuming a rating of 3500
MVA. The solid red squares on the lines represent closed circuit breakers,

FIGURE 5.14 « 167 km | 167 km | 167 km—»

Transmission-line YTy YT Y
configuration for

Example 5.8 LYY Y Y

| Y'Y Yy Y YYYL

| vy YY) YY)
L YL vy
AN M iy
Line section out Intermediate

substations
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FIGURE 5.15 Screen for Example 5.8

and the green squares correspond to open circuit breakers. Clicking on a cir-
cuit breaker toggles its status. The simulation results differ slightly from the
simplified analysis done earlier in the example because the simulation in-
cludes the charging capacitance of the transmission lines. With all line seg-
ments in-service, use the load’s arrow to verify that the SIL for this system is
11,000 MW, five times that of the single circuit line in Example 5.4. |

5.7

REACTIVE COMPENSATION TECHNIQUES

Inductors and capacitors are used on medium-length and long transmission
lines to increase line loadability and to maintain voltages near rated values.
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Shunt reactors (inductors) are commonly installed at selected points along
EHYV lines from each phase to neutral. The inductors absorb reactive power
and reduce overvoltages during light load conditions. They also reduce transient
overvoltages due to switching and lightning surges. However, shunt reactors
can reduce line loadability if they are not removed under full-load conditions.

In addition to shunt reactors, shunt capacitors are sometimes used to
deliver reactive power and increase transmission voltages during heavy load
conditions. Another type of shunt compensation includes thyristor-switched
reactors in parallel with capacitors. These devices, called static var compensa-
tors, can absorb reactive power during light loads and deliver reactive power
during heavy loads. Through automatic control of the thyristor switches,
voltage fluctuations are minimized and line loadability is increased. Synchro-
nous condensors (synchronous motors with no mechanical load) can also
control their reactive power output, although more slowly than static var
compensators.

Series capacitors are sometimes used on long lines to increase line load-
ability. Capacitor banks are installed in series with each phase conductor at
selected points along a line. Their effect is to reduce the net series impedance
of the line in series with the capacitor banks, thereby reducing line-voltage
drops and increasing the steady-state stability limit. A disadvantage of series
capacitor banks is that automatic protection devices must be installed to by-
pass high currents during faults and to reinsert the capacitor banks after fault
clearing. Also, the addition of series capacitors can excite low-frequency os-
cillations, a phenomenon called subsynchronous resonance, which may dam-
age turbine-generator shafts. Studies have shown, however, that series capaci-
tive compensation can increase the loadability of long lines at only a fraction
of the cost of new transmission [1].

Figure 5.16 shows a schematic and an equivalent circuit for a compen-
sated line section, where Nc is the amount of series capacitive compensation

FIGURE 5.16 Series compensation
~ N
Compensated ——————————

transmission-line section
~<—— Shunt compensation——

o —0

{a) Schematic

X &)
R’ X 2 (70 h
* WYY 9t — +
Ve Yyl _Y N
s 7T 2(100) Ve
_ e -

{b) Equivalent circuit
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expressed in percent of the positive-sequence line impedance and Ni is the
amount of shunt reactive compensation in percent of the positive-sequence
line admittance. It is assumed in Figure 5.16 that half of the compensation is
installed at each end of the line section. The following two examples illustrate
the effect of compensation.

EXAMPLE 5.9 Shunt reactive compensation to improve transmission-line voltage
regulation

Identical shunt reactors (inductors) are connected from each phase conductor
to neutral at both ends of the 300-km line in Example 5.2 during light load
conditions, providing 75% compensation. The reactors are removed during
heavy load conditions. Full load is 1.90 kA at unity p.f. and at 730 kV. As-
suming that the sending-end voltage is constant, determine the following:

a. Percent voltage regulation of the uncompensated line

b. The equivalent shunt admittance and series impedance of the com-
pensated line

c. Percent voltage regulation of the compensated line

SOLUTION
a. From (5.1.1) with Irpp = 1.9/0° kA, using the 4 and B parameters from
Example 5.2,

Vs = AVRrrL + BlrrL
730
= (0.9313/0.209°) <ﬁ @) +(97.0/87.2°)(1.9/0°)
=392.5/0.209° + 184.3/87.2°
= 401.5+/185.5
=442.3/24.8° kVin
Vs = 442.3v/3 = 766.0 kViL

The no-load receiving-end voltage is, from (5.1.19),

766.0
VrNL = 09313~ 822.6 kViL
and the percent voltage regulation for the uncompensated line is, from
(5.1.18),
822.6 — 730
percent VR = 30 x 100 = 12.68%

b. From Example 5.3, the shunt admittance of the equivalent 7 circuit with-
out compensation is
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Y' =2(3.7x 1077 +7.094 x 10~%)
=74x1077 414188 x 107* S
With 75% shunt compensation, the equivalent shunt admittance is
Yoq=74x 107" +;14.188 x 107*(1 — )
=3.547 x 107%/89.88° S

Since there is no series compensation, the equivalent series impedance is
the same as without compensation:

Zeg=2Z' =97.0/872° Q

c. The equivalent 4 parameter for the compensated line is

Ag=142 °q226q
_ 3547 104/89.88°)(97.0/87.2°)
B 2
=1+0.0172/177.1°

= 0.9828/0.05° per unit

Then, from (5.1.19),

766
VRNL = 55858

Since the shunt reactors are removed during heavy load conditions,
VreL = 730 kV is the same as without compensation. Therefore

=7794 kViL

~779.4 - 1730 B .
percent VR = 30 x 100 = 6.77%
The use of shunt reactors at light loads improves the voltage regulation
from 12.68% to 6.77% for this line. |

EXAMPLE 5.10 Series capacitive compensation to increase transmission-line
loadability

Identical series capacitors are installed in each phase at both ends of the line
in Example 5.2, providing 30% compensation. Determine the theoretical
maximum power that this compensated line can deliver and compare with
that of the uncompensated line. Assume Vg = Vg = 765 kV.

soLUTION From Example 5.3, the equivalent series reactance without com-
pensation is

X"=97.0sin 87.2° =96.88 Q
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Based on 30% series compensation, half at each end of the line, the imped-
ance of each series capacitor is

Zeap = —Xeap = —i(1)(0.30)(96.88) = —j14.53 Q

From Figure 5.4, the ABCD matrix of this series impedance is

0 1

1 —jl4.53]

As also shown in Figure 5.4, the equivalent ABCD matrix of networks
in series is obtained by multiplying the A BCD matrices of the individual net-
works. For this example there are three networks: the series capacitors at the
sending end, the line, and the series capacitors at the receiving end. Therefore
the equivalent 4 BCD matrix of the compensated line is, using the ABCD pa-
rameters, from Example 5.2,

1] -1453[ 09313/0209° | 97.0/872° 1| -j14.53
o 1 |[137x1073/90.06° | 0.9313/0209° |[0] 1

After performing these matrix multiplications, we obtain

Algy ‘ B 0.9512/0.205° ‘ 69.70/86.02°
@ ‘ D)y 1137 % 1073/90.06° | 0.9512/0.205°
Therefore

Aqq =0.9512  per unit Oacq = 0.205°
Biog = Zéq =69.70 Q 07¢q = 86.02°

From (5.5.6) with Vg = Vg = 765 kV,

(7657 (0.9512)(765) . .
Prmax =5 €970 c0s(86.02° — 0.205°)

= 8396 — 583 = 7813 MW

which is 36.2% larger than the value of 5738 MW found in Example 5.5
without compensation. We note that the practical line loadability of this
series compensated line is also about 35% larger than the value of 3247 MW
found in Example 5.6 without compensation.

This example is modeled in PowerWorld Simulator case Example 5_10
(see Figure 5.17). When opened, both of the series capacitors are bypassed
(i.e., they are modeled as short circuits) meaning this case is initially identical
to the Example 5.4 case. Click on the blue “Bypassed” field to place each of
the series capacitors into the circuit. This decreases the angle across the line,
resulting in more net power transfer.
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MULTIPLE CHOICE QUESTIONS
SECTION 5.1

5.1 Representing a transmission line by the two-port network, in terms of 4 BCD parame-
ters, (a) express Vg, the sending-end voltage, in terms of Vg, the receiving-end voltage,
and Iy, the receiving-end current, and (b) express g, the sending-end current, in terms

of Vg and Ig.
@Vs=___ (b) Is =
5.2 As applied to linear, passive, bilateral two-port networks, the A BCD parameters satisfy
AD — BC = 1.
(a) True (b) False

5.3  Express the no-load receiving-end voltage Vrnp in terms of the sending-end voltage,
Vs, and the ABCD parameters.

VR =
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5.4 The ABCD parameters, which are in general complex numbers, have the units of
respectively. Fill in the

Blanks.

5.5 The loadability of short transmission lines (less than 80 km, represented by including
only series resistance and reactance) is determined by ; that of medium
lines (less than 250 km, represented by mnominal 7 circuit) is determined
by ; and that of long lines (more than 250 km, represented by equivalent
7 circuit) is determined by . Fill in the Blanks.

5.6 Can the voltage regulation, which is proportional to (VrnrL—VrrEL), be negative?
(a) Yes (b) No

SECTION 5.2
5.7 The propagation constant, which is a complex quantity in general, has the units of
, and the characteristic impedance has the units of
5.8  Express hyperbolic functions cosh /x and sinh /x in terms of exponential functions.

5.9 ¢7, where v = a + /3, can be expressed as e /B/, in which o/ is dimensionless and S/ is
in radians (also dimensionless).
(a) True (b) False
SECTION 5.3

5.10 The equivalent 7 circuit is identical in structure to the nominal 7 circuit.

(a) True (b) False
5.11 The correction factors F; = sinh(y/)/v/ and F, = tanh (y//2)/(v//2), which are com-
plex numbers, have the units of . Fill in the Blank.

SECTION 5.4

5.12 For a lossless line, the surge impedance is purely resistive and the propagation con-
stant is pure imaginary.

(a) True (b) False

5.13 For equivalent 7 circuits of lossless lines, the 4 and D parameters are pure
whereas B and C parameters are pure . Fill in the Blanks.

5.14 In equivalent 7 circuits of lossless lines, Z' is pure , and Y’ is pure

. Fill in the Blanks.

5.15 Typical power-line lengths are only a small fraction of the 60-Hz wavelength.
(a) True (b) False

5.16 The velocity of propagation of voltage and current waves along a lossless overhead
line is the same as speed of light.

(a) True (b) False

5.17 Surge Impedance Loading (SIL) is the power delivered by a lossless line to a load
resistance equal to . Fill in the Blank.

5.18 For a lossless line, at SIL, the voltage profile is , and the real power
delivered, in terms of rated line voltage V and surge impedance Zc, is given
by . Fill in the Blanks.
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5.19 The maximum power that a lossless line can deliver, in terms of the voltage magni-
tudes Vg and Vg (in volts) at the ends of the line held constant, and the series re-
actance X’ of the corresponding equivalent 7 circuit, is given by in
Watts. Fill in the Blank.

]

SECTION 5.5

5.20 The maximum power flow for a lossy line will be somewhat less than that for a loss-
less line.
(a) True (b) False

SECTION 5.6

5.21 For short lines less than 80 km long, loadability is limited by the thermal rating of the
conductors or by terminal equipment ratings, not by voltage drop or stability consid-
erations.

(a) True (b) False

5.22 Increasing the transmission line voltage reduces the required number of lines for the
same power transfer.
(a) True (b) False

5.23 Intermediate substations are often economical from the viewpoint of the number of
lines required for power transfer, if their costs do not outweigh the reduction in line
costs.

(a) True (b) False

SECTION 5.7

5.24 Shunt reactive compensation improves transmission-line , whereas series
capacitive compensation increases transmission-line . Fill in the Blanks.

5.25 Static-var-compensators can absorb reactive power during light loads, and deliver re-
active power during heavy loads.
(a) True (b) False

PROBLEMS

SECTION 5.1

5.1 A 25-km, 34.5-kV, 60-Hz three-phase line has a positive-sequence series impedance
z=0.19 +,0.34 Q/km. The load at the receiving end absorbs 10 MVA at 33 kV. As-
suming a short line, calculate: (a) the ABCD parameters, (b) the sending-end voltage
for a load power factor of 0.9 lagging, (c) the sending-end voltage for a load power
factor of 0.9 leading.

5.2 A 200-km, 230-kV, 60-Hz three-phase line has a positive-sequence series impedance
z=0.08 40.48 Q/km and a positive-sequence shunt admittance y = ;3.33 x 107¢ S/
km. At full load, the line delivers 250 MW at 0.99 p.f. lagging and at 220 kV. Using
the nominal 7 circuit, calculate: (a) the ABCD parameters, (b) the sending-end voltage
and current, and (c) the percent voltage regulation.
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5.3 Rework Problem 5.2 in per-unit using 100-MVA (three-phase) and 230-kV (line-to-
line) base values. Calculate: (a) the per-unit ABCD parameters, (b) the per-unit
sending-end voltage and current, and (c) the percent voltage regulation.

5.4 Derive the ABCD parameters for the two networks in series, as shown in Figure 5.4.
5.5 Derive the ABCD parameters for the T circuit shown in Figure 5.4.

5.6 (a) Consider a medium-length transmission line represented by a nominal 7 circuit
shown in Figure 5.3 of the text. Draw a phasor diagram for lagging power-factor
condition at the load (receiving end).

(b) Now consider a nominal T-circuit of the medium-length transmission line shown
in Figure 5.18.

(i) Draw the corresponding phasor diagram for lagging power-factor load condition

(i) Determine the 4 BCD parameters in terms of Y and Z, for the nominal T-circuit
and for the nominal z-circuit of part (a).

FIGURE 5.18 A z/2 z/2 I
o AMA— e AN o
Nominal T-circuit for : :
R/2 X, /2 R/2 X, /2
Problem 5.6 A * P
v, Ve A= Y Vi
. A
-0 . o -

5.7 The per-phase impedance of a short three—phase transmission line is 0.5/53.15°Q.
The three-phase load at the receiving end is 900 kW at 0.8 p.f. lagging. If the line-to-
line sending-end voltage is 3.3 kV, determine (a) the receiving-end line-to-line voltage
in kV, and (b) the line current.

Draw the phasor diagram with the line current 7, as reference.

5.8 Reconsider Problem 5.7 and find the following: (a) sending-end power factor, (b)
sending-end three-phase power, and (c) the three-phase line loss.

5.9 The 100-km, 230-kV, 60-Hz three-phase line in Problems 4.18 and 4.39 delivers 300
MVA at 218 kV to the receiving end at full load. Using the nominal 7 circuit, calcu-
late the: ABCD parameters, sending-end voltage, and percent voltage regulation when
the receiving-end power factor is (a) 0.9 lagging, (b) unity, and (c) 0.9 leading. Assume
a 50°C conductor temperature to determine the resistance of this line.

5.10 The 500-kV, 60-Hz three-phase line in Problems 4.20 and 4.41 has a 180-km length
and delivers 1600 MW at 475 kV and at 0.95 power factor leading to the receiving end
at full load. Using the nominal 7 circuit, calculate the: (a) ABCD parameters, (b)
sending-end voltage and current, (c) sending-end power and power factor, (d) full-load
line losses and efficiency, and (e) percent voltage regulation. Assume a 50°C conduc-
tor temperature to determine the resistance of this line.

5.11 A 40-km, 220-kV, 60-Hz three-phase overhead transmission line has a per-phase resis-
tance of 0.15 Q/km, a per-phase inductance of 1.3263 mH/km, and negligible shunt
capacitance. Using the short line model, find the sending-end voltage, voltage regula-
tion, sending-end power, and transmission line efficiency when the line is supplying a
three-phase load of: (a) 381 MVA at 0.8 power factor lagging and at 220 kV, (b) 381
MVA at 0.8 power factor leading and at 220 kV.
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5.12 A 60-Hz, 100-mile, three-phase overhead transmission line, constructed of ACSR
conductors, has a series impedance of (0.1826 + j0.784) Q/mi per phase and a shunt
capacitive reactance-to-neutral of 185.5 x 103/ —90° Q-mi per phase. Using the nomi-
nal 7 circuit for a medium-length transmission line, (a) determine the total series im-
pedance and shunt admittance of the line. (b) Compute the voltage, the current, and
the real and reactive power at the sending end if the load at the receiving end draws
200 MVA at unity power factor and at a line-to-line voltage of 230 kV. (c) Find the
percent voltage regulation of the line.

SECTION 5.2

5.13 Evaluate cosh(y/) and tanh(y//2) for y/ = 0.40/85° per unit.

5.14 A 400-km, 500-kV, 60-Hz uncompensated three-phase line has a positive-sequence
series impedance z = 0.03 +;0.35 Q/km and a positive-sequence shunt admittance
y =j4.4 x 107 S/km. Calculate: (a) Z,, (b) (y/), and (c) the exact 4ABCD parameters
for this line.

5.15 At full load the line in Problem 5.14 delivers 1000 MW at unity power factor and at
475 kV. Calculate: (a) the sending-end voltage, (b) the sending-end current, (c) the
sending-end power factor, (d) the full-load line losses, and (e) the percent voltage reg-
ulation.

5.16 The 500-kV, 60-Hz three-phase line in Problems 4.20 and 4.41 has a 300-km length.
Calculate: (a) Z,, (b) (y/), and (c) the exact ABCD parameters for this line. Assume a
50 °C conductor temperature.

5.17 At full load, the line in Problem 5.16 delivers 1500 MVA at 480 kV to the receiving-
end load. Calculate the sending-end voltage and percent voltage regulation when the
receiving-end power factor is (a) 0.9 lagging, (b) unity, and (c) 0.9 leading.

5.18 A 60-Hz, 230-mile, three-phase overhead transmission line has a series impedance
z=0.8431/79.04° Q/mi and a shunt admittance y = 5.105 x 107%/90° S/mi. The load
at the receiving end is 125 MW at unity power factor and at 215 kV. Determine the
voltage, current, real and reactive power at the sending end and the percent voltage
regulation of the line. Also find the wavelength and velocity of propagation of the line.

5.19  Using per-unit calculations, rework Problem 5.18 to determine the sending-end volt-
age and current.

5.20 (a) The series expansions of the hyperbolic functions are given by

02 04 06
cosh0f1+7+ﬁ+m+...
. > 0t 0°
51nh0—1+€+m+w+...

For the ABCD parameters of a long transmission line represented by an equiva-
lent 7 circuit, apply the above expansion and consider only the first two terms,
and express the result in terms of Y and Z.

(b) For the nominal 7 and equivalent 7 circuits shown in Figures 5.3 and 5.7 of the
text, show that

A-1_ Y o A-1_ Y
B 2 B 2

hold good, respectively.
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5.21 Starting with (5.1.1) of the text, show that

_ VslIs + Vrir
VrIs + VsIr

vi-13

and B=—2> R
VrIs + VsIr

5.22 Consider the A parameter of the long line given by cosh 0, where 0 = /ZY. With
x=e"7=x; 4 jxp,and 4 = A| + jA,, show that x; and x, satisfy the following:

2 52 (A — Ag) +120
and  x;x — (Asx; + Axy) = 0.
SECTION 5.3

5.23 Determine the equivalent 7 circuit for the line in Problem 5.14 and compare it with
the nominal 7 circuit.

5.24 Determine the equivalent 7z circuit for the line in Problem 5.16. Compare the equiva-
lent 7 circuit with the nominal 7 circuit.

5.25 Let the transmission line of Problem 5.12 be extended to cover a distance of 200 miles.
Assume conditions at the load to be the same as in Problem 5.12. Determine the: (a)
sending-end voltage, (b) sending-end current, (c) sending-end real and reactive powers,
and (d) percent voltage regulation.

SECTION 5.4

5.26 A 300-km, 500-kV, 60-Hz three-phase uncompensated line has a positive-sequence
series reactance x = 0.34 Q/km and a positive-sequence shunt admittance y = j4.5 x
107 S/km. Neglecting losses, calculate: (a) Z., (b) (y/), (c) the ABCD parameters,
(d) the wavelength 4 of the line, in kilometers, and (e) the surge impedance loading
in MW.

5.27 Determine the equivalent 7 circuit for the line in Problem 5.26.

5.28 Rated line voltage is applied to the sending end of the line in Problem 5.26. Calculate
the receiving-end voltage when the receiving end is terminated by (a) an open circuit,
(b) the surge impedance of the line, and (c) one-half of the surge impedance. (d) Also
calculate the theoretical maximum real power that the line can deliver when rated
voltage is applied to both ends of the line.

5.29 Rework Problems 5.9 and 5.16 neglecting the conductor resistance. Compare the re-
sults with and without losses.

5.30 From (4.6.22) and (4.10.4), the series inductance and shunt capacitance of a three-
phase overhead line are

L, =2 x 1077 In(Dey/Ds) = é‘—j"z In(Deq/Ds.) H/m

27
Cnw=——~— F/m
h’l(Deq/Dsc) /
where gy = 47 x 1077 H/m and g = (%) x 107 F/m
T

Using these equations, determine formulas for surge impedance and velocity of prop-
agation of an overhead lossless line. Then determine the surge impedance and velocity
of propagation for the three-phase line given in Example 4.5. Assume positive-
sequence operation. Neglect line losses as well as the effects of the overhead neutral
wires and the earth plane.
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5.31 A 500-kV, 300-km, 60-Hz three-phase overhead transmission line, assumed to be loss-
less, has a series inductance of 0.97 mH/km per phase and a shunt capacitance of
0.0115 pF/km per phase. (a) Determine the phase constant £, the surge impedance Zc,
velocity of propagation v, and the wavelength A of the line. (b) Determine the voltage,
current, real and reactive power at the sending end, and the percent voltage regulation
of the line if the receiving-end load is 800 MW at 0.8 power factor lagging and at
500 kV.

5.32 The following parameters are based on a preliminary line design: Vg = 1.0 per unit,
Vg =0.9 per unit, 1 =5000 km, Z¢c =320 Q, 6 = 36.8°. A three-phase power of
700 MW is to be transmitted to a substation located 315 km from the source of
power. (a) Determine a nominal voltage level for the three-phase transmission line,
based on the practical line-loadability equation. (b) For the voltage level obtained in
(a), determine the theoretical maximum power that can be transferred by the line.

5.33 Consider a long radial line terminated in its characteristic impedance Zc. Determine
the following:

a) V1/I, known as the driving point impedance.

b) |V2]/|V1], known as the voltage gain, in terms of o/.
) ||/, known as the current gain, in terms of o/.
d) The complex power gain, —S>;/S12, in terms of o/.

€

(
(
(c
(
(

N

The real power efficiency, (—P»;/P12) = 7, in terms of a/.

[Note: 1 refers to sending end and 2 refers to receiving end. (.S,1) is the complex power
received at 2; Sy is sent from 1.]

5.34 For the case of a lossless line, how would the results of Problem 5.33 change?
In terms of Zc, which will be a real quantity for this case, express Pj, in terms |/;]
and | V].

5.35 For a lossless open-circuited line, express the sending-end voltage, V/}, in terms of the
receiving-end voltage, V>, for the three cases of short-line model, medium-length line
model, and long-line model. Is it true that the voltage at the open receiving end of a
long line is higher than that at the sending end, for small 7.

5.36 For a short transmission line of impedance (R + jX) ohms per phase, show that the
maximum power that can be transmitted over the line is

Vi (zv
Pmax:—R(—s—R> where Z = VR? + X2

7> \ Vr
when the sending-end and receiving-end voltages are fixed, and for the condition

~Vi X

5.37 (a) Consider complex power transmission via the three-phase short line for which the
per-phase circuit is shown in Figure 5.19. Express S}, the complex power sent by
bus 1 (or V), and (—S>1), the complex power received by bus 2 (or V3), in terms
of Vi, V5, Z, /Z, and 0y, = 0, — 0,, the power angle.

(b) For a balanced three-phase transmission line, in per-unit notation, with Z =
1/85°, 012 = 10°, determine S}, and (—S»;) for

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



PROBLEMS 289

@) Vi=V,=10
(i) Vi =1.1and V, =0.9

Comment on the changes of real and reactive powers from (i) to (ii).

FIGURE 5.19 z=2/Z
a a'
Per-phase circuit for —— AN
Problem 5.37 R X
+ +
e o
n n
812 821

SECTION 5.5

5.38 The line in Problem 5.14 has three ACSR 1113-kemil conductors per phase. Calcu-
late the theoretical maximum real power that this line can deliver and compare with
the thermal limit of the line. Assume Vs = Vg = 1.0 per unit and unity power factor
at the receiving end.

5.39 Repeat Problems 5.14 and 5.38 if the line length is (a) 200 km, (b) 600 km.

5.40 For the 500-kV line given in Problem 5.16, (a) calculate the theoretical maximum real
power that the line can deliver to the receiving end when rated voltage is applied to
both ends. (b) Calculate the receiving-end reactive power and power factor at this the-
oretical loading.

5.41 A 230-kV, 100-km, 60-Hz three-phase overhead transmission line with a rated current
of 900 A/phase has a series impedance z = 0.088 + j0.465 Q/km and a shunt admit-
tance y = j3.524 uS/km. (a) Obtain the nominal 7 equivalent circuit in normal units
and in per unit on a base of 100 MVA (three phase) and 230 kV (line-to-line). (b) De-
termine the three-phase rated MVA of the line. (¢) Compute the ABCD parameters.
(d) Calculate the SIL.

5.42 A three-phase power of 460 MW is to the transmitted to a substation located 500 km
from the source of power. With Vg =1 per unit, Vg = 0.9 per unit, 1 = 5000 km,
Zc =500 Q, and 0 = 36.87°, determine a nominal voltage level for the lossless trans-
mission line, based on Eq. (5.4.29) of the text.
Using this result, find the theoretical three-phase maximum power that can be trans-
ferred by the lossless transmission line.

5.43 Open PowerWorld Simulator case Example 5_4 and graph the load bus voltage as a
function of load real power (assuming unity power factor at the load). What is the
maximum amount of real power that can be transferred to the load at unity power
factor if we require the load voltage always be greater than 0.9 per unit?
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5.44 Repeat Problem 5.43, but now vary the load reactive power, assuming the load real
power is fixed at 1000 MW.

SECTION 5.6

5.45 For the line in Problems 5.14 and 5.38, determine: (a) the practical line loadability in
MW, assuming Vs = 1.0 per unit, Vg & 0.95 per unit, and dyax = 35°; (b) the full-load
current at 0.99 p.f. leading, based on the above practical line loadability; (c) the exact
receiving-end voltage for the full-load current in (b) above; and (d) the percent voltage
regulation. For this line, is loadability determined by the thermal limit, the voltage-
drop limit, or steady-state stability?

5.46 Repeat Problem 5.45 for the 500-kV line given in Problem 5.10.

5.47 Determine the practical line loadability in MW and in per-unit of SIL for the line in
Problem 5.14 if the line length is (a) 200 km, (b) 600 km. Assume Vg = 1.0 per unit,
Vg = 0.95 per unit, dp,x = 35°, and 0.99 leading power factor at the receiving end.

5.48 It is desired to transmit 2000 MW from a power plant to a load center located 300 km
from the plant. Determine the number of 60-Hz three-phase, uncompensated trans-
mission lines required to transmit this power with one line out of service for the fol-
lowing cases: (a) 345-kV lines, Z. = 300 Q, (b) 500-kV lines, Z, = 275 Q, (c) 765-kV
lines, Z. = 260 Q. Assume that Vg = 1.0 per unit, Vg = 0.95 per unit, and Jyax = 35°.

5.49 Repeat Problem 5.48 if it is desired to transmit: (a) 3200 MW to a load center located
300 km from the plant, (b) 2000 MW to a load center located 400 km from the plant.

5.50 A three-phase power of 3600 MW is to be transmitted through four identical 60-Hz
overhead transmission lines over a distance of 300 km. Based on a preliminary design,
the phase constant and surge impedance of the line are = 9.46 x 10~* rad/km
and Zc = 343 Q, respectively. Assuming Vs = 1.0 per unit, Vg = 0.9 per unit, and a
power angle 0 = 36.87°, determine a suitable nominal voltage level in kV, based on
the practical line-loadability criteria.

5.51 The power flow at any point on a transmission line can be calculated in terms of the
ABCD parameters. By letting 4 = |A|/a, B = [B|/B, Vk = |Vr|/0°, and Vs = |Vs]/J,
the complex power at the receiving end can be shown to be

IVRIIVs|/B—o 16lIVRI/B—2

Pr +jQr =
K B |B|

(a) Draw a phasor diagram corresponding to the above equation. Let it be repre-
sented by a triangle O’OA with O’ as the origin and OA representing Pr + jQg.

(b) By shifting the origin from O’ to O, turn the result of (a) into a power diagram,
redrawing the phasor diagram. For a given fixed value of |Vr| and a set of values
for [Vg|, draw the loci of point A, thereby showing the so-called receiving-end
circles.

(c) From the result of (b) for a given load with a lagging power factor angle Og, de-
termine the amount of reactive power that must be supplied to the receiving end
to maintain a constant receiving-end voltage, if the sending-end voltage magnitude
decreases from |Vg;| to |Vsa|.

5.52 (a) Consider complex power transmission via the three-phase long line for which the
per-phase circuit is shown in Figure 5.20. See Problem 5.37 in which the short-line
case was considered. Show that
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. Y’ VZ V.V ]
sending-end power = Sj; = 7Vl2 + Z’l* — %eﬂ’lz
. Y Vi ViV,
and received power = —Sp; = — > V% - Z’z* _le*z e~

where 012 = 91 — 92.
(b) For a lossless line with equal voltage magnitudes at each end, show that

V12 sin 912 o sin 912

Ph=-Py=—"t——F= >
12 o Zc sin £ S sin pl

(c) For 01, =45°, and f = 0.002 rad/km, find (P)2/Psi) as a function of line length
in km, and sketch it.

(d) If a thermal limit of (Pj,/Psi) = 2 is set, which limit governs for short lines and
long lines?

FIGURE 5.20 Iy a a a" [}

Per-phase circuit for

Problem 5.52
+ +

. Y’ Y' .
e OF [ 1] FOrews

Si2 —Sx

5.53 Open PowerWorld Simulator case Example 5_8. If we require the load bus voltage to
be greater than or equal to 730 kV even with any line segment out of service, what is
the maximum amount of real power that can be delivered to the load?

5.54 Repeat Problem 5.53, but now assume any two line segments may be out of service.

SECTION 5.7

5.55 Recalculate the percent voltage regulation in Problem 5.15 when identical shunt re-
actors are installed at both ends of the line during light loads, providing 65% total
shunt compensation. The reactors are removed at full load. Also calculate the imped-
ance of each shunt reactor.

5.56 Rework Problem 5.17 when identical shunt reactors are installed at both ends of the
line, providing 50% total shunt compensation. The reactors are removed at full load.

5.57 Identical series capacitors are installed at both ends of the line in Problem 5.14, pro-
viding 40% total series compensation. Determine the equivalent ABCD parameters of
this compensated line. Also calculate the impedance of each series capacitor.
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5.58 Identical series capacitors are installed at both ends of the line in Problem 5.16, pro-
viding 30% total series compensation. (a) Determine the equivalent A BCD parameters
for this compensated line. (b) Determine the theoretical maximum real power that
this series-compensated line can deliver when Vg = Vg = 1.0 per unit. Compare your
result with that of Problem 5.40.

5.59 Determine the theoretical maximum real power that the series-compensated line in
Problem 5.57 can deliver when Vg = Vg = 1.0 per unit. Compare your result with
that of Problem 5.38.

5.60 What is the minimum amount of series capacitive compensation N¢ in percent of
the positive-sequence line reactance needed to reduce the number of 765-kV lines in
Example 5.8 from five to four. Assume two intermediate substations with one line
section out of service. Also, neglect line losses and assume that the series compensa-
tion is sufficiently distributed along the line so as to effectively reduce the series re-
actance of the equivalent 7 circuit to X'(1 — N¢/100).

5.61 Determine the equivalent ABCD parameters for the line in Problem 5.14 if it has 70%
shunt reactive (inductors) compensation and 40% series capacitive compensation. Half
of this compensation is installed at each end of the line, as in Figure 5.14.

5.62 Consider the transmission line of Problem 5.18. (a) Find the ABCD parameters of the
line when uncompensated. (b) For a series capacitive compensation of 70% (35% at
the sending end and 35% at the receiving end), determine the ABCD parameters.
Comment on the relative change in the magnitude of the B parameter with respect to
the relative changes in the magnitudes of the 4, C, and D parameters. Also comment
on the maximum power that can be transmitted when series compensated.

5.63 Given the uncompensated line of Problem 5.18, let a three-phase shunt reactor
(inductor) that compensates for 70% of the total shunt admittance of the line be
connected at the receiving end of the line during no-load conditions. Determine the
effect of voltage regulation with the reactor connected at no load. Assume that the re-
actor is removed under full-load conditions.

5.64 Let the three-phase lossless transmission line of Problem 5.31 supply a load of 1000
MVA at 0.8 power factor lagging and at 500 kV. (a) Determine the capacitance/phase
and total three-phase Mvars supplied by a three-phase, A-connected shunt-capacitor
bank at the receiving end to maintain the receiving-end voltage at 500 kV when the
sending end of the line is energized at 500 kV. (b) If series capacitive compensation of
40% 1is installed at the midpoint of the line, without the shunt capacitor bank at the
receiving end, compute the sending-end voltage and percent voltage regulation.

5.65 Open PowerWorld Simulator case Example 5_10 with the series capacitive compensa-
tion at both ends of the line in service. Graph the load bus voltage as a function of
load real power (assuming unity power factor at the load). What is the maximum
amount of real power that can be transferred to the load at unity power factor if we
require the load voltage always be greater than 0.85 per unit?

5.66 Open PowerWorld Simulator case Example 5_10 with the series capacitive compensa-
tion at both ends of the line in service. With the reactive power load fixed at 500
Mvar, graph the load bus voltage as the MW load is varied between 0 and 2600 MW
in 200 MW increments. Then repeat with both of the series compensation elements
out of service.
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CASE STUDY QUESTIONS

A. For underground and underwater transmission, why are line losses for HVDC cables
lower than those of ac cables with similar capacity?

B. Where are back-to-back HVDC converters (back-to-back HVDC links) currently lo-
cated in North America? What are the characteristics of those locations that prompted
the installation of back-to-back HVDC links?

C. Which HVDC technology can independently control both active (real) power flow and
reactive power flow to and from the interconnected ac system?
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POWER FLOWS

Successful power system operation under normal balanced three-phase
steady-state conditions requires the following:

1. Generation supplies the demand (load) plus losses.

2. Bus voltage magnitudes remain close to rated values.

3. Generators operate within specified real and reactive power limits.
4. Transmission lines and transformers are not overloaded.

The power-flow computer program (sometimes called load flow) is the
basic tool for investigating these requirements. This program computes the
voltage magnitude and angle at each bus in a power system under balanced
three-phase steady-state conditions. It also computes real and reactive power
flows for all equipment interconnecting the buses, as well as equipment losses.

294
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Both existing power systems and proposed changes including new generation
and transmission to meet projected load growth are of interest.

Conventional nodal or loop analysis is not suitable for power-flow
studies because the input data for loads are normally given in terms of power,
not impedance. Also, generators are considered as power sources, not voltage
or current sources. The power-flow problem is therefore formulated as a set
of nonlinear algebraic equations suitable for computer solution.

In Sections 6.1-6.3 we review some basic methods, including direct and
iterative techniques for solving algebraic equations. Then in Sections 6.4—6.6
we formulate the power-flow problem, specify computer input data, and
present two solution methods, Gauss—Seidel and Newton—Raphson. Means
for controlling power flows are discussed in Section 6.7. Sections 6.8 and 6.9
introduce sparsity techniques and a fast decoupled power-flow method, while
Section 6.10 discusses the DC power flow, and Section 6.11 considers the
power-flow representation of wind turbine generators.

Since balanced three-phase steady-state conditions are assumed, we use
only positive-sequence networks in this chapter. Also, all power-flow equa-
tions and input/output data are given in per-unit.

CASE STUDY

Power-flow programs are used to analyze large transmission grids and the complex
interaction between transmission grids and the power markets. Historically, these
transmission grids were designed primarily by local utilities to meet the needs of their
own customers. But increasingly there is a need for coordinated transmission system
planning to create coordinated, continent-spanning grids. The following article details
some of the issues associated with such large-scale system planning.

Future Vision: The Challenge of
Effective Transmission Planning

BY DONALD ). MORROW
AND RICHARD E. BROWN

Exceptional forces are changing the use of the transmis-
sion infrastructure in the United States. There are high
expectations that the transmission system will support
and enable national-level economic, renewable energy,
and other emerging policy issues.

The U. S. transmission system was developed in a piece-
meal fashion. Originally, transmission systems connected
large generation facilities in remote areas to users of the
electricity they produced. Shortly thereafter, utilities started

(“Future Vision: The Challenge of Effective Transmission
Planning” Donald J. Morrow, Richard E. Brown. © 2007
IEEE. Reprinted, with permission, from |IEEE Power and
Energy Magazine, September/October 2007, pp. 36—45)

to interconnect their systems in order to realize the bene-
fits of improved reliability that larger systems offer and to
get access to lower cost energy in other systems. Subse-
quent transmission lines were typically added incrementally
to the network, primarily driven by the needs of the local
utility and without wide-area planning considerations.
Opportunistic usage of the transmission system be-
yond its design occurred early in the U. S. electric system.
The need for coordinated transmission planning among
utilities soon followed. As early as 1925, small power
pools formed to take advantage of the economies of de-
veloping larger, more cost-effective power plants that
were made possible by the expanding transmission net-
work. By today’s standards, these power pools were
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rather simple affairs made up of localized pockets of util-
ities that shared the expenses of fuel and operation and
maintenance of shared units.

Today, the transmission system is increasingly being
called upon to serve as the platform to enable sophisti-
cated and complex energy and financial transactions. New
market systems have been developed that allow trans-
actions interconnection-wide. Today, a utility can pur-
chase power without knowing the seller. These same
market systems have the ability to enable transactions to
be interconnection-wide and will soon accommodate the
ability of load-serving entities to bid in their loads.

As the barriers to participate in electricity markets start
to disappear, the U. S. electric system starts to look small
from the perspective of market participants. In his book
The World is Flat, author Thomas Friedman states, “The
world is flat” That is, the location of producers and con-
sumers no longer matters in the world. It is the expectation
of wholesale electricity market participants that they can
soon claim, “The transmission system is flat” That is, the
transmission system is such that the location of power
producers and power purchasers does not matter in terms
of participation in national electricity markets.

Unfortunately, the vast majority of transmission infra-
structure was not designed for this purpose. The existing
transmission infrastructure is aging, and new transmission
investment hasn’t kept pace with other development. This
article discusses these challenges and then presents a
vision for the future where effective planning can address
the transmission expectations of today.

BENEFITS OF TRANSMISSION

The primary function of transmission is to transport bulk
power from sources of desirable generation to bulk
power delivery points. Benefits have traditionally included
lower electricity costs, access to renewable energy such
as wind and hydro, locating power plants away from large
population centers, and access to alternative generation
sources when primary sources are not available.

Historically, transmission planning has been done by
individual utilities with a focus on local benefits. However,
proponents of nationwide transmission policies now view
the transmission system as an “enabler” of energy policy
objectives at even the national level. This is an under-
standable expectation since a well-planned transmission
grid has the potential to enable the following:

* Efficient bulk power markets. Bulk power pur-
chasers should almost always be able to purchase
from the lowest cost generation. Today, purchasers
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are often forced to buy higher-cost electricity to
avoid violating transmission loading constraints. The
difference between the actual price of electricity at
the point of consumption and the lowest price on the
grid is called the “congestion” cost.

Hedge against generation outages. The trans-
mission system should typically allow access to al-
ternative economic energy sources to replace lost
resources. This is especially critical when long-term,
unplanned outages of large generation units occur.

Hedge against fuel price changes. The trans-
mission system should allow purchasers to eco-

nomically access generation from diversified fuel
resources as a hedge against fuel disruptions that
may occur from strikes, natural disasters, rail inter-
ruptions, or natural fuel price variation.

Low-cost access to renewable energy. Many
areas suitable for producing electricity from renew-
able resources are not near transmission with spare
capacity. The transmission system should usually
allow developers to build renewable sources of
energy without the need for expensive transmission
upgrades (Figure ).

Operational flexibility. The transmission system
should allow for the economic scheduling of main-

tenance outages and for the economic reconfigura-
tion of the grid when unforeseen events occur.

Many of these benefits are available on a local level,
since transmission systems have been planned by the local
utility with these objectives in mind. However, these
benefits are not fully realized on a regional or national
level, since planning has traditionally been focused on
providing these benefits at the local level.

AGING TRANSMISSION SYSTEM

Even at a local level, transmission benefits are in jeopardy.
For the past 20 years, the growth of electricity demand
has far outpaced the growth of transmission capacity.
With limited new transmission capacity available, the
loading of existing transmission lines has dramatically in-
creased (Figure 2). North American Reliability Corpora-
tion (NERC) reliability criteria have still been maintained
for the most part, but the transmission system is far more
vulnerable to multiple contingencies and cascading events.

A large percentage of transmission equipment was in-
stalled in the postwar period between the mid-1950s and
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the mid-1970s, with limited construction in the

“O’mi‘ﬁewd_;m;mg:{iszn%?imcw past 20 years. The equipment installed in the

300 postwar period is now between 30 and 50

years old and is at the end of its expected life

250 (Figure 3). Having a large amount of old and

aging equipment typically results in higher

=0 probabilities of failure, higher maintenance

2 _gﬂ”’”a_”zed Transmission costs, and higher replacement costs. Aging

apacity (MW-mi/MW . .

Demand) equipment will eventually have to be replaced,

100 and this replacement should be planned and
coordinated with capacity additions.

50 According to Fitch Ratings, 70% of trans-

o mission lines and power transformers in the

P NN ER RS AR United States are 25 years old or older. Their

388328333833 888¢% report also states that 60% of high-voltage

circuit breakers are 30 years old or older. It is

Figure 2 this aging infrastructure that is being asked to

Transmission capacity normalized over MW demand (E. Hurst, U.S.
Transmission Capacity: Present Status and Future Prospects, prepared for

EEl and DOE, Aug. 2004)

bear the burden of increased market activity
and to support policy developments such as
massive wind farm deployment.
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The age distribution of wood transmission poles for a Midwestern

utility. Most of these structures are over 30 years old

Today, the industry is beginning to spend more money
on new transmission lines and on upgrading existing
transmission lines. It is critical that this new transmission
construction be planned well, so that the existing grid can
be systematically transformed into a desired future state
rather than becoming a patchwork of incremental deci-
sions and uncoordinated projects.

PLANNING CHALLENGES

As the transmission system becomes flatter, the pro-
cesses to analyze and achieve objectives on a regional or
interconnection-wide basis have lagged. Current planning
processes simply do not have the perspective necessary
to keep pace with the scope of the economic and policy
objectives being faced today. While the planners of
transmission owners often recognize these needs, ad-
dressing these needs exceeds the scope of their position.
Regional transmission organizations exist today, but these
organizations do not have the ability to effectively plan for
interconnect-wide objectives.

PLANNING BEFORE OPEN ACCESS

Before access to the electric system was required by the
Federal Energy Regulatory Commission (FERC) in 1996, a
vertically integrated utility would plan for generation and
transmission needs within its franchise territory. This allowed
for a high degree of certainty because the decisions regarding
the timing and location of new generation and transmission
were controlled by the utility. These projects were devel-
oped to satisfy the utility’s reliability and economic needs.
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dynamic analysis on the total set of transmis-
sion owner (TO) plans. These studies were
performed under the direction of committee
members, facilitated by RRC staff, to ensure
that NERC planning policies (the predecessor
to today’s NERC standards) and regional planning guide-
lines were satisfied. Insights from these studies were used
by planners to adjust their projects if necessary. Some
regions still follow this process for their coordinated
planning activities.

PLANNING AFTER OPEN ACCESS

The Open Access Tariff of 1996 (created through FERC
Order 888) requires functional separation of generation
and transmission within a vertically integrated utility. A
generation queue process is now required to ensure that
generation interconnection requests are processed in a
nondiscriminatory fashion and in a first-come, first-served
order. FERC Order 889, the companion to Order 888,
establishes the OASIS (Open Access Same-time Informa-
tion System) process that requires transmission service
requests, both external and internal, to be publicly posted
and processed in the order in which they arc entered.
Order 889 requires each utility to ensure nonpreferential
treatment of its own generation plan. Effectively, genera-
tion and transmission planning, even within the same
utility, are not allowed to be coordinated and integrated.
This has been done to protect nondiscriminatory, open
access to the electric system for all parties.

These landmark orders have removed barriers to
market participation by entities such as independent
power producers (IPPs) and power marketers. They
force utilities to follow standardized protocols to address
their needs and allow, for the most part, market forces to
drive the addition of new generation capacity.
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Regional transmission organizations in the United Stated and Canada

These orders also complicated the planning process,
since information flow within planning departments be-
comes one-directional. Transmission planners know all the
details of proposed generation planners through the queue
process, but not vice versa. A good transmission plan is now
supposed to address the economic objectives of all users of
the transmission grid by designing plans to accommodate
generation entered into the generation queue and to ensure
the viability of long-term firm transmission service requests
entered through OASIS. However, utility transmission plan-
ners continue to design their transmission systems largely to
satisfy their own company'’s reliability objectives.

These planning processes designed the electric system
in the Eastern United States and Canada that existed on
I3 August 2003. The blackout that occurred that day
which interrupted more the 50 million customers made it
clear what planners were beginning to suspect-that the
margins within the system were becoming dangerously
small. The comprehensive report performed by the
U. S.—Canada Power System Outage Task Force sum-
marizes the situation as follows:

A smaller transmission margin for reliability makes
the preservation of system reliability a harder job

than it used to be. The system is being operated
closer to the edge of reliability than it was just a few
years ago.

PLANNING IN THE ERA OF THE RTO

Well before the 2003 blackout, FERC realized that better
coordination among transmission owners is required for
efficient national electricity markets. FERC Order 2000
issued in December 1999 established the concept of the
regional transmission operator (RTO) and requires
transmission operators to make provisions to form and
participate in these organizations.

In this order; FERC establishes the authority of an
RTO to perform regional planning and gives it the ulti-
mate responsibility for planning within its region. Order
2000 allowed a 3-year phase-in to allow the RTO to de-
velop the processes and capabilities to perform this
function. For the first time in its history, the U. S. electric
system has the potential for a coordinated, comprehen-
sive regional planning process (Figure 4 shows the exist-
ing RTOs in the United States and Canada).

Despite the advance of developing planning organ-
izations that aligned with the scope of the reliability and
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economic needs of a region, a significant gap was in-
troduced between planning a system and implementing
the plan. Order 2000 recognizes this gap with the fol-
lowing statement:

We also note that the RTO’s implementation of
this general standard requires addressing many
specific design questions, including who decides
which projects should be built and how the costs
and benefits of the project should be allocated.

Determining who decides which project should be
built is a difficult problem. Does the RTO decide which
projects are to be built since it has planned the system?
Does the TO decide which projects are to be built since
it bears the project development risks such as permitting,
regulatory approval, right-of-way acquisition financing,
treatment of allowance for funds used during construc-
tion (AFUDC), construction, cost escalation, and
prudency reviews?

If the issue of project approval is not properly ad-
dressed, it is easy to envision a situation where planners
spend significant efforts and costs to design a grid that
satisfies critical economic and policy objectives. This plan
ultimately languishes on the table because no TO wants
to build it, no TO has the ability to build it, or no state
regulator will approve it. To their credit, RTOs and their
member transmission owners recognize this gap and have
begun to take steps to resolve it.

TECHNICAL CHALLENGES

The main technical criteria that should drive transmission
planning are reliability and congestion. Reliability relates
to unexpected transmission contingencies (such as faults)
and the ability of the system to respond to these con-
tingencies without interrupting load. Congestion occurs
when transmission reliability limitations result in the need
to use higher-cost generation than would be the case
without any reliability constraints. Both reliability and
congestion are of critical importance and present difficult
technical challenges.

Transmission reliability is tracked and managed by
NERC, which as of 20 July 2006 now serves as the federal
electric reliability organization (ERO) under the jurisdic-
tion of FERC. For decades, the primary reliability consid-
eration used by NERC for transmission planning has been
“N-1.” For a system consisting of N major components,
the N-I criterion is satisfied if the system can perform
properly with only N-I components in service. An N-I
analysis consists of a steady-state and a dynamic component.
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The steady-state analysis checks to see if the transmission
system can withstand the loss of any single major piece of
equipment (such as a transmission line or a transformer)
without violating voltage or equipment loading limits. The
dynamic analysis checks to see if the system can retain
synchronism after all potential faults.

N-1 has served the industry well but has several chal-
lenges when applied to transmission planning today. The
first is its deterministic nature; all contingencies are
treated equal regardless of how likely they are to occur
or the severity of consequences. The second, and more
insidious, is the inability of N-1 (and N-2) to account for
the increased risk associated with a more heavily inter-
connected system and a more heavily loaded system.

When a system is able to withstand any single major
contingency, it is termed “N-l secure.” For a moderately
loaded N-| secure system, most single contingencies can
be handled even if the system response to the contin-
gency is not perfect. When many components of a trans-
mission system are operated close to their thermal or
stability limits, a single contingency can significantly stress
the system and can lead to problems unless all protection
systems and remedial actions operate perfectly. In this
sense, moderately loaded systems are “resilient” and can
often absorb multiple contingencies and/or cascading
events. Heavily loaded systems are brittle and run the risk
of widespread outages if an initiating event is followed by
a protection system failure or a mistake in remedial ac-
tions. Since blackouts invariably involve multiple con-
tingencies and/or cascading events, N-I and N-2 are not
able to effectively plan for wide-area events.

N-1 secure systems are, by design, not able to
withstand certain multiple contingencies. When equipment
failure rates are low, this is a minor problem. When equip-
ment failure rates increase due to aging and higher loading,
this problem becomes salient. Consider the likelihood of
two pieces of equipment experiencing outages that overlap.
If the outages are independent, the probability of overlap
increases with the square of outage rate. Similarly, the
probability of three outages overlapping (exceeding
N-2) increases with the cube of outage rate. Blackouts typ-
ically result from three or more simultaneous con-
tingencies. If transmission failure rates double due to aging
and higher loading, the likelihood of a third-order event in-
creases by a factor of eight or more. Today’s transmission
systems may remain N-1 or N-2 secure, but the risk of
wide-area events is much higher than a decade ago.

Computationally it is difficult to plan for wide-area
events. This is due to large system models, a high number
of potential contingencies, and convergence difficulties.



Consider the eastern interconnected system, which would
require over 150,000 major components in a power flow
model. This size exceeds the useful capabilities of present
planning software, even when exploring only a few cases.
To plan for all triple contingencies, more than 3 sextillion
(thousand trillion) cases must be considered. Even if only
one out of every million of cases is considered, more than
3 billion simulations must be performed. Each simulation is
also at risk for nonconvergence, since a system under mul-
tiple contingencies will often have a solution very different
from the base case.

In addition to reliability planning, it is becoming in-
creasingly important to plan for congestion (the 2006
Department of Energy congestion study reports that two
constraints alone in PJM Interconnection resulted in con-
gestion costs totaling US$1. 2 billion in 2005). Basic con-
gestion planning tools work as follows. First, hourly loads
for an entire year are assigned to each bulk power deliv-
ery point. Second, a load flow is performed for each hour
(accounting for scheduled generation and transmission
maintenance). If transmission reliability criteria are vio-
lated, remedial actions such as generation re-dispatch is
performed until the constraints are relieved. The addi-
tional energy costs resulting from these remedial actions
is assigned to congestion cost (sophisticated tools will
also incorporate generation bidding strategies and cus-
tomer demand curves). Each case examined in a conges-
tion study is computationally intensive.

There are many ways to address existing congestion
problems, but it difficult from a technical perspective to
combine congestion planning with reliability planning.
Imagine a tool with the capability to compute both the
reliability and congestion characteristics of a system. A
congestion simulation is still required, but unplanned
contingencies must now be considered. To do this, each
transmission component is checked in each hour of the
simulation to see if a random failure occurs. If so, this
component is removed from the system until it is re-
paired, potentially resulting in increased congestion costs.
Since each simulated year will only consider a few ran-
dom transmission failures, many years must be simulated
(typically 1,000 or more) for each case under consider-
ation. These types of tools are useful when only the
existing transmission system is of interest, such as for
energy traders or for dealing with existing congestion
problems. For transmission planners that need to con-
sider many scenarios and many project alternatives, these
types of tools are insufficient at this time.

The last major technical challenge facing transmission
planning is the application of new technologies such as
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phasor measurements units, real-time conductor ratings,
and power electronic devices. Proper application of these
devices to address a specific problem already requires a
specialist familiar with the technology. Considering each
new technology as part of an overall proactive planning
process would require new tools, new processes, and
transmission planners familiar with the application of all
new technologies.

Perhaps the biggest technical challenge to transmission
planning is overcoming the traditional mindset of plan-
ners. Traditionally a utility transmission planner was pri-
marily concerned with the transport of bulk generation
to load centers without violation of local constraints.
In today’s environment, effective transmission planning
requires a wide-area perspective, aging infrastructure
awareness, a willingness to coordination extensively, an
economic mindset, and an ability to effectively integrate
new technologies with traditional approaches.

INFRASTRUCTURE DEVELOPMENT
CHALLENGES

Developing transmission projects has been a daunting
affair in recent years, and significant roadblocks still exist.
A partial list of these roadblocks includes:

* NIMBY mentality (Not In My Back Yard)
organized public opposition

environmental concerns

lack of institutional knowledge

regulatory risk
uncontrolled cost increases
political pressures

* financing risks.

Perhaps the biggest impediment to transmission infra-
structure development is the risk of cost recovery.
AFUDC rate treatment is the present norm for trans-
mission project financing. This allows the accrued cost of
financing for development of a utility project to be in-
cluded in rates for cost recovery. Recovery is typically
only allowed after a project is completed and after state
regulatory prudency review on the project. The effect is a
substantial risk of cost nonrecovery that discourages
transmission investment. If a project fails during develop-
ment or is judged to be imprudent, AFUDC recovery
may not be allowed and the shareholders then bear the
financial risk. Without assurances for cost recovery, it will
be very difficult to build substantial amounts of new
transmission. Minimizing development risks becomes of
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paramount importance when developing the types of
projects necessary for regional and national purposes.

VISION FOR THE FUTURE

The challenges facing effective transmission planning are
daunting, but pragmatic steps can be taken today to help
the industry move toward a future vision capable of
meeting these challenges. The following are suggestions
that address the emerging economic and policy issues of
today and can help to plan for a flexible transmission sys-
tem that can effectively serve a variety of different future
scenarios.

DEVELOP AN ALIGNED
PLANNING PROCESS

Effective planning requires processes and methodologies
that align well with the specific objectives being ad-
dressed. A good process should “de-clutter” a planning
problem and align planning activity with the geographic
scope of the goals. The process should push down the
planning problem to the lowest possible level to reduce
analytical requirements and organizational burden to a
manageable size.

If the planning goal is to satisfy the reliability needs for
communities in a tight geographic area, planning efforts
should be led by the associated TO. This type of planning
can be considered “bottom up” planning since it starts
with the specific needs of specific customers. If the plan-
ning goal is to address regional market issues, planning
efforts should be led by the associated RTO. This type of
planning can be considered “top down” since it addresses
the general requirements of the transmission system itself
(in this case the ability to be an efficient market maker).

Typically, RTOs have drawn a demarcation line at an
arbitrary voltage level (100 kV is typical). Below this line,
TOs are responsible for the transmission plan. Above the
line, RTOs are responsible for the transmission plan. This
criterion can run counter to the “de-cluttering” principle.
Very often, local planning requires solutions that go above
100 kV, and regional solutions may require the need to
reach below 100 kV.

TOs and RTOs can effectively address planning issues
corresponding to local and regional areas, respectively,
but what about issues of national scope! Consider the
current issue of renewable energy. For example, many
states in the Northeast are beginning to set renewable
energy portfolio targets that will require access to re-
newable energy concentrations in other parts of the
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country. Access to these resources will require crossing
multiple RTO boundaries and/or transmission systems
currently without RTO oversight.

Individual RTOs and TOs do not have the geographic
perspective necessary to effectively address these types
of broader issues. Who then should play this national
role? RTOs working together could potentially be ef-
fective if the process is perceived as fair and equitable
for all regions. However, if it is perceived that one
region’s objectives are beginning to take precedence
over others, then a new national organization may be
required.

If such a national step were taken, the role of the RTO
must shift toward integrating member TO plans neces-
sary to meet local load serving needs, integrating the EHV
plan to address the national policy, and creating the re-
gional plan that necessarily results to accommodate the
regional objectives. The role would implement the stra-
tegic national plan and enables the tactical at the regional
and local levels.

ADDRESSING THE REGULATORY NEED

The gap between planning a system and getting it devel-
oped needs to be closed. Planners should recognize that
regulators are the ultimate decision makers. They decide
whether or not a project is developed, not the planner.
Therefore, planners must perform their work in a way
that maximizes the probability of regulatory approval for
their projects.

The regulatory oversight role is to ensure that trans-
mission investment is prudent. It also ensures that public
impacts are minimized. Planners need to recognize these
roles and address these concerns early in and throughout
the planning processes.

To address the prudency question, transmission
planning processes should be open to stakeholder partic-
ipation and permit stakeholders to have influence on a
project. This ensures that a broadly vetted set of goals
and objectives are being addressed by the process.

The objectives of an open planning process are:

* Transparency: the ability of affected stakeholders to
observe and influence the planning processes and
decisions

* Traceable: the ability for all parties to track the flow
of planning effort throughout the life cycle of a
project or overall plan

* Defendable: the appropriateness and completeness
of the process from the perspective of key decision



makers such as RTO management, TOs, and
regulators

* Dynamic: the ability to adjust the process for good
reasons.

For planning at the regional or national levels, regu-
lators expect that plans balance the benefits across the
footprint and that stakeholder needs are addressed in an
unbiased way. By design, RTOs do not own the facilities
they plan and operate. By de-coupling the financial benefit
of the transmission plan from the RTO, FERC hoped to
ensure that plans were forwarded only driven by the
needs of the stakeholders and designed in such a way as
to minimize the overall cost regardless of the ownership
boundaries. This independence is used by regulators to
help make the prudency assessment since a project will,
at least theoretically, only be approved for the “right”
reasons.

To address the impacts on the public, planning pro-
cesses need to encourage public involvement preferably
early on in the process. Use of techniques such as press
releases, community meetings, public planning meetings,
open houses, and interactions with community devel-
opment groups, economic development commissions,
and regional planning commissions are extremely effec-
tive in addressing the public concerns in a meaningful
way.

The effect is significant. First, the feedback provided
can significantly aid in route selection and allow the plan-
ner and ultimate developer to better predict the costs of
a project. Second, and equally important, if the public
feels it has been heard and has had a meaningful chance to
influence the results, the opposition is significantly muted.
If not, the opposition is empowered and is able to recruit
support from a much wider audience. The public tends to
fear the unknown more than the known.

Many TOs know that these efforts are critical to the
success of their projects, and some have successfully in-
corporated this outreach into their planning and infra-
structure development efforts.

However, RTOs seem less aware of the importance
of the public outreach step. A search of RTO Web sites
shows significant efforts expended to bring certain
stakeholders into their processes (highly commendable
and necessary) but little efforts to bring in the public.
There is a need for the public to be appropriately
involved in the process. If regional and national trans-
mission projects are to be planned in a way that max-
imizes the likelihood of approval, then the public input
must be meaningfully provided. While difficult, creative
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thought needs to be applied to determine how to
meaningfully bring the public into the regional and na-
tional forums.

ADDRESSING THE NEEDS
OF THE DEVELOPER

At the RTO level, the regulatory need for an indepen-
dent plan makes it more difficult to incorporate the
needs of developers. The perception of independence
needs to be protected to ensure the RTO appropriately
plays its FERC-appointed role.

However, by bringing the stakeholders and the public
into the planning process, developers have greater assur-
ance that a project will be approved, that costs have been
more accurately estimated, and that opposition has been
minimized. Meaningfully addressing these issues in the
RTO process are significant steps in encouraging devel-
opers to come forward.

ENHANCED PROJECT JUSTIFICATION

The advent of electricity markets illustrates the need for
a richer understanding of the economic benefits of
transmission projects. New facilities can have significant
energy price impacts and, therefore, affect the underlying
value of financial transmission rights. The evolving elec-
tricity markets are creating new winners and losers. As a
result, it has become more critical to understand the
economic benefits of transmission projects, especially at
regional and national levels.

Project justification during the planning process needs
to incorporate the pricing information available from
these developing markets. Energy price history is now
available to calibrate the analysis (Figure 5). Analysis tools
that merge production cost analysis with transmission
system constraints now exist to aid the planning in getting
insights into the economic value of projects. As discussed
above, these tools are difficult to use when considering
myriads of alternative projects. However, they can be ex-
tremely effective in selecting between a narrowed-down
set of alternatives.

For planning on a regional or national level, proba-
bilistic methods show promise in managing the scope
of studies necessary to perform N-2 or higher contin-
gency analysis. At the regional or national level, de-
cluttering still results in a network of significant scope.
At the national level, the dynamics of an interconnect-
wide system are poorly understood by any one plan-
ning entity.
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Figure 5
Examples of locational marginal price (LMP) information

Two things are certain; the United States needs to
build more transmission capacity and it needs to begin to
deal with aging transmission infrastructure. There are
many challenges, but better transmission planning is
needed to effectively address these issues in an integrated
and cost-effective manner.
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Abstract—This paper presents a summary of the most
important characteristics of wind turbine generators ap-
plied in modern wind power plants. Various wind turbine
generator designs, based on classification by machine type
and speed control capabilities, are discussed along with
their operational characteristics, voltage, reactive power,
or power factor control capabilities, voltage ride-through
characteristics, behavior during short circuits, and reac-
tive power capabilities.

Index Terms—Wind turbine generator, voltage ride-
through, wind power plants.

I. INTRODUCTION

Modern wind power plants (WPPs), comprised of a large
number of wind turbine generators (WTGs), a collector
system, collector and/or interconnect substation utilize
machines that are designed to optimize the generation of
power using the energy in the wind. WTGs have devel-
oped from small machines with output power ratings on
the order of kilowatts to several megawatts, and from
machines with limited speed control and other capa-
bilities to machines with variable speed control capa-
bilities over a wide speed range and sophisticated control
capabilities using modern power electronics [1].

The application of WTGs in modern WPPs requires
an understanding of a number of different aspects related
to the design and capabilities of the machines involved.
This paper, authored by members of the Wind Plant
Collector Design Working Group of the IEEE, is intended
to provide insight into the various wind turbine generator
designs, based on classification by machine type and speed

(“Characteristics of Wind Turbine Generators for Wind Power
Plants” IEEE PES Wind Plant Collector System Design Working
Group. © 2009 IEEE. Reprinted, with permission)
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control capabilities, along with their operational charac-
teristics, voltage, reactive power, or power factor control
capabilities, voltage ride-through characteristics, behavior
during short circuits, and reactive power capabilities.

Il. TURBINE CHARACTERISTICS

The principle of wind turbine operation is based on two
well-known processes. The first one involves the conver-
sion of kinetic energy of moving air into mechanical en-
ergy. This is accomplished by using aerodynamic rotor
blades and a variety of methodologies for mechanical
power control. The second process is the electro-
mechanical energy conversion through a generator that is
transmitted to the electrical grid.

Wind turbines can be classified by their mechanical
power control, and further divided by their speed con-
trol. All turbine blades convert the motion of air across
the air foils to torque, and then regulate that torque in an
attempt to capture as much energy as possible, yet pre-
vent damage. At the top level turbines can be classified as
either stall regulated (with active stall as an improvement)
or pitch regulated.

Stall regulation is achieved by shaping the turbine blades
such that the airfoil generates less aerodynamic force at
high wind speed, eventually stalling, thus reducing the tur-
bine’s torque-this is a simple, inexpensive and robust me-
chanical system. Pitch regulation, on the other hand, is
achieved through the use of pitching devices in the turbine
hub, which twist the blades around their own axes. As the
wind speed changes, the blade quickly pitches to the opti-
mum angle to control torque in order to capture the max-
imum energy or self-protect, as needed. Some turbines
now are able to pitch each blade independently to achieve
more balanced torques on the rotor shaft given wind speed
differences at the top and bottom of the blade arcs.
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Beyond mechanical power regulation, turbines are
further divided into fixed speed (Type |), limited variable
speed (Type 2), or variable speed with either partial
(Type 3) or full (Type 4) power electronic conversion.
The different speed control types are implemented via
different rotating AC machines and the use of power
electronics. There is one other machine type that will be
referred to as Type 5 in which a mechanical torque con-
verter between the rotor’s low-speed shaft and the gen-
erator’s high-speed shaft controls the generator speed
to the electrical synchronous speed. This type of machine
then uses a synchronous machine directly connected to
the medium voltage grid.

The Type | WTG is implemented with a squirrel-cage
induction generator (SCIG) and is connected to the step-
up transformer directly. See Figure |. The turbine speed is
fixed (or nearly fixed) to the electrical grid’s frequency, and
generates real power (P) when the turbine shaft rotates
faster than the electrical grid frequency creating a negative
slip (positive slip and power is motoring convention).

Figure 2 shows the power flow at the SCIG terminals.
While there is a bit of variability in output with the slip of
the machine, Type | turbines typically operate at or very
close to a rated speed. A major drawback of the induction
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Figure 2
Variation of Real and Reactive Power for SCIG
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Typical Configuration of a Type 2 WTG

machine is the reactive power that it consumes for its ex-
citation field and the large currents the machine can draw
when started “across-the-line.” To ameliorate these effects
the turbine typically employs a soft starter and discrete
steps of capacitor banks within the turbine.

In Type 2 turbines, wound rotor induction generators
arc connected directly to the WTG step-up transformer in
a fashion similar to Type | with regards to the machines
stator circuit, but also include a variable resistor in the ro-
tor circuit. See Figure 3. This can be accomplished with a
set of resistors and power electronics external to the ro-
tor with currents flowing between the resistors and rotor
via slip rings. Alternately, the resistors and electronics can
be mounted on the rotor, eliminating the slip rings—this is
the Weier design. The variable resistors are connected
into the rotor circuit softly and can control the rotor cur-
rents quite rapidly so as to keep constant power even
during gusting conditions, and can influence the machine’s
dynamic response during grid disturbances.

By adding resistance to the rotor circuit, the real
power curve, which was shown in Figure 2, can be
“stretched” to the higher slip and higher speed ranges.
See Figure 4. That is to say that the turbine would have
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Variation of Real and Reactive Power with External
Rotor Resitor in a Type 2 WTG
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Typical Configuration of a Type 3 WTG

to spin faster to create the same output power, for an
added rotor resistance. This allows some ability to control
the speed, with the blades’ pitching mechanisms and move
the turbines operation to a tip speed ratio (ration of tip
speed to the ambient wind speed) to achieve the best en-
ergy capture. It is typical that speed variations of up to 10%
are possible, allowing for some degree of freedom in en-
ergy capture and self protective torque control.

The Type 3 turbine, known commonly as the Doubly
Fed Induction Generator (DFIG) or Doubly Fed Asyn-
chronous Generator (DFAG), takes the Type 2 design to
the next level, by adding variable frequency ac excitation
(instead of simply resistance) to the rotor circuit. The
additional rotor excitation is supplied via slip rings by a
current regulated, voltage-source converter, which can
adjust the rotor currents’ magnitude and phase nearly
instantaneously. This rotor-side converter is connected
back-to-back with a grid side converter, which exchanges
power directly with the grid. See Figure 5.

A small amount power injected into the rotor circuit
can effect a large control of power in the stator circuit.
This is a major advantage of the DFIG—a great deal of
control of the output is available with the presence of a
set of converters that typically are only 30% of the rating
of the machine. In addition to the real power that is de-
livered to the grid from the generator’s stator circuit,
power is delivered to the grid through the grid-connected
inverter when the generator is moving faster than syn-
chronous speed. When the generator is moving slower
than synchronous speed, real power flows from the grid,
through both converters, and from rotor to stator. These
two modes, made possible by the four-quadrant nature of
the two converters, allows a much wider speed range,
both above and below synchronous speed by up to 50%,
although narrower ranges are more common.

The greatest advantage of the DFIG, is that it offers
the benefits of separate real and reactive power control,
much like a traditional synchronous generator, while
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Figure 6
Typical Configuration of a Type 4 WTG

being able to run asynchronously. The field of industrial
drives has produced and matured the concepts of vector
or field oriented control of induction machines. Using
these control schemes, the torque producing compo-
nents of the rotor flux can be made to respond fast
enough that the machine remains under relative control,
even during significant grid disturbances. Indeed, while
more expensive than the Type | or 2 machines, the Type 3
is becoming popular due to its advantages.

The Type 4 turbine (Figure 6) offers a great deal of
flexibility in design and operation as the output of the
rotating machine is sent to the grid through a full-scale
back-to-back frequency converter. The turbine is allowed
to rotate at its optimal aerodynamic speed, resulting in a
“wild” AC output from the machine. In addition, the
gearbox may be eliminated, such that the machine spins at
the slow turbine speed and generates an electrical fre-
quency well below that of the grid. This is no problem for
a Type 4 turbine, as the inverters convert the power, and
offer the possibility of reactive power supply to the grid,
much like a STATCOM. The rotating machines of this
type have been constructed as wound rotor synchronous
machines, similar to conventional generators found in
hydroelectric plants with control of the field current and
high pole numbers, as permanent magnet synchronous
machines, or as squirrel cage induction machines. How-
ever, based upon the ability of the machine side inverter
to control real and reactive power flow, any type of ma-
chine could be used. Advances in power electronic
devices and controls in the last decade have made the
converters both responsive and efficient. It does bear
mentioning, however, that the power electronic con-
verters have to be sized to pass the full rating of the ro-
tating machine, plus any capacity to be used for reactive
compensation.

Type 5 turbines (Figure 7) consist of a typical WTG
variable-speed drive train connected to a torque/
speed converter coupled with a synchronous genera-
tor. The torque/speed converter changes the variable
speed of the rotor shaft to a constant output shaft
speed. The closely coupled synchronous generator,
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Typical Configuration of a Type 5 WTG

operating at a fixed speed (corresponding to grid fre-
quency), can then be directly connected to the grid
through a synchronizing circuit breaker. The synchro-
nous generator can be designed appropriately for any
desired speed (typically 6 pole or 4 pole) and voltage
(typically medium voltage for higher capacities). This
approach requires speed and torque control of the
torque/speed converter along with the typical voltage
regulator (AVR), synchronizing system, and generator
protection system inherent with a grid-connected
synchronous generator.

Ill. VOLTAGE, REACTIVE POWER,
AND POWER FACTOR CONTROL
CAPABILITIES

The voltage control capabilities of a WTG depend on the
wind turbine type. Type | and Type 2 WTGs can typically
not control voltage. Instead, these WTGs typically use
power factor correction capacitors (PFCCs) to maintain
the power factor or reactive power output on the low-
voltage terminals of the machine to a setpoint. Types 3
through 5 WTGs can control voltage. These WTGs are
capable of varying the reactive power at a given active
power and terminal voltage, which enables voltage control
[2]. In a Type 3 WTG voltage is controlled by changing the
direct component of the rotor current (this is the com-
ponent of the current that is in-line with the stator flux). In
a Type 4 WTG voltage control is achieved by varying the
quadrature (reactive) component of current at the grid-
side converter. To allow voltage control capability, the grid-
side converter must be rated above the rated MW of the
machine. Since a synchronous generator is used in a Type 5
WTG, an automatic voltage regulator (AVR) is typically
needed. Modern AVRs can be programmed to control re-
active power, power factor and voltage.

The voltage control capabilities of individual WTGs
are typically used to control the voltage at the collector
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bus or on the high side of the main power transformer.
Usually a centralized wind farm controller will manage the
control of the voltage through communication with the
individual WTGs. A future companion Working Group
paper is planned to discuss the WPP SCADA and control
capabilities.

IV. REACTIVE POWER CAPABILITIES

The reactive power capabilities of modern WTGs are
significant as most grid codes require the WPP to have
reactive power capability at the point of interconnect
over a specified power factor range, for example 0.95
leading (inductive) to 0.95 lagging (capacitive). Typical in-
terconnect requirements related to total WPP reactive
power capabilities are discussed in [3].

As stated earlier, Type | and Type 2 WTGs typically
use PFCCs to maintain the power factor or reactive
power of the machine to a specified setpoint. The
PFCCs may be sized to maintain a slightly leading (in-
ductive) power factor of around 0.98 at rated power
output. This is often referred to as no-load compensa-
tion. With full-load compensation, the PFCCs are sized
to maintain unity power factor or, in some cases, a
slightly lagging (capacitive) power factor at the machine’s
rated power output. The PFCCs typically consists of
multiple stages of capacitors switched with a low-voltage
AC contactor.

Type 3 (DFIG) WTGs typically have a reactive power
capability corresponding to a power factor of 0.95 lagging
(capacitive) to 0.90 leading (inductive) at the terminals of
the machines. Options for these machines include an ex-
panded reactive power capability of 0.90 lagging to 0.90
leading. Some Type 3 WTGs can deliver reactive power
even when the turbine is not operating mechanically,
while no real power is generated.

As previously stated, Type 4 WTGs can vary the grid-
side converter current, allowing control of the effective
power factor of the machines over a wide range. Reac-
tive power limit curves for different terminal voltage
levels are typically provided. Some Type 4 WTGs
can deliver reactive power even when the turbine is
not operating mechanically, while no real power is
generated.

The synchronous generator in a Type 5 WTG has in-
herent dynamic reactive power capabilities similar to that
of Type 3 and 4 machines. See Figure 8. Depending on the
design of the generator, operating power factor ranges at
rated output can vary from 0.8 leading to 0.8 lagging.



Active power
Power Stability Curve
Q \ +Q
Reactivepower ' W Reactive power
under-gxcited over-excited
Typa 5 WTG Rsactive Power Cagabilty
Figure 8

Reactive Power Capabilities of a 2 MW Type 5 WTG

A range of 0.9 leading and lagging is more typical. At
power outputs below rated power, the reactive power
output is only limited by rotor or stator heating, stability
concerns, and local voltage conditions and it is unlikely
that PFCCs would be required. As with some Type 3 and
4 WTGs, it is also possible to operate the machine as a
synchronous condenser, requiring minimal active power
output with adjustable reactive power output levels.

V. VOLTAGE RIDE-THROUOH

The voltage ride-through (VRT) capabilities of WTGs vary
widely and have evolved based on requirements in various
grid codes. In the United States, low voltage ride-through
(LVRT) requirements specified in FERC Order 661-A [5]
calls for wind power plants to ride-through a three-phase
fault on the high side of the substation transformer for up
to 9 cycles, depending on the primary fault clearing time
of the fault interrupting circuit breakers at the location.
There is no high voltage ride-through (HVRT) require-
ment in FERC order 661-A, but NERC and some ISO/
RTOs are in the process of imposing such requirement. In
many European countries VPP are required not to trip
for a high voltage level up to | 10% of the nominal voltage
at the POI [4].

Some of the Type | WTGs have limited VRT capability
and may require a central reactive power compensation
system [4] to meet wind power plant VRT capability.
Many of the Types 2, 3, and 4 WTGs have VRT capabilities
that may meet the requirements of FERC Order 661,
which was issued before FERC Order 661-A (i.e., with-
stand a three-phase fault for 9 cycles at a voltage as low as
0.15 p.u measured on the high side of the substation
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transformer). Most WTGs are expected to ultimately
meet the FERC 661-A requirements.

The VRT of a Type 5 WTG is very similar to that of
standard grid-connected synchronous generators, which
are well understood. The capabilities of the excitation
system (AVR) and physical design of the generator (ma-
chine constants, time constants) will determine the basic
performance of a synchronous generator during tran-
sient conditions. In order to meet utility VRT require-
ments, the settings and operation of the turbine control
system, excitation system and protection systems must
be generally coordinated and then fine-tuned for a spe-
cific site.

VI. WTG BEHAVIOR DURING
GRID SHORT CIRCUITS

The response of WTGs to short circuits on the grid de-
pends largely on the type of WTG. While the response of
Type | and Type 2 WTGs are essentially similar to that of
large induction machines used in industrial applications,
the response of Type 3, 4, and 5 WTGs is dictated by the
WTG controls. In short circuit calculations, a Type |
WTG can be represented as a voltage source in series
with the direct axis sub-transient inductance X(;/. This
practice is used to consider the maximum short-circuit
contribution from the induction generator as it de-
termines the symmetrical current magnitude during the
first few cycles after the fault. A Type | WTG can
contribute short circuit current up to the value of its
locked rotor current which is usually on the order of 5 to
6 p.u [6].

Type 2 WTGs employing limited speed control via
controlled external rotor resistance are fundamentally
induction generators. If, during the fault, the external re-
sistance control were to result in short-circuiting of the
generator rotor, the short-circuit behavior would be
similar to Type |. On the other hand, if the control action
at or shortly after fault inception were to result in inser-
tion of the full external resistance, the equivalent voltage
source-behind-Thevenin impedance representation for
the WTG should be modified to include this significant
resistance value in series with the equivalent turbine
inductance.

Other wind turbine topologies employ some type of
power electronic control. Consequently, the behavior
during short-circuit conditions cannot be ascertained di-
rectly from the physical structure of the electrical gener-
ator. Algorithms which control the power electronic
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switches can have significant influence on the short-circuit
currents contributed by the turbine, and the details of
these controllers are generally held closely by the turbine
manufacturers.

For Type 3 WTGs (DFIG), if during the fault, the
rotor power controller remains active, the machine
stator currents would be limited between I.I to
2.5 p.u. of the machine rated current. Under conditions
where protective functions act to “crowbar” the rotor
circuit, the short-circuit behavior defaults to 5 to 6 p.u.
in the case of a fault applied directly to the WTG
terminals. [7]

In turbines employing full-rated power converters as
the interface to the grid (Type 4), currents during net-
work faults will be limited to slightly above rated current.
This limitation is affected by the power converter control,
and is generally necessary to protect the power semi-
conductor switches.

Type 5 WTGs exhibit typical synchronous generator
behavior during grid short circuits. Generator contribu-
tion to grid faults can be calculated from the machine
constants, obtainable from the generator manufacturer.
Fault current contribution for line to ground faults will
depend on the type of generator grounding used. Typical
generator fault current contribution can range from 4 to
more times rated current for close-in bolted three-phase
faults. Fault current contribution for single-line to ground
faults can range from near zero amps (ungrounded neu-
tral) to more than the three-phase bolted level (de-
pending on the zero sequence impedance of solidly
grounded generators.)

A joint Working Group sponsored by the Power
Systems Relaying Committee (PSRC) and the T&D Com-
mittee on short-circuit contributions from WTGs is
currently discussing this topic. It is expected that more
specific guidelines on considerations in determining
short-circuit contributions from different types of WTGs
will be forthcoming.
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6.1

DIRECT SOLUTIONS TO LINEAR ALGEBRAIC
EQUATIONS: GAUSS ELIMINATION

Consider the following set of linear algebraic equations in matrix format:

A An - Awv || x N
A‘Zl Apn - - Aoy X'z _ y.z 6.1
Ant Ana - Ann | | xn N
or
Ax =y (6.1.2)

where x and y are N vectors and A is an N x N square matrix. The compo-
nents of x, y, and A may be real or complex. Given A and y, we want
to solve for x. We assume the det(A) is nonzero, so a unique solution to
(6.1.1) exists.

The solution x can easily be obtained when A is an upper triangular
matrix with nonzero diagonal elements. Then (6.1.1) has the form

A Ap... Ay X1 Vi
0 A22 C. Aoy X2 »
: : = : (6.1.3)
0 0... Ayaiwnva Anvan||xXn- YN-1
0 0...0 Ann XN IN
Since the last equation in (6.1.3) involves only xy,
YN
=2 6.1.4
T A (14
After xy is computed, the next-to-last equation can be solved:
1 — Ay
XN_1 _IN-1 N-1,NXN (6.1.5)
Ayn-1nv-1
In general, with xy,xy_1,...,xxs1 already computed, the kth equation can
be solved
N
Yk — Z Aknxn
=L k=N,N—-1,...,1 (6.1.6)
Ak

This procedure for solving (6.1.3) is called back substitution.
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If A is not upper triangular, (6.1.1) can be transformed to an equivalent
equation with an upper triangular matrix. The transformation, called Gauss
elimination, is described by the following (N — 1) steps. During Step 1, we
use the first equation in (6.1.1) to eliminate x; from the remaining equations.
That is, Equation 1 is multiplied by A,;/A; and then subtracted from equa-
tion n, for n = 2,3,..., N. After completing Step 1, we have

A A Ay ]
Ar Ar [ x1 ]
0 (Azz - A—HA12> e (AZN - A_”A1N> “
A A
0 (A32 - A—?iAu) . (AsN - A—iA1N> 3
A A X
0 (ANZ - A—ZIVIIAu) “e <ANN - A—j:fllAlN> N
_ " i}
_Axn
)2 An Y1
Az
— _ b 6.1.7
V3 AL Y1 ( )
_Am
_yN AL )1 |

[ 1 | [ o]
A(n) A(lz) A(ll)\f X1 y2>
1 1 1
A(zz) A(zj)v X2 J’g>
A Al (= [ 619
1 1 XN 1
0 AR e AR O]

where the superscript (1) denotes Step 1 of Gauss elimination.

During Step 2 we use the second equation in (6.1.8) to eliminate x, from
the remaining (third, fourth, fifth, and so on) equations. That is, Equation 2 is
multiplied by A(,B /A(zlg and subtracted from equation n, for n =3,4,..., N.
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After Step 2, we have

[ 2 2 2 2) ] r )7
A<11) A(IZ) A(13) A(u)v M x; ] yg)
(2) (2) 2) 2
0 A, Ay - A(2N X, J’é)
(2) (2) (2)
0 0 Ay - ALy 3| > (6.19)
2 2 = -1
0 0 AL AR ||w| T
2 2 LXN | 2
o0 Al oAl L

During step k, we start with A¥"Vx = y*=1_ The first k& of these equa-
tions, already triangularized, are left unchanged. Also, equation k is multi-
plied by A(fk_ D /A(,fk_l) and then subtracted from equation n, for n =k + 1,
k+2,...,N.

After (N —1) steps, we arrive at the equivalent equation AVDy =
y V=D where AV g upper triangular.

EXAMPLE 6.1 Gauss elimination and back substitution: direct solution to linear
algebraic equations

Solve

M
2 9 X2 3
using Gauss elimination and back substitution.

SOLUTION Since N = 2 for this example, there is (N — 1) = 1 Gauss elimi-
nation step. Multiplying the first equation by A,;/A;; = 2/10 and then sub-
tracting from the second,

or

(10 | s|[x] [6

0 SHM _L.J

which has the form AVx =y, where A" is upper triangular. Now, using
back substitution, (6.1.6) gives, for k = 2:

yél) 1.8

X, =225 = = = 0.225
A(22 8
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and, for k = 1,
W = Alx, 6 (5)(0.225)
- 10

5 = 0.4875 ]
All

X1 =

EXAMPLE 6.2 Gauss elimination: triangularizing a matrix

Use Gauss elimination to triangularize

2 3 —1f[|x S
-4 6 8||x|=]|7
10 12 14| [ x3 9

SOLUTION There are (N — 1) =2 Gauss elimination steps. During Step 1,
we subtract Ay /A = —4/2 = —2 times Equation 1 from Equation 2, and
we subtract Az /A;; = 10/2 = 5 times Equation 1 from Equation 3, to give

2 3 -1 X 5
0| 6=(=2)3) | 8=(=2)(=1) | |x2|=|7—=(=2)(5)
10 | 12—(5)(3) 14— (5)(=1) | [x3 9—(5)(5)
or
2 3 —1][x 5
0 12 6||x|l=| 17
10 =3 19 [ x3 ~16

which is Alx = y(). During Step 2, we subtract A}) /A = —3/12 = —0.25
times Equation 2 from Equation 3, to give

2 3 ~1 X1 5
0| 12 6 x| = 17
0] 0| 19-(=25(6)]|x —16 — (—.25)(17)
or
2 3 -1 |[x 5
012 6 ||x|=| 17
0 0 205]|x3 ~11.75

which is triangularized. The solution x can now be easily obtained via back
substitution. |
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Computer storage requirements for Gauss elimination and back substi-
tution include N2 memory locations for A and N locations for y. If there is
no further need to retain A and y, then A% can be stored in the location of
A, and y¥), as well as the solution x, can be stored in the location of y.
Additional memory is also required for iterative loops, arithmetic state-
ments, and working space.

Computer time requirements can be evaluated by determining the
number of arithmetic operations required for Gauss elimination and back
substitution. One can show that Gauss elimination requires (N3 — N)/3
multiplications, (N)(N — 1)/2 divisions, and (N? — N)/3 subtractions. Also,
back substitution requires (N)(N — 1)/2 multiplications, N divisions, and
(N)(N —1)/2 subtractions. Therefore, for very large N, the approximate
computer time for solving (6.1.1) by Gauss elimination and back substitution
is the time required to perform N?/3 multiplications and N3/3 subtractions.

For example, consider a digital computer with a 2 x 10~ s multipli-
cation time and 1 x 10~ s addition or subtraction time. Solving N = 10,000
equations would require approximately

IN32 % 107%) +1N3(1 x 107%) = 1(10,000)*(3 x 10°) = 1000 s

plus some additional bookkeeping time for indexing and managing loops.

Since the power-flow problem often involves solving power systems
with tens of thousands of equations, by itself Gauss elimination would not
be a good solution. However, for matrixes that have relatively few nonzero
elements, known as sparse matrices, special techniques can be employed to
significantly reduce computer storage and time requirements. Since all large
power systems can be modeled using sparse matrices, these techniques are
briefly introduced in Section 6.8.

6.2

ITERATIVE SOLUTIONS TO LINEAR ALGEBRAIC
EQUATIONS: JACOBI AND GAUSS-SEIDEL

A general iterative solution to (6.1.1) proceeds as follows. First select an ini-
tial guess x(0). Then use

x(i+1) =gx(i)] i=01,2,... (6.2.1)

where x(i) is the ith guess and g is an N vector of functions that specify the
iteration method. Continue the procedure until the following stopping condi-
tion is satisfied:

Xe(i+ 1) — xx (i)
xk(i)

where x (i) is the kth component of x(i) and ¢ is a specified rolerance level.

<e forallk=1,2,...,N (6.2.2)
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The following questions are pertinent:
1. Will the iteration procedure converge to the unique solution?
2. What is the convergence rate (how many iterations are required)?

3. When using a digital computer, what are the computer storage and
time requirements?

These questions are addressed for two specific iteration methods: Jacobi and
Gauss—Seidel.* The Jacobi method is obtained by considering the kth equa-
tion of (6.1.1), as follows:

Vi =ApX1 + Apxs + o A + o+ Ay Xy (6.2.3)
Solving for xy,
1
X = A e — (Arxti+ -+ Ak ko1 X1 + Ak b1 X1+ - - + Arvxy)]
1 k-1 N
=7 | Vk— ZAknxn - Z AjnXn (624)
Akk n=1 n=k+1

The Jacobi method uses the “old” values of x(i) at iteration i on the right
side of (6.2.4) to generate the “new” value x4 (i + 1) on the left side of (6.2.4).
That is,

1
kk n=k+1

k—1 N
Vi — ZA/cnxn(i) - Z Aknx11(i)] k = 1, 2, - 7]V
n=1

(6.2.5)

The Jacobi method given by (6.2.5) can also be written in the following
matrix format:

x(i+ 1) =Mx(i) + Dy (6.2.6)
where
M=D'(D-A) (6.2.7)
and
Ay 0 0 -~ 0
0 Ap 0 -~ 0
D=0 : : : (6.2.8)
: 0
0 0 0 --- Ayy

For Jacobi, D consists of the diagonal elements of the A matrix.
*The Jacobi method is also called the Gauss method.
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EXAMPLE 6.3 Jacobi method: iterative solution to linear algebraic equations

Solve Example 6.1 using the Jacobi method. Start with x;(0) = x(0) = 0 and
continue until (6.2.2) is satisfied for ¢ = 1074

SOLUTION From (6.2.5) with N = 2,

=1 xl 1) = 51— Anv()] = 1506~ Sx0)
k=2 x(i+1)= Ain[yz — Agix1 ()] :éB — 2x ()]

Alternatively, in matrix format using (6.2.6)—(6.2.8),

|
0= ] o
D_l_[lo | 0] 1_ 10‘
01l 9 ‘1
O |3

The above two formulations are identical. Starting with x;(0) = x,(0) = 0,
the iterative solution is given in the following table:

JACOBI i 0o |1 2 3 4 5 6 7 8 9 10

x1(7) 0 0.60000 0.43334 0.50000 0.48148 0.48889 0.48683 0.48766 0.48743 0.48752 0.48749
x2(i) 0 0.33333 0.20000 0.23704 0.22222 0.22634 0.22469 0.22515 0.22496 0.22502 0.22500

As shown, the Jacobi method converges to the unique solution obtained in
Example 6.1. The convergence criterion is satisfied at the 10th iteration, since

x1(10) — x1(9)|  [0.48749 — 0.48752

— =62x107°
%109) 0.48749 X0
and
(10) — x2(9)  [0.22500 — 0.22502 B
_ —89x 10 n
2 (9) 0.22502 89> 107 <e
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The Gauss—Seidel method is given by

k—1

. 1 . - .
(i 1) = |y = Y Axa(i+1) - > Awwxali) (6.2.9)
kke n=1 n=k+1

Comparing (6.2.9) with (6.2.5), note that Gauss—Seidel is similar to Jacobi
except that during each iteration, the “‘new” values, x,(i 4+ 1), for n < k are
used on the right side of (6.2.9) to generate the “new” value x;(i + 1) on the
left side.

The Gauss—Seidel method of (6.2.9) can also be written in the matrix
format of (6.2.6) and (6.2.7), where

Ay 0 0o --- 0
Ay Axp 0o --- 0

D=| . . (6.2.10)
Ant Ayy - Any

For Gauss—Seidel, D in (6.2.10) is the lower triangular portion of A, whereas
for Jacobi, D in (6.2.8) is the diagonal portion of A.

EXAMPLE 6.4 Gauss-Seidel method: iterative solution to linear algebraic equations

Rework Example 6.3 using the Gauss—Seidel method.

SOLUTION From (6.2.9),

=1 31 = 51— Anv()] = 1506 - Sx()
1 \' 1
k=2 Xz(l'+1):A722[y2—A21X1(l.+1)]:§[3—2xl(i+l)]

Using this equation for x; (7 4 1), x2(i + 1) can also be written as

(i) =5 {3- 26— s}

Alternatively, in matrix format, using (6.2.10), (6.2.6), and (6.2.7):
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These two formulations are identical. Starting with x;(0) = x2(0) = 0, the
solution is given in the following table:

GAUSS-SEIDEL i 0 | 2 3 4 5 6

x1 (1) 0 0.60000 0.50000 0.48889 0.48765 0.48752 0.48750
x2 (i) 0 0.20000 0.22222 0.22469 0.22497 0.22500 0.22500

For this example, Gauss—Seidel converges in 6 iterations, compared to 10
iterations with Jacobi. |

The convergence rate is faster with Gauss—Seidel for some A matrices,
but faster with Jacobi for other A matrices. In some cases, one method
diverges while the other converges. In other cases both methods diverge, as
illustrated by the next example.

EXAMPLE 6.5 Divergence of Gauss-Seidel method

Using the Gauss—Seidel method with x;(0) = x,(0) = 0, solve
9 2] Lxy 3

SOLUTION Note that these equations are the same as those in Example 6.1,
except that x; and x, are interchanged. Using (6.2.9),

k=1 X1 (i—‘r 1) = Ain[yl = A]zXz(i)] Z%[6 = 10X2(i)]
k=2 XQ(I'+1):AL22[J/27A21X1(Z'+1)]:%[379)61(1'4*1)]
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Successive calculations of x; and x; are shown in the following table:

GAUSS-SEIDEL i 0 | 2 3 4 5
x1 (i) 0 1.2 9 79.2 711 6397
x2(i) 0 -39 -39 —354.9 —3198 —28786

The unique solution by matrix inversion is

lﬂ - [5 10]1 [6] = [ 2 —10] l6] - [0.225 1
X2 o | 2] [3] 80 |9 s113] 04875
As shown, Gauss—Seidel does not converge to the unique solution; instead it
diverges. We could show that Jacobi also diverges for this example. |

If any diagonal element A equals zero, then Jacobi and Gauss—Seidel
are undefined, because the right-hand sides of (6.2.5) and (6.2.9) are divided
by As. Also, if any one diagonal element has too small a magnitude, these
methods will diverge. In Examples 6.3 and 6.4, Jacobi and Gauss—Seidel
converge, since the diagonals (10 and 9) are both large; in Example 6.5, how-
ever, the diagonals (5 and 2) are small compared to the off-diagonals, and the
methods diverge.

In general, convergence of Jacobi or Gauss—Seidel can be evaluated by
recognizing that (6.2.6) represents a digital filter with input y and output x(7).
The z-transform of (6.2.6) may be employed to determine the filter transfer
function and its poles. The output x(i) converges if and only if all the filter
poles have magnitudes less than 1 (see Problems 6.16 and 6.17).

Rate of convergence is also established by the filter poles. Fast conver-
gence is obtained when the magnitudes of all the poles are small. In addition,
experience with specific A matrices has shown that more iterations are re-
quired for Jacobi and Gauss—Seidel as the dimension N increases.

Computer storage requirements for Jacobi include N2 memory loca-
tions for the A matrix and 3N locations for the vectors y, x(i), and x(i + 1).
Storage space is also required for loops, arithmetic statements, and working
space to compute (6.2.5). Gauss—Seidel requires N fewer memory locations,
since for (6.2.9) the new value x(i + 1) can be stored in the location of the
old value xi(i).

Computer time per iteration is relatively small for Jacobi and Gauss—
Seidel. Inspection of (6.2.5) or (6.2.9) shows that N> multiplications/divisions
and N(N — 1) subtractions per iteration are required [one division, (N — 1)
multiplications, and (N — 1) subtractions for each k =1,2,...,N]. But as
was the case with Gauss elimination, if the matrix is sparse (i.e., most of the
elements are zero), special sparse matrix algorithms can be used to substan-
tially decrease both the storage requirements and the computation time.
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6.3

ITERATIVE SOLUTIONS TO NONLINEAR ALGEBRAIC
EQUATIONS: NEWTON-RAPHSON

A set of nonlinear algebraic equations in matrix format is given by

f(x) = ) =y (6.3.1)
Sv(x)
where y and x are N vectors and f(x) is an N vector of functions. Given y and

f(x), we want to solve for x. The iterative methods described in Section 6.2
can be extended to nonlinear equations as follows. Rewriting (6.3.1),

0=y—f(x) (6.3.2)
Adding Dx to both sides of (6.3.2), where D is a square N x N invertible
matrix,

Dx =Dx +y — f(x) (6.3.3)

Premultiplying by D!,
X=X+ D71 [y _ f(X)] (634)

The old values x(i) are used on the right side of (6.3.4) to generate the new
values x(i + 1) on the left side. That is,

x(i+1) = x(i) + D™y — f[x(i)]} (6.3.5)
For linear equations, f(x) = Ax and (6.3.5) reduces to
x(i+ 1) =x(i))+ D '[y — Ax({))] = D '(D — A)x(i) + Dy (6.3.6)

which is identical to the Jacobi and Gauss—Seidel methods of (6.2.6). For
nonlinear equations, the matrix D in (6.3.5) must be specified.

One method for specifying D, called Newton—Raphson, is based on the
following Taylor series expansion of f(x) about an operating point X.

y= f(XO) + % (X — Xo) oo (6.3.7)

X=X

Neglecting the higher order terms in (6.3.7) and solving for x,
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f ] iy Flx) (638)

X =Xo+ dx

The Newton—Raphson method replaces x( by the old value x(i) and x by the
new value x(i + 1) in (6.3.8). Thus,

x(i+ 1) = x(i) + I (i) {y — f[x(i)]} (6.3.9)
where
ox;  0xy Oxn
; Bk h
) = — — | 0x; Ox 0x
J(i) x|y :1 :2 :N (6.3.10)
6)61 axz 8xN x=x(i)

The N x N matrix J(i), whose elements are the partial derivatives shown in
(6.3.10), is called the Jacobian matrix. The Newton—Raphson method is sim-
ilar to extended Gauss—Seidel, except that D in (6.3.5) is replaced by J(i) in
(6.3.9).

EXAMPLE 6.6 Newton—-Raphson method: solution to polynomial equations

Solve the scalar equation f(x) = y, where y =9 and f(x) = x>. Starting
with x(0) = 1, use (a) Newton—Raphson and (b) extended Gauss—Seidel with
D = 3 until (6.2.2) is satisfied for ¢ = 10~*. Compare the two methods.

SOLUTION
a. Using (6.3.10) with f(x) = x2,

30 = L)

x=x(i)

Using J(7) in (6.3.9),

. . 1 2.
x(i+1) :x(l)—i—mp—x (@))

Starting with x(0) = 1, successive calculations of the Newton—Raphson
equation are shown in the following table:
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NEWTON- i 0 | 2 3 4 5
RAPHSON

x(i) 1 5.00000 3.40000 3.02353 3.00009 3.00000

b. Using (6.3.5) with D = 3, the Gauss—Seidel method is
x(i+ 1) = x(i) +1[9 — x2(1)]

The corresponding Gauss—Seidel calculations are as follows:

GAUSS-SEIDEL | 0 | 2 3 4 5 6
(D =3)

x(i) 1 3.66667 2.18519 3.59351 2.28908 3.54245 2.35945

As shown, Gauss—Seidel oscillates about the solution, slowly converg-
ing, whereas Newton—Raphson converges in five iterations to the solution
x = 3. Note that if x(0) is negative, Newton—Raphson converges to the neg-
ative solution x = —3. Also, it is assumed that the matrix inverse J~' exists.
Thus the initial value x(0) = 0 should be avoided for this example. |

EXAMPLE 6.7 Newton-Raphson method: solution to nonlinear algebraic equations

X1+ X2 15 4
=S 0 =
o l=ls] =)
Use the Newton—Raphson method starting with the above x(0) and continue
until (6.2.2) is satisfied with ¢ = 1074,

Solve

soLUTION Using (6.3.10) with f; = (x; + x») and f; = x1x2,

-1

o | o 1
T = ox; | 0xa _[ 1 1 ]_[xl(i) —11
% % )Q(i) xl(i) —XQ(i) 1

ﬁxl 6x2

x=x(i) x1 (i) = x2(i)

Using J(i)~" in (6.3.9),

:[Xl(i)] n [ xl(i) —1][15—)61(1)—)620)1
Xz(i) —XQ(i) 1 50 — xl(i)xz(i)

x1 (1) = x2(i)

xl(i—i— 1)
x(i+1)

Writing the preceding as two separate equations,
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xi (D15 = x1(d) = % (D] = [50 = xi1(#)x2 ()]
x1(i) = x2(i)

—X2(D)[15 — 1 (i) = x2(i)] + [50 — x1 (i) x2(§)]
1 (i) = xa (i)

Successive calculations of these equations are shown in the following table:

x1(i+1)=x1(i) +

x2(i+ 1) = x(i) +

NEWTON- | 0 | 2 3 4
RAPHSON
x1 (i) 4 5.20000 4.99130 4.99998 5.00000
x2(1) 9 9.80000 10.00870 10.00002 10.00000
Newton—Raphson converges in four iterations for this example. |

Equation (6.3.9) contains the matrix inverse J~!. Instead of computing
=1, (6.3.9) can be rewritten as follows:

J()Ax(7) = Ay (i) (6.3.11)
where

Ax(i) = x(i+ 1) — x(7) (6.3.12)
and

Ay(i) =y — f[x(7)] (6.3.13)

Then, during each iteration, the following four steps are completed:
STEP I Compute Ay(7) from (6.3.13).
STEP 2 Compute J(i) from (6.3.10).

STEP 3 Using Gauss elimination and back substitution, solve (6.3.11)
for Ax(i).

STEP 4 Compute x(i + 1) from (6.3.12).

EXAMPLE 6.8 Newton—-Raphson method in four steps

Complete the above four steps for the first iteration of Example 6.7.

:[uﬂ

SOLUTION
449
(4)(9)

EonEoine]
STEP 2 J(O)Z =
Xz(O) X1<0) 9 4

STEP I Ay(0) =y — f[x(0)] = [;(ﬂ -
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STEP 3 Using Ay(0) and J(0), (6.3.11) becomes

[1 I]lel(O)]_[Z]
9 | 4]|Ax©)] |14

Using Gauss elimination, subtract Jy;/J;; =9/1 =9 times
the first equation from the second equation, giving

[1 1HAx1(0)][ 21
0 | —5||Avn0)] |-4

Solving by back substitution,

Ax;(0) =2-08 =12

sTer e x()=x0)+4x0 = |5 + ] 5]

This is the same as computed in Example 6.7. |

Experience from power-flow studies has shown that Newton—Raphson
converges in many cases where Jacobi and Gauss—Seidel diverge. Further-
more, the number of iterations required for convergence is independent of
the dimension N for Newton—Raphson, but increases with N for Jacobi and
Gauss—Seidel. Most Newton—Raphson power-flow problems converge in
fewer than 10 iterations [1].

6.4

THE POWER-FLOW PROBLEM

The power-flow problem is the computation of voltage magnitude and phase
angle at each bus in a power system under balanced three-phase steady-state
conditions. As a by-product of this calculation, real and reactive power flows
in equipment such as transmission lines and transformers, as well as equip-
ment losses, can be computed.

The starting point for a power-flow problem is a single-line diagram of
the power system, from which the input data for computer solutions can be
obtained. Input data consist of bus data, transmission line data, and trans-
former data.

As shown in Figure 6.1, the following four variables are associated with
each bus k: voltage magnitude Vi, phase angle dy, net real power Py, and re-
active power Q. supplied to the bus. At each bus, two of these variables are
specified as input data, and the other two are unknowns to be computed by
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FIGURE 6.1

Bus variables V., oy, Py, To other buses
and Qy Bus k

ot I 4

the power-flow program. For convenience, the power delivered to bus & in
Figure 6.1 is separated into generator and load terms. That is,

Pr = Por — Prk
Qi = Qar — Qui (6.4.1)
Each bus £ is categorized into one of the following three bus types:

1. Swing bus (or slack bus)—There is only one swing bus, which for
convenience is numbered bus 1 in this text. The swing bus is a refer-
ence bus for which V,/d;, typically 1.0/0° per unit, is input data.
The power-flow program computes P; and Q.

2. Load (PQ) bus—P; and Qi are input data. The power-flow program
computes V; and J;. Most buses in a typical power-flow program are
load buses.

3. Voltage controlled (PV) bus—P; and V; are input data. The power-
flow program computes Qi and Jr. Examples are buses to which
generators, switched shunt capacitors, or static var systems are con-
nected. Maximum and minimum var limits QGimax and QgGxmin that
this equipment can supply are also input data. If an upper or lower
reactive power limit is reached, then the reactive power output of the
generator is held at the limit, and the bus is modeled as a PQ bus.
Another example is a bus to which a tap-changing transformer is
connected; the power-flow program then computes the tap setting.

Note that when bus k is a load bus with no generation, P, = —Py; is
negative; that is, the real power supplied to bus & in Figure 6.1 is negative. If
the load is inductive, Q, = —Qy is negative.

Transmission lines are represented by the equivalent 7 circuit, shown
in Figure 5.7. Transformers are also represented by equivalent circuits, as
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SECTION 6.4 THE POWER-FLOW PROBLEM 327

shown in Figure 3.9 for a two-winding transformer, Figure 3.20 for a three-
winding transformer, or Figure 3.25 for a tap-changing transformer.

Input data for each transmission line include the per-unit equivalent =
circuit series impedance Z’ and shunt admittance Y’, the two buses to which
the line is connected, and maximum MVA rating. Similarly, input data for
each transformer include per-unit winding impedances Z, the per-unit excit-
ing branch admittance Y, the buses to which the windings are connected, and
maximum MVA ratings. Input data for tap-changing transformers also in-
clude maximum tap settings.

The bus admittance matrix Yy, can be constructed from the line and
transformer input data. From (2.4.3) and (2.4.4), the elements of Yy, are:

Diagonal elements:  Yj; = sum of admittances connected to bus &

Off-diagonal elements:  Yj, = —(sum of admittances connected
between buses k and n)
k#n (6.4.2)

EXAMPLE 6.9 Power-flow input data and Yj,s

Figure 6.2 shows a single-line diagram of a five-bus power system. Input data
are given in Tables 6.1, 6.2, and 6.3. As shown in Table 6.1, bus 1, to which a
generator is connected, is the swing bus. Bus 3, to which a generator and a
load are connected, is a voltage-controlled bus. Buses 2, 4, and 5 are load
buses. Note that the loads at buses 2 and 3 are inductive since Q, = —Qq, =
—2.8 and —Qq; = —0.4 are negative.

For each bus k, determine which of the variables Vy, o, P, and Q are
input data and which are unknowns. Also, compute the elements of the sec-
ond row of Y.

SOLUTION The input data and unknowns are listed in Table 6.4. For bus 1,
the swing bus, P; and Q; are unknowns. For bus 3, a voltage-controlled bus,

T2
FIGURE 6.2 : . 4 800 MVA
. . . T1 ~
Single-line diagram for B1 l ‘ BS1 Line 3 345115 kV % 520 MW
Example 6.9 O—D % E D 345 kV g 0 —
50 mi ( >
400 MVA l A A | 800 MVA
15 kV Y:TL 852 847 -,EY ) 15 kV
400 MVA
16/345 kV ~ _| 345KV 40 Mvar 80 MW
345 kV | & o 200 mi
100 mi | = 3

B21 B22

2
280 Mvar/lf 1800 MW
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TABLE 6.1 \ P Qc P Q. Qcmax  Qamin
. per o per per per per per per
Bus input data for Bus Type unit  degrees  unit  unit  unit  unit unit unit
Example 6.9*
1 Swing 1.0 0 — — 0 0 — —
2 Load — — 0 0 8.0 2.8 — —
3 Constant 1.05 — 52 — 0.8 0.4 4.0 —-2.8
voltage
4 Load — — 0 0 0 0 — —
5 Load — — 0 0 0 0 — —

*Spase = 100 MVA, Vpase = 15 kV at buses 1, 3, and 345 kV at buses 2, 4, 5

TABLE 6.2 Maximum
Line input data for R X G B MVA
Bus-to-Bus er unit er unit er unit er unit er unit
Example 6.9 P P P P P
2-4 0.0090 0.100 0 1.72 12.0
2-5 0.0045 0.050 0 0.88 12.0
4-5 0.00225 0.025 0 0.44 12.0
TABLE 6.3 Maximum
T ‘ . P R X G, B Maximum TAP
Lals ofrmeEr 1nput1 Ztg per per per per MVA Setting
Or Exampie ©. Bus-to-Bus unit unit unit unit per unit per unit
1-5 0.00150 0.02 0 0 6.0 —
3-4 0.00075 0.01 0 0 10.0 —
TABLE 6.4 Bus Input Data Unknowns
Input data and Vi=10,0, =0 P, Q
unknowns for 5 P, = PGy — Pro = -8 Vs, 65
Example 6.9 Qy=Qg, — Q=238
3 V3 = 1.05 Q3,93
P; =Pgs —Pr3 =44
4 Py=0,Q=0 V4, 04
5 Ps=0,Q5=0 Vs, s

Q3 and 03 are unknowns. For buses 2, 4, and 5, load buses, V;, V4, Vs and
07, 04, 05 are unknowns.

The elements of Yy, are computed from (6.4.2). Since buses 1 and 3 are
not directly connected to bus 2,

Yo =Y =0
Using (6.4.2),
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Ty = - 0.89276 - 19.91964 ,
24 R), + jX5, 0.009 + 0.1 0.89276 + j9.91964 per unit

= 9.95972/95.143°  per unit

—1 |
Yos = —1.78552 + j19.83932 it
. Rjs + ]'Xés 0.0045 + j0.05 +J per uni

= 19.9195/95.143°  per unit

1 1 B/ B/
Yo = —— 22
2 TR+ Xy R+ Xps T2 702

= (0.89276 — j9.91964) + (1.78552 — j19.83932) + j 1272 + jofg

2.67828 — j28.4590 = 28.5847/—84.624° per unit
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330 CHAPTER 6 POWER FLOWS

where half of the shunt admittance of each line connected to bus 2 is included
in Yy, (the other half is located at the other ends of these lines).

This five-bus power system is modeled in PowerWorld Simulator case
Example 6_9 (see Figure 6.3). To view the input data, first click on the Edit
Mode button (on the far left-hand side of the ribbon) to switch into the Edit
mode (the Edit mode is used for modifying system parameters). Then by se-
lecting the Case Information tab you can view tabular displays showing the
various parameters for the system. For example, use Network, Buses to view
the parameters for each bus, and Network, Lines and Transformers to view
the parameters for the transmission lines and transformers. Fields shown in
blue can be directly changed simply by typing over them, and those shown
in green can be toggled by clicking on them. Note that the values shown on
these displays match the values from Tables 6.1 to 6.3, except the power val-
ues are shown in actual MW /Mvar units.

The elements of Yy can also be displayed by selecting Solution Details,
Ypus. Since the Yy,s entries are derived from other system parameters, they
cannot be changed directly. Notice that several of the entries are blank, in-
dicating that there is no line directly connecting these two buses (a blank en-
try is equivalent to zero). For larger networks most of the elements of the
Yy are zero since any single bus usually only has a few incident lines (such
sparse matrices are considered in Section 6.8). The elements of the Yy, can
be saved in a Matlab compatible format by first right-clicking within the Y pys
matrix to display the local menu, and then selecting Save Yy, in Matlab
Format from the local menu.

Finally, notice that no flows are shown on the one-line because the
nonlinear power-flow equations have not yet been solved. We cover the solu-
tion of these equations next. |

Using Yy, we can write nodal equations for a power system network,
as follows:

[= YooV (6.4.3)

where [ is the N vector of source currents injected into each bus and ¥V is the
N vector of bus voltages. For bus £, the kth equation in (6.4.3) is

N
=Y YuV, (6.4.4)
n=1

The complex power delivered to bus k is
Sk =Pr+jQi = Vil (6.4.5)

Power-flow solutions by Gauss—Seidel are based on nodal equations, (6.4.4),
where each current source /i is calculated from (6.4.5). Using (6.4.4) in
(6.4.5),

*

Pi +jQr = Vi k=12...,N (6.4.6)

N
Z Ykn Vn
n=1
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With the following notation,
V= V,e/n (6.4.7)
Yin = Yime!" = Gy + jBiw~ kyn=1,2,...,N (6.4.8)
(6.4.6) becomes

N
Py + ]Qk = Vi Z Yannej(()k_én_Hkn) (649)

n=1

Taking the real and imaginary parts of (6.4.9), we can write the power bal-
ance equations as either

N
Pe=Vi ) Yy Vi cos(dk — 6, — On) (6.4.10)

n=1

N
Qi =Vi > Y Vusin@ =6y — )  k=12,...,N (6.4.11)

n=1

or when the Yy, is expressed in rectangular coordinates by

N
Px = Vi > Val[Gin c08(Sk — 0) + B sin(Sx — 0,)] (6.4.12)
n=1

N
Qx =Vk > _ ValGiu sin(Gx — 05) — Bi cos(c —6,)]  k=1,2,...,N
= (6.4.13)

Power-flow solutions by Newton—Raphson are based on the nonlinear power-
flow equations given by (6.4.10) and (6.4.11) [or alternatively by (6.4.12) and
(6.4.13)].

6.5

POWER-FLOW SOLUTION BY GAUSS-SEIDEL

Nodal equations I = Yy, V are a set of linear equations analogous to y = Ax,
solved in Section 6.2 using Gauss—Seidel. Since power-flow bus data consists
of P; and Qi for load buses or P, and V; for voltage-controlled buses, nodal
equations do not directly fit the linear equation format; the current source
vector I is unknown and the equations are actually nonlinear. For each load
bus, J; can be calculated from (6.4.5), giving

_ P — JQx

I
k 7

(6.5.1)
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Applying the Gauss—Seidel method, (6.2.9), to the nodal equations, with I
given above, we obtain

1 [P, N
Vi(i4+1) = 7 : *]Qk Zy,m Vai+1) = > Y Vu(i)| (6.52)
n=k+1

Equation (6.5.2) can be applied twice during each iteration for load buses,
first using ¥,*(i), then replacing V;*(i), by V;*(i+ 1) on the right side of
(6.5.2).

For a voltage-controlled bus, Q is unknown, but can be calculated
from (6.4.11), giving

Q; = Vi(i ZYM i) sin[0g (i) — 0(i) — Opn) (6.5.3)

Also,

Qar = Qi + Qi

If the calculated value of Qg does not exceed its limits, then Qj is used
n (6.5.2) to calculate Vi(i+ 1) = Vi(i+1)/0x(i+ 1). Then the magnitude
Vi (i + 1) is changed to Vi, which is input data for the voltage-controlled bus.
Thus we use (6.5.2) to compute only the angle 4 (i + 1) for voltage-controlled
buses.

If the calculated value exceeds its limit QgGrmax OF QGimin during any
iteration, then the bus type is changed from a voltage-controlled bus to a
load bus, with Qg set to its limit value. Under this condition, the voltage-
controlling device (capacitor bank, static var system, and so on) is not capa-
ble of maintaining Vi as specified by the input data. The power-flow program
then calculates a new value of V.

For the swing bus, denoted bus 1, V| and ¢, are input data. As such, no
iterations are required for bus 1. After the iteration process has converged,
one pass through (6.4.10) and (6.4.11) can be made to compute P; and Q;.

EXAMPLE 6.10 Power-flow solution by Gauss—Seidel

For the power system of Example 6.9, use Gauss—Seidel to calculate 15(1),
the phasor voltage at bus 2 after the first iteration. Use zero initial phase
angles and 1.0 per-unit initial voltage magnitudes (except at bus 3, where
V3 = 1.05) to start the iteration procedure.

SOLUTION Bus 2 is a load bus. Using the input data and bus admittance
values from Example 6.9 in (6.5.2),
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V(1) = Yizz {PZV_*—(]O%— [Y21V1(1) + Y23 V3(0) + Y24 V4(0) + Y25 Vs(O)]}
)
- 1 —8— j(~2.8)
= 28.5847/ _84.624° { 1.0/0°

— [(—1.78552+ j19.83932)(1.0) + (—0.89276+j9.91964)(1.0)]}

(—8+2.8) — (—2.67828 + j29.7589)
28.5847/—84.624°
=0.96132/—16.543° per unit

Next, the above value is used in (6.5.2) to recalculate 75(1):

) = 1 ~8+ 2.8
Y 7285847/ —84.624° | 0.96132/16.543°

— [-2.67828 + j29.75829]}

—4.4698 — j24.5973

= = 0.87460/—15.675° i
28 5847/ —84.604° 0.87460 5.675° per unit

Computations are next performed at buses 3, 4, and 5 to complete the first
Gauss—Seidel iteration.

To see the complete convergence of this case, open PowerWorld
Simulator case Example 6_10. By default, PowerWorld Simulator uses the
Newton—Raphson method described in the next section. However, the case
can be solved with the Gauss—Seidel approach by selecting Tools, Solve,
Gauss—Seidel Power Flow. To avoid getting stuck in an infinite loop if a case
does not converge, PowerWorld Simulator places a limit on the maximum
number of iterations. Usually for a Gauss—Seidel procedure this number is
quite high, perhaps equal to 100 iterations. However, in this example to
demonstrate the convergence characteristics of the Gauss—Seidel method it
has been set to a single iteration, allowing the voltages to be viewed after
each iteration. To step through the solution one iteration at a time, just re-
peatedly select Tools, Solve, Gauss—Seidel Power Flow.

A common stopping criteria for the Gauss—Seidel is to use the scaled
difference in the voltage from one iteration to the next (6.2.2). When this dif-
ference is below a specified convergence tolerance ¢ for each bus, the problem
is considered solved. An alternative approach, implemented in PowerWorld
Simulator, is to examine the real and reactive mismatch equations, defined as
the difference between the right- and left-hand sides of (6.4.10) and (6.4.11).
PowerWorld Simulator continues iterating until all the bus mismatches are
below an MVA (or kVA) tolerance. When single-stepping through the solu-
tion, the bus mismatches can be viewed after each iteration on the Case
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Information, Mismatches display. The solution mismatch tolerance can be
changed on the Power Flow Solution page of the PowerWorld Simulator
Options dialog (select Tools, Simulator Options, then select the Power Flow
Solution category to view this dialog); the maximum number of iterations
can also be changed from this page. A typical convergence tolerance is about
0.5 MVA. |

6.6

POWER-FLOW SOLUTION BY NEWTON-RAPHSON

Equations (6.4.10) and (6.4.11) are analogous to the nonlinear equation
y = f(x), solved in Section 6.3 by Newton—Raphson. We define the x, y, and
f vectors for the power-flow problem as

_(52_ [ P, |
o] |on| _[P | Py |
7V7Vz’y7Q7Qz’
_VN_ _QN_
 Pyx)
P(x) Py(x)
f(x) = = 6.6.1
x) Q(X)] Q,(x) ( :

where all V, P, and Q terms are in per-unit and ¢ terms are in radians. The
swing bus variables J; and V; are omitted from (6.6.1), since they are already
known. Equations (6.4.10) and (6.4.11) then have the following form:

N
Vi = Pe = Pr(x) = Vi Y Y1 Vs co8(Sk — 6 — Orn) (6.6.2)

n=1

N
YN = Qk = Qk(x) = Vk ZYann Sin(ék - 511 - Hkn)

n=1

k=23,...,N (6.6.3)
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TABLE 6.5 n#k

0Py .
1y = =V YV, Ok —0p — 0
Elements of the i 00, K Thm ¥ Sin(O = 0n = Oin)
Jacobian matrix 0P .
J2kn = W = VkYkn COS(‘)k - 511 - ‘9101)
n
5
3 = 22 VYV cos( — 0y — Ou)
00,
0Qy e
J4k,, = TQA = VkYk,, Sln(()k — 5,, — H/m)
oV,
n=k N
0Py .
-]lkk = (:()»: = _Vk ; Yknvn Sln(ék - 5;1 - Hlm)
n;k
P N
24 = A7 ViYi cos O + ; Y5 Vi c08(0% — 0y — Orn)
B =y Y YV Ok —6n — 0,
kk—aék— k; kn ,,COS(kf n — kn)
n;k
J4 *&*7V Y sin 6 +2N:Y V,u sin(dx — 0y — Okn)
kk — 6Vk = k X kk kk knVn k n kn

n=1

kan=23,...,N

The Jacobian matrix of (6.3.10) has the form

) J1 J2 )
0P, oP, | 0P, 0P,
= o | W o
Py 0Py | 0Py Py
5 |
J= (6.6.4)
Q0 | Q  0Q
05, Wy | Vs oV
Qv . Qy | Qv = Ry
a0, Wy | Vs oV
- 33 J4 :

Equation (6.6.4) is partitioned into four blocks. The partial derivatives in
each block, derived from (6.6.2) and (6.6.3), are given in Table 6.5.

We now apply to the power-flow problem the four Newton—Raphson
a(i)
V(i)

steps outlined in Section 6.3, starting with x(i) = [ } at the ith iteration.
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STEP I Use (6.6.2) and (6.6.3) to compute

. AP(i)} {P — P[x(i)] ]
Ay (i) = = X 6.6.5
5= o) = o s (063
STEP 2 Use the equations in Table 6.5 to calculate the Jacobian
matrix.

STEP 3 Use Gauss elimination and back substitution to solve

_[AP@
[ AQU)

A(i)

JG) | 320) (666
AV (i) -

I3() | J4%)

STEP 4 Compute

on-[2]-(20) 0]

Starting with initial value x(0), the procedure continues until convergence is
obtained or until the number of iterations exceeds a specified maximum. Con-
vergence criteria are often based on Ay(i) (called power mismatches) rather
than on Ax(i) (phase angle and voltage magnitude mismatches).

For each voltage-controlled bus, the magnitude Vj is already known,
and the function Q(x) is not needed. Therefore, we could omit Vj from the
x vector and Qy from the y vector. We could also omit from the Jacobian
matrix the column corresponding to partial derivatives with respect to Vi and
the row corresponding to partial derivatives of Q,(x). Alternatively, rows
and corresponding columns for voltage-controlled buses can be retained in
the Jacobian matrix. Then during each iteration, the voltage magnitude
Vi (i 4+ 1) of each voltage-controlled bus is reset to Vi, which is input data for
that bus.

At the end of each iteration, we compute Q,(x) from (6.6.3) and Qg =
Qi (x) + Qq for each voltage-controlled bus. If the computed value of Qgx
exceeds its limits, then the bus type is changed to a load bus with Qg set to
its limit value. The power-flow program also computes a new value for V;.

EXAMPLE 6.11 Jacobian matrix and power-flow solution by Newton—Raphson

Determine the dimension of the Jacobian matrix for the power system in
Example 6.9. Also calculate AP,(0) in Step 1 and J14(0) in Step 2 of the first
Newton—Raphson iteration. Assume zero initial phase angles and 1.0 per-
unit initial voltage magnitudes (except Vi = 1.05).

SOLUTION Since there are N = 5 buses for Example 6.9, (6.6.2) and (6.6.3)
constitute 2(N — 1) =8 equations, for which J(i) has dimension 8 x 8.
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However, there is one voltage-controlled bus, bus 3. Therefore, V3 and
the equation for Q;(x) could be eliminated, with J(i) reduced to a 7 x 7
matrix.

From Step 1 and (6.6.2),

AP,(0) = Py — Py(x) =Py — V2(0){Y21 V1 cos[02(0) — 1 (0) — 021]
+ Y22 V3 cos[—0x] + Y23V3 cos[02(0) — d5(0) — 03]
+ Y24 V4 cos[02(0) — 04(0) — O]
+ Ya5Vs cos[02(0) — d5(0) — Oas]}
AP,(0) = —8.0 — 1.0{28.5847(1.0) cos(84.624°)
+9.95972(1.0) cos(—95.143°)
+ 19.9159(1.0) cos(—95.143°)}
= 80— (—2.89 x 107*) = —7.99972 per unit

From Step 2 and J1 given in Table 6.5

J124(0) = Vz(O)Y24V4(O) Sll’l[éz(()) — 54(0) — 024}
= (1.0)(9.95972)(1.0) sin[—95.143°]
= —-9.91964 per unit

To see the complete convergence of this case, open PowerWorld Simulator
case Example 6_11 (see Figure 6.4). Select Case Information, Network,
Mismatches to see the initial mismatches, and Case Information, Solution
Details, Power Flow Jacobian to view the initial Jacobian matrix. As is
common in commercial power flows, PowerWorld Simulator actually in-
cludes rows in the Jacobian for voltage-controlled buses. When a generator
is regulating its terminal voltage, this row corresponds to the equation set-
ting the bus voltage magnitude equal to the generator voltage setpoint.
However, if the generator hits a reactive power limit, the bus type is
switched to a load bus.

To step through the New-Raphson solution, from the Tools Ribbon select
Solve, Single Solution—Full Newton. Ordinarily this selection would perform a
complete Newton-Raphson iteration, stopping only when all the mismatches
are less than the desired tolerance. However, for this case, in order to allow you
to see the solution process, the maximum number of iterations has been set
to 1, allowing the voltages, mismatches and the Jacobian to be viewed after
each iteration. To complete the solution, continue to select Single Solution—
Full Newton until the solution convergence to the values shown in Tables 6.6,
6.7 and 6.8 (in about three iterations).
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TABLE 6.6

Bus output data for the
power system given in
Example 6.9
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Screen for Example 6.11 showing Jacobian matrix at first iteration

Generation Load
Voltage Phase PG QG PL QL
Magnitude Angle (per (per (per (per
Bus # (per unit) (degrees) unit) unit) unit) unit)
1 1.000 0.000 3.948 1.144 0.000 0.000
2 0.834 —22.407 0.000 0.000 8.000 2.800
3 1.050 —0.597 5.200 3.376 0.800 0.400
4 1.019 —2.834 0.000 0.000 0.000 0.000
5 0.974 —4.548 0.000 0.000 0.000 0.000
TOTAL 9.148 4.516 8.800 3.200
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TABLE 6.7 Line # Bus to Bus P Q S
Line output data for the ) 4 ~2.920 1.392 3232
power system given 1n 4 2 3.036 1.216 3.272
Example 6.9 3 2 5 ~5.080 —1.408 5272
5 2 5.256 2.632 5.876
3 4 5 1.344 1.504 2.016
5 4 —1.332 —1.824 2.260

TABLE 6.8 Tran. # Bus to Bus P Q S
Transformer output data | 1 5 3.948 1.144 4112
for the power system 5 1 —3.924 ~0.804 4.004
given in Example 6.9 » 3 4 4.400 2.976 5312
4 3 ~4.380 ~2.720 5.156

EXAMPLE 6.12 Power-flow program: change in generation

Using the power-flow system given in Example 6.9, determine the acceptable
generation range at bus 3, keeping each line and transformer loaded at or
below 100% of its MVA limit.

SOLUTION Load PowerWorld Simulator case Example 6.9. Select Single
Solution-Full Newton to perform a single power-flow solution using the New-
ton—Raphson approach. Then view the Case Information displays to verify
that the PowerWorld Simulator solution matches the solution shown in Ta-
bles 6.6, 6.7, and 6.8. Additionally, the pie charts on the one-lines show the
percentage line and transformer loadings. Initially transformer T1, between
buses 1 and 5, is loaded at about 68% of its maximum MVA limit, while
transformer T2, between buses 3 and 4, is loaded at about 53%.

Next, the bus 3 generation needs to be varied. This can be done a num-
ber of different ways in PowerWorld Simulator. The easiest (for this example)
is to use the bus 3 generator MW one-line field to manually change the gen-
eration (see Figure 6.5). Right-click on the “520 MW field to the right of the
bus 3 generator and select ‘Generator Field Information’ dialog to view the
‘Generator Field Options’ dialog. Set the “Delta Per Mouse Click™ field to 10
and select OK. Small arrows are now visible next to this field on the one-line;
clicking on the up arrow increases the generator’s MW output by 10 MW,
while clicking on the down arrow decreases the generation by 10 MW. Select
Tools, Play to begin the simulation. Increase the generation until the pie
chart for the transformer from bus 3 to 4 is loaded to 100%. This occurs at
about 1000 MW. Notice that as the bus 3 generation is increased the bus 1
slack generation decreases by a similar amount. Repeat the process, except
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FIGURE 6.5 Screen for Example 6.12, Minimum Bus 3 Generator Loading

now decreasing the generation. This unloads the transformer from bus 3 to 4,
but increases the loading on the transformer from bus 1 to bus 5. The bus 1
to 5 transformer should reach 100% loading with the bus 3 generation equal
to about 330 MW. |

Voltage-controlled buses to which tap-changing or voltage-regulating
transformers are connected can be handled by various methods. One method
is to treat each of these buses as a load bus. The equivalent z circuit param-
eters (Figure 3.25) are first calculated with tap setting ¢ = 1.0 for starting.
During each iteration, the computed bus voltage magnitude is compared with
the desired value specified by the input data. If the computed voltage is low
(or high), ¢ is increased (or decreased) to its next setting, and the parameters
of the equivalent 7 circuit as well as Yy, are recalculated. The procedure
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continues until the computed bus voltage magnitude equals the desired value
within a specified tolerance, or until the high or low tap-setting limit is
reached. Phase-shifting transformers can be handled in a similar way by using
a complex turns ratio ¢ = 1.0/, and by varying the phase-shift angle .

A method with faster convergence makes ¢ a variable and includes it in
the x vector of (6.6.1). An equation is then derived to enter into the Jacobian
matrix [4].

In comparing the Gauss-Seidel and Newton-Raphson algorithms, expe-
rience from power-flow studies has shown that Newton-Raphson converges
in many cases where Jacobi and Gauss-Seidel diverge. Furthermore, the
number of iterations required for convergence is independent of the number
of buses N for Newton-Raphson, but increases with N for Jacobi and Gauss-
Seidel. The principal advantage of the Jacobi and Gauss-Seidel methods had
been their more modest memory storage requirements and their lower com-
putational requirements per iteration. However, with the vast increases in
low-cost computer memory over the last several decades, coupled with the
need to solve power-flow problems with tens of thousands of buses, these ad-
vantages have been essentially eliminated. Therefore the Newton-Raphson,
or one of the derivative methods discussed in Sections 6.9 and 6.10, are the
preferred power-flow solution approaches.

EXAMPLE 6.13 Power-flow program: 37-bus system

To see a power-flow example of a larger system, open PowerWorld Simula-
tor case Example 6_13 (see Figure 6.6). This case models a 37-bus, 9-gener-
ator power system containing three different voltage levels (345 kV, 138 kV,
and 69 kV) with 57 transmission lines or transformers. The one-line can be
panned by pressing the arrow keys, and it can be zoomed by pressing the
{ctrl) with the up arrow key to zoom in or with the down arrow key to
zoom out. Use Tools, Play to animate the one-line and Tools, Pause to stop
the animation.

Determine the lowest per-unit voltage and the maximum line/trans-
former loading both for the initial case and for the case with the line from
bus TIM69 to HANNAHG69 out of service.

SOLUTION Use single solution to initially solve the power flow, and then
Case Information, Network, Buses. .. to view a listing of all the buses in the
case. To quickly determine the lowest per-unit voltage magnitude, left-click
on the PU Volt column header to sort the column (clicking a second time re-
verses the sort). The lowest initial voltage magnitude is 0.9902 at bus DE-
MARG69. Next, select Case Information, Network, Lines and Transformers. ..
to view the Line and Transformer Records display. Left-click on % of Max
Limit to sort the lines by percentage loading. Initially the highest percentage
loading is 64.9% on the line from UTUC69 to BLT69 circuit 1.
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FIGURE 6.6 Screen for Example 6.13 showing the initial flows

There are several ways to remove the TIM69 to HANNAHG69 line. One
approach is to locate the line on the Line and Transformer Records display
and then double-click on the Status field to change its value. An alternative
approach is to find the line on the one-line (it is in the upper-lefthand portion)
and then click on one of its circuit breakers. Once the line is removed, use
single solution to resolve the power flow. The lowest per-unit voltage is now
0.9104 at AMANDAG69 and the highest percentage line loading is 134.8%, on
the line from HOMERG69 to LAUF69. Since there are now several bus and
line violations, the power system is no longer at a secure operating point.
Control actions and/or design improvements are needed to correct these
problems. Design Project 1 discusses these options. |
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6.7

CONTROL OF POWER FLOW

The following means are used to control system power flows:
1. Prime mover and excitation control of generators.

2. Switching of shunt capacitor banks, shunt reactors, and static var
systems.

3. Control of tap-changing and regulating transformers.

A simple model of a generator operating under balanced steady-state
conditions is the Thévenin equivalent shown in Figure 6.7. V, is the generator
terminal voltage, E, is the excitation voltage, ¢ is the power angle, and X, is
the positive-sequence synchronous reactance. From the figure, the generator

current is
E e’ —V,
[=¢ — % (6.7.1)
JXy
and the complex power delivered by the generator is
Eje -V,
S=P+jQ=VI"= V,<7"e , ’)
—JXy
:VtEg(j cos d + sin 8) — jV? (6.7.2)
Xy
The real and reactive powers delivered are then
V.E, .
P=ReS=—"sino (6.7.3)
Xy
Vi
Q=ImS= X (Egcoso—Vy) (6.7.4)

g

Equation (6.7.3) shows that the real power P increases when the power angle
0 increases. From an operational standpoint, when the prime mover increases
the power input to the generator while the excitation voltage is held constant,
the rotor speed increases. As the rotor speed increases, the power angle o also
increases, causing an increase in generator real power output P. There is also
a decrease in reactive power output Q, given by (6.7.4). However, when 0 is

FIGURE 6.7 / =~—=0
Generator Thévenin + LAArS + P
equivalent X
Eg=Eg /8 <~> Ve=V, /0°
- o

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



344 CHAPTER 6 POWER FLOWS

S Xn Rrn X SW
+

+ .
fe e o JXmle
En v, CTr Evn ]
Rrnlc
- - V, g
{a) Equivalent circuit (b) Phasor diagram with switch SW closed

FIGURE 6.8 Effect of adding a shunt capacitor bank to a power system bus

less than 15°; the increase in P is much larger than the decrease in Q. From
the power-flow standpoint, an increase in prime-move power corresponds to
an increase in P at the constant-voltage bus to which the generator is con-
nected. The power-flow program computes the increase in ¢ along with the
small change in Q.

Equation (6.7.4) shows that reactive power output Q increases when the
excitation voltage E, increases. From the operational standpoint, when the
generator exciter output increases while holding the prime-mover power con-
stant, the rotor current increases. As the rotor current increases, the excita-
tion voltage E, also increases, causing an increase in generator reactive power
output Q. There is also a small decrease in 0 required to hold P constant in
(6.7.3). From the power-flow standpoint, an increase in generator excitation
corresponds to an increase in voltage magnitude at the constant-voltage bus
to which the generator is connected. The power-flow program computes the
increase in reactive power Q supplied by the generator along with the small
change in 0.

Figure 6.8 shows the effect of adding a shunt capacitor bank to a power
system bus. The system is modeled by its Thévenin equivalent. Before the ca-
pacitor bank is connected, the switch SW is open and the bus voltage equals
E1y. After the bank is connected, SW is closed, and the capacitor current /¢
leads the bus voltage V;, by 90°. The phasor diagram shows that V, is larger
than E1, when SW is closed. From the power-flow standpoint, the addition
of a shunt capacitor bank to a load bus corresponds to the addition of a neg-
ative reactive load, since a capacitor absorbs negative reactive power. The
power-flow program computes the increase in bus voltage magnitude along
with the small change in 6. Similarly, the addition of a shunt reactor corre-
sponds to the addition of a positive reactive load, wherein the power-flow
program computes the decrease in voltage magnitude.

Tap-changing and voltage-magnitude-regulating transformers are used
to control bus voltages as well as reactive power flows on lines to which they
are connected. Similarly, phase-angle regulating transformers are used to
control bus angles as well as real power flows on lines to which they are con-
nected. Both tap-changing and regulating transformers are modeled by a
transformer with an off-nominal turns ratio ¢ (Figure 3.25). From the power-
flow standpoint, a change in tap setting or voltage regulation corresponds to
a change in ¢. The power-flow program computes the changes in Y, bus
voltage magnitudes and angles, and branch flows.
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Besides the above controls, the power-flow program can be used to in-
vestigate the effect of switching in or out lines, transformers, loads, and gen-
erators. Proposed system changes to meet future load growth, including new
transmission, new transformers, and new generation can also be investigated.
Power-flow design studies are normally conducted by trial and error. Using
engineering judgment, adjustments in generation levels and controls are made
until the desired equipment loadings and voltage profile are obtained.

EXAMPLE 6.14 Power-flow program: effect of shunt capacitor banks

Determine the effect of adding a 200-Mvar shunt capacitor bank at bus 2 on
the power system in Example 6.9.

soLUTION Open PowerWorld Simulator case Example 6_14 (see Figure 6.9).
This case is identical to Example 6.9 except that a 200-Mvar shunt capacitor
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FIGURE 6.9 Screen for Example 6.14
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bank has been added at bus 2. Initially this capacitor is open. Click on the
capacitor’s circuit to close the capacitor and then solve the case. The capaci-
tor increases the bus 2 voltage from 0.834 per unit to a more acceptable 0.959
per unit. The insertion of the capacitor has also substantially decreased the
losses, from 34.84 to 25.37 MW.

Notice that the amount of reactive power actually supplied by the capaci-
tor is only 184 Mvar. This discrepancy arises because a capacitor’s reactive out-
put varies with the square of the terminal voltage, Qc,p = Veap” /Xe (see 2.3.5).
A capacitor’s Mvar rating is based on an assumed voltage of 1.0 per unit. |

EXAMPLE 6.15

PowerWorld Simulator Case Example 6_15 (see Figure 6.10), which modifies
the Example 6.13 case by (1) opening one of the 138/69 kV transformers at
the LAUF substation, and (2) opening the 69 kV transmission line between
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FIGURE 6.10 Screen for Example 6.15
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PATTENG69 and SHIMKOG69. This causes a flow of 116.2 MVA on the re-
maining 138/69 kV transformer at LAUF. Since this transformer has a limit
of 101 MVA, it results in an overload at 115%. Redispatch the generators in
order to remove this overload.

SOLUTION There are a number of solutions to this problem, and several
solution techniques. One solution technique would be to use engineering intu-
ition, along with a trial and error approach (see Figure 6.11). Since the overload
is from the 138 kV level to the 69 kV level, and there is a generator directly
connected to at the LAUF 69 kV bus, it stands to reason that increasing this
generation would decrease the overload. Using this approach, we can remove
the overload by increasing the Lauf generation until the transformer flow is re-
duced to 100%. This occurs when the generation is increased from 20 MW to
51 MW. Notice that as the generation is increased, the swing bus (SLACK345)
generation automatically decreases in order to satisfy the requirement that total
system load plus losses must be equal to total generation.
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FIGURE 6.11 A solution to Example 6.15
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FIGURE 6.12 Example 6.15 Flow Sensitivities Dialog

An alternative possible solution is seen by noting that since the over-
load is caused by power flowing from the 138 kV bus, decreasing the genera-
tion at JO345 might also decrease this flow. This is indeed the case, but now
the trial and error approach requires a substantial amount of work, and ulti-
mately doesn’t solve the problem. Even when we decrease the total JO345
generation from 300 MW to 0 MW, the overload is still present, albeit with
its percentage decreased to 105%.

An alternative solution approach would be to first determine the gen-
erators with the most sensitivity to this violation and then adjust these (see
Figure 6.12). This can be done in PowerWorld Simulator by selecting Tools,
Sensitivities, Flows and Voltage Sensitivities. Select the LAUF 138/69 kV
transformer, click on the Calculate Sensitivities button, and select the Gener-
ator Sensitivities tab towards the bottom of the dialog. The “P Sensitivity”
field tells how increasing the output of each generator by one MW would af-
fect the MVA flow on this transformer. Note that the sensitivity for the Lauf
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generator is —0.494, indicating that if we increase this generation by 1 MW
the transformer MVA flow would decrease by 0.494 MVA. Hence, in order
to decrease the flow by 15.2 MVA we would expect to increase the LAUF69
generator by 31 MW, exactly what we got by the trial and error approach. It
is also clear that the JO345 generators, with a sensitivity of just 0.0335, would
be relatively ineffective. In actual power system operation these sensitivities,
known as generator shift factors, are used extensively. These sensitivities are
also used in the Optimal Power Flow (introduced in Section 11.5). |

6.8

SPARSITY TECHNIQUES

A typical power system has an average of fewer than three lines connected to
each bus. As such, each row of Yy, has an average of fewer than four non-
zero elements, one off-diagonal for each line and the diagonal. Such a matrix,
which has only a few nonzero elements, is said to be sparse.

Newton—Raphson power-flow programs employ sparse matrix techniques
to reduce computer storage and time requirements [2]. These techniques include
compact storage of Yy, and J(i) and reordering of buses to avoid fill-in of J(i)
during Gauss elimination steps. Consider the following matrix:

1.0 —1.1 —-21 -3.1
—4.1 20 0 —5.1
S= —6.1 0 3.0 0 (6:8.1)

=71 0 0 40

One method for compact storage of S consists of the following four

vectors:
DIAG = [1.0 2.0 3.0 4.0] (6.8.2)
OFFDIAG = [-1.1 2.1 -3.1 —41 -51 —61 -7.1] (6.8.3)
COL=2 3 4 1 4 1 1] (6.8.4)
ROW=[3 2 1 1] (6.8.5)

DIAG contains the ordered diagonal elements and OFFDIAG contains
the nonzero off-diagonal elements of S. COL contains the column number of
each off-diagonal element. For example, the fourth element in COL is 1, in-
dicating that the fourth element of OFFDIAG, —4.1, is located in column 1.
ROW indicates the number of off-diagonal elements in each row of S. For
example, the first element of ROW is 3, indicating the first three elements
of OFFDIAG, —1.1, —2.1, and —3.1, are located in the first row. The second
element of ROW is 2, indicating the next two elements of OFFDIAG, —4.1
and —5.1, are located in the second row. The S matrix can be completely re-
constructed from these four vectors. Note that the dimension of DIAG and
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ROW equals the number of diagonal elements of S, whereas the dimension of
OFFDIAG and COL equals the number of nonzero off-diagonals.

Now assume that computer storage requirements are 4 bytes to store
each magnitude and 4 bytes to store each phase of Yy, in an N-bus power
system. Also assume Yy,s has an average of 3N nonzero off-diagonals (three
lines per bus) along with its N diagonals. Using the preceding compact
storage technique, we need (4 +4)3N =24N bytes for OFFDIAG and
(4 +4)N = 8N bytes for DIAG. Also, assuming 2 bytes to store each integer,
we need 6N bytes for COL and 2N bytes for ROW. Total computer memory
required is then (24 + 8+ 6 +2)N = 40N bytes with compact storage of
Ypus, compared to 8N? bytes without compact storage. For a 1000-bus power
system, this means 40 instead of 8000 kilobytes to store Yjy,s. Further storage
reduction could be obtained by storing only the upper triangular portion of
the symmetric Y,y matrix.

The Jacobian matrix is also sparse. From Table 6.5, whenever Yy, = 0,
I = I2k0 = J34 = J44, = 0. Compact storage of J for a 30,000-bus power
system requires less than 10 megabytes with the above assumptions.

The other sparsity technique is to reorder buses. Suppose Gauss elimi-
nation is used to triangularize S in (6.8.1). After one Gauss elimination step,
as described in Section 6.1, we have

1.0 -1.1 -2.1 -3.1
0 =251 =861 7.6l
0 -671 -981 —-1891
0 -7.81 -1491 -18.01

We can see that the zeros in columns 2, 3, and 4 of S are filled in with non-
zero elements in S!". The original degree of sparsity is lost.

One simple reordering method is to start with those buses having the
fewest connected branches and to end with those having the most connected
branches. For example, S in (6.8.1) has three branches connected to bus 1
(three off-diagonals in row 1), two branches connected to bus 2, and one
branch connected to buses 3 and 4. Reordering the buses 4, 3, 2, 1 instead of
1,2, 3, 4 we have

st = (6.8.6)

4.0 0 0 -7.1

0 3.0 0 —6.1
Sreordered = _51 0 20 —41 (687)

|-3.1 =21 -1.1 1.0

Now, after one Gauss elimination step,

4.0 0 0 -7.1

(1) 10 3.0 0 —6.1
Sreordered - 0 0 20 —13.15 (688)

10 -2.1 —1.1  —4.5025

Note that the original degree of sparsity is not lost in (6.8.8).
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Reordering buses according to the fewest connected branches can be
performed once, before the Gauss elimination process begins. Alternatively,
buses can be renumbered during each Gauss elimination step in order to ac-
count for changes during the elimination process.

Sparsity techniques similar to those described in this section are a stan-
dard feature of today’s Newton—Raphson power-flow programs. As a result
of these techniques, typical 30,000-bus power-flow solutions require less than
10 megabytes of storage, less than one second per iteration of computer time,
and less than 10 iterations to converge.

EXAMPLE 6.16 Sparsity in a 37-bus system

To see a visualization of the sparsity of the power-flow Ybus and Jacobian
matrices in a 37-bus system, open PowerWorld Simulator case Example 6_13.
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Screen for Example 6.16
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Select Case Information, Solution Details, Ybus to view the bus admittance
matrix. Then press {ctrl) Page Down to zoom the display out. Blank en-
tries in the matrix correspond to zero entries. The 37 x 37 Ybus has a total
of 1369 entries, with only about 10% nonzero (see Figure 6.13). Select Case
Information, Solution Details, Power Flow Jacobian to view the Jacobian
matrix. |

6.9

FAST DECOUPLED POWER FLOW

Contingencies are a major concern in power system operations. For example,
operating personnel need to know what power-flow changes will occur due
to a particular generator outage or transmission-line outage. Contingency in-
formation, when obtained in real time, can be used to anticipate problems
caused by such outages, and can be used to develop operating strategies to
overcome the problems.

Fast power-flow algorithms have been developed to give power-flow
solutions in seconds or less [8]. These algorithms are based on the following
simplification of the Jacobian matrix. Neglecting J,(i) and J3(i), (6.6.6) re-
duces to two sets of decoupled equations:

J1()AS(i) = AP(7) (6.9.1)
Ji()AV (i) = AQ(i) (6.9.2)

The computer time required to solve (6.9.1) and (6.9.2) is significantly less
than that required to solve (6.6.6). Further reduction in computer time can be
obtained from additional simplification of the Jacobian matrix. For example,
assume Vi, ~V, 1.0 per unit and J; ~J,. Then J; and J; are constant
matrices whose elements in Table 6.5 are the negative of the imaginary com-
ponents of Ypus. As such, J; and J4 do not have to be recalculated during
successive iterations.

The above simplifications can result in rapid power-flow solutions for
most systems. While the fast decoupled power flow usually takes more iter-
ations to converge, it is usually significantly faster then the Newton-Raphson
algorithm since the Jacobian does not need to be recomputed each iteration.
And since the mismatch equations themselves have not been modified, the
solution obtained by the fast decoupled algorithm is the same as that found
with the Newton-Raphson algorithm. However, in some situations in which
only an approximate power-flow solution is needed the fast decoupled
approach can be used with a fixed number of iterations (typically one) to give
an extremely fast, albeit approximate solution.
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6.10

THE “DC” POWER FLOW

The power-flow problem can be further simplified by extending the fast de-
coupled power flow to completely neglect the Q-V equation, assuming that
the voltage magnitudes are constant at 1.0 per unit. With these simplifications
the power flow on the line from bus j to bus k with reactive Xj becomes

5 — Ok
Xj

Py = (6.10.1)

and the real power balance equations reduce to a completely linear problem
—Bo=P (6.10.2)

where B is the imaginary component of the of Yy, calculated neglecting line
resistance and excepting the slack bus row and column.

Because (6.10.2) is a linear equation with a form similar to that found
in solving dc resistive circuits, this technique is referred to as the DC power
flow. However, in contrast to the previous power-flow algorithms, the DC
power flow only gives an approximate solution, with the degree of approxi-
mation system dependent. Nevertheless, with the advent of power system
restructuring the DC power flow has become a commonly used analysis
technique.

EXAMPLE 6.17

Determine the dc power-flow solution for the five bus system from Example 6.9.

SOLUTION With bus 1 as the system slack, the B matrix and P vector for
this system are

—30 0 10 20 —8.0
0 —100 100 0 4.4
B= =
10 100 —150 40 P 0
20 0 40 —110 0
—0.3263 —18.70
0.0091 0.5214
_ _Rplp_ e
o=—-B P 0.0349 radians 5000 degrees
—0.0720 —4.125

To view this example in PowerWorld Simulator open case Example 6_17
which has this example solved using the DC power flow (see Figure 6.14). To
view the DC power flow options select Options, Simulator Options to show
the PowerWorld Simulator Options dialog. Then select the Power Flow
Solution category, and the DC Options page.

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



354 CHAPTER 6 POWER FLOWS

@ B Rt EREE S Case: _17.PWE Status: Initialized | 15 Beta _Ex
T . S
Caselnformation  Draw  Onelines  Tools | Options | AddOns  Window @
T | Misc. Power Flow ~ =X Pie Chart = Draw Grid = Dynamic Farmating = Toggle Eull Seremn (%) Abor
Solutian ~ e Animation »  MiscOptions = || Custom HintYalues 5 Log
‘R”” e %;"ﬂ:;m Case |nfo Options ~ D"ED“D';ZE:D'EV Thumb Nail ~ Saved Options = || Default Drawing. FeyROANd SHOMELTE || it o iy -
Mode Lase Options Oneline Optans General Oprions Log
(D Examples_17 o (=]
One @ Five Four @ Three
360 MW < 520 MW
0 Mvar ( (( @ 0 Mvar
1.000 pu 80 MW
0.000 Deg -4.125 Deg 0 Mvar
0.524 Deg
1.000 pu
-18.695 Deg
' 800 MW
0 Mvar
Run Mode |selutien animatian stopped: joe | viswing Curen: cass
FIGURE 6.14 Screen for Example 6.17 |

6.11

POWER-FLOW MODELING OF WIND GENERATION

As was mentioned in Chapter 1, the amount of renewable generation, partic-
ularly wind, being integrated into electric grids around the world is rapidly
growing. For example, in 2008 Denmark obtained almost 20% of their total
electric energy from wind while Spain was over 10%. In the United States
that amount of wind capacity has been rapidly escalating from less than 2.5
GW in 2000 to more than 35 GW in 2009 (out of a total generation capacity
of about 1000 GW).

Whereas most energy from traditional synchronous generators comes
from large units with ratings of hundreds of MWs, comparatively speaking,
individual wind turbine generator (WTG) power ratings are quite low, with
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common values for new WTGs between one to three MWs. This power is gen-
erated at low voltage (e.g., 600 V) and then usually stepped-up with a pad-
mounted transformer at the base of the turbine to a distribution-level voltage
(e.g., 34.5 kV). Usually dozens or even hundreds of individual WTGs are lo-
cated in wind ‘“farms” or “parks” that cover an area of many square miles,
with most of the land still available for other uses such as farming. An under-
ground and/or overhead collector system is used to transmit the power to a
single interconnection point at which its voltage is stepped-up to a transmission
level voltage (> 100 kV). The layout of such a system is shown in Figure 6.15.

From a power system analysis perspective for large-scale studies the en-
tire wind farm can usually be represented as a single equivalent generator
which is either directly connected at the interconnection point transmission
system bus, or connected to this bus through an equivalent impedance that
represents the impedance of the collector system and the step-up trans-
formers. The parameters associated with the equivalent generator are usually
just scaled values of the parameters for the individual WTGs.

There are four main types of WTGs [13], with more details on each
type provided in Chapter 11—here the focus is on their power-flow charac-
teristics. As is the case with traditional synchronous generators, the real
power outputs for all the WTG types are considered to be a constant value in
power-flow studies. Of course how much real power a wind farm can actually
produce at any moment depends upon the wind speed, with a typical wind
speed versus power curve shown in Figure 6.16.

Type 1 WTGs are squirrel-cage induction machines. Since induction
machines consume reactive power and their reactive power output cannot be
independently controlled, typically these machines are modeled as a constant
power factor PQ bus. By themselves these machines have under-excited
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(consuming reactive power) power factors of between 0.85 and 0.9, but banks
of switched capacitors are often used to correct the wind farm power factor.
Type 2 WTGs are wound rotor induction machines in which the rotor resis-
tance can be controlled. The advantages of this approach are discussed in
Chapter 11; from a power-flow perspective, they perform like Type 1 WTGs.

Most new WTGs are either Type 3 or Type 4. Type 3 wind turbines are
used to represent doubly-fed asynchronous generators (DFAGs), also some-
times referred to as doubly-fed induction generators (DFIGs). This type
models induction machines in which the rotor circuit is also connected to the
ac network through an ac-dc-ac converter allowing for much greater control
of the WTG. Type 4 wind turbines are fully asynchronous machines in which
the full power output of the machine is coupled to the ac network through an
ac-dc-ac converter. From a power-flow perspective both types are capable of
full voltage control like a traditional PV bus generator with reactive power
control between a power factor of up to + 0.9. However, like traditional syn-
chronous generators, how their reactive power is actually controlled depends
on commercial considerations, with many generator owners desiring to oper-
ate at unity power factor to maximize their real power outputs.

MULTIPLE CHOICE QUESTIONS

SECTION 6.1

6.1 For a set of linear algebraic equations in matrix format, Ax =y, for a unique solution
to exist, det (A) should be . Fill in the Blank.

6.2 For an N x N square matrix A, in (N — 1) steps, the technique of gauss elimination
can transform into an matrix. Fill in the Blank.

SECTION 6.2

6.3 For the iterative solution to linear algebraic equations Ax = y, the D matrix in the
Jacobi method is the portion of A, whereas D for Gauss-Siedel is
the portion of A.
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6.4 Is convergence guaranteed always with Jacobi and Gauss-Siedel methods, as applied
to iterative solutions of linear algebraic equations?
(a) Yes (b) No

SECTION 6.3

6.5 For the iterative solutions to nonlinear algebraic equations with Newton-Raphson
Method, the Jacobian Matrix J (i) consists of the partial derivatives. Write down the
elements of first row of J (7).

6.6 For the Newton-Raphson method to work, one should make sure that J~! exists.

(a) True (b) False

6.7 The Newton-Raphson method in four steps makes use of Gauss elimination and Back
Substitution.
(a) True (b) False

6.8 The number of iterations required for convergence is dependent/independent of the
dimension N for Newton-Raphson method. Choose one.

SECTION 6.4
6.9  The swing bus or slack bus is a reference bus for which V /9, typically 1.0@ per

unit, is input data. The power-flow program computes . Fill in the Blank.
6.10 Most buses in a typical power-flow program are load buses, for which P, and Qy are
input data. The power-flow program computes . Fill in the Blank.
6.11 For a voltage-controlled bus k, are input data, while the power-flow pro-
gram computes . Fill in the Blanks.

6.12  When the bus k is a load bus with no generation and inductive load, in terms of gen-
eration and load, P, = ,and Q; = . Fill in the Blanks.

6.13  Starting from a single-line diagram of a power system, the input data for a power-flow
problem consists of and . Fill in the Blanks.

SECTION 6.5

6.14 Nodal equations I = YpsV are a set of linear equations analogous to y = Ax.
(a) True (b) False

6.15 Because of the nature of the power-flow bus data, nodal equations do not directly fit
the linear-equation format, and power-flow equations are actually nonlinear. How-
ever, Gauss-Siedel method can be used for the power-flow solution.

(a) True (b) False

SECTION 6.6

6.16 The Newton-Raphson method is most well suited for solving the nonlinear power-flow

equations.
(a) True (b) False
6.17 By default, PowerWorld Simulator uses method for the power-flow solution.

Fill in the Blank.
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SECTION 6.7
6.18 Prime-mover control of a generator is responsible for a significant change in ,
whereas excitation control significantly changes . Fill in the Blanks.

6.19 From the power-flow standpoint, the addition of a shunt-capacitor bank to a load bus
corresponds to the addition of a positive/negative reactive load. Choose the right word.

6.20 Tap-changing and voltage-magnitude-regulating transformers are used to control bus
voltages and reactive power flows on lines to which they are connected.
(a) True (b) False

SECTION 6.8

6.21 A matrix, which has only a few nonzero elements, is said to be . Fill in the
Blank.

6.22  Sparse-matrix techniques are used in Newton-Raphson power-flow programs in order
to reduce computer and requirements. Fill in the Blanks.

6.23 Reordering buses can be an effective sparsity technique, in power-flow solution.
(a) True (b) False
SECTION 6.9

6.24 While the fast decoupled power flow usually takes more iterations to converge, it is
usually significantly faster than the Newton-Raphson method.
(a) True (b) False

SECTION 6.10

6.25 The “dc” power-flow solution, giving approximate answers, is based on completely
neglecting the Q—V equation, and solving the linear real-power balance equations.

(a) True (b) False
PROBLEMS
SECTION 6.1
6.1 Using Gauss elimination, solve the following linear algebraic equations:

—25x1 4+ 5x3 + 10x3 + 10x4 =0
Sx; — 10x; + 5x3 =2

10x7 + 5x5 — 10x3 + 10x4 = 1
10x; — 20x4 = =2
6.2 Using Gauss elimination and back substitution, solve

6 2 1 X1 3
4 10 2 x| =14
3 4 14][x; 2
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6.3 Rework Problem 6.2 with the value of A;; changed to 4.

6.4 What is the difficulty in applying Gauss elimination to the following linear algebraic
equations?

—10x; + 10x, = 10
le — 5X2 =-10

6.5 Show that, after triangularizing Ax =y, the back substitution method of solving
ANDx — y(V=1) requires N divisions, N(N — 1)/2 multiplications, and N(N — 1)/2
subtractions. Assume that all the elements of AV~ and y™~1 are nonzero and real.

SECTION 6.2
6.6 Solve Problem 6.2 using the Jacobi iterative method. Start with x;(0) = x,(0) =
x3(0) = 0, and continue until (6.2.2) is satisfied with ¢ = 0.01.

6.7 Repeat Problem 6.6 using the Gauss—Seidel iterative method. Which method con-
verges more rapidly?

6.8 Express the below set of equations in the form of (6.2.6), and then solve using the
Jacobi iterative method with ¢ = 0.05, and x;(0),= 1, x2(0) = 1,x3(0) = 0.

10 -2 —4||x -2
-2 6 -2 X2 | — 3
-4 -2 10 X3 -1

6.9 Solve for x; and x; in the system of equations given by
X2 —3x1+19=0
X2+ xf—30=0
by Gauss method with an initial guess of x; = 1 and x, = 1.

6.10 Solve x> — 4x + 1 = 0 using the Jacobi iterative method with x(0) = 1. Continue until
(Eq. 6.2.2) is satisfied with ¢ = 0.01. Check using the quadratic formula.

6.11 Try to solve Problem 6.2 using the Jacobi and Gauss—Seidel iterative methods with
the value of As; changed from 14 to 0.14 and with x;(0) = x2(0) = x3(0) = 0. Show
that neither method converges to the unique solution.

6.12  Using the Jacobi method (also known as the Gauss method), solve for x; and x; in
the system of equations.

X —3x1+19=0
X +x%-18=0

Use an initial guess x;(0) = 1.0 = x,(0) = 1.0. Also, see what happens when you
choose an uneducated initial guess x;(0) = x2(0) = 100.

6.13  Use the Gauss-Seidel method to solve the following equations that contain terms that
are often found in power-flow equations.

x1 = (1/(=207)) * [(=1+0.5/)/(x1)" = (j10) % x2 = (j10)]
xp = (1/(=207)) (=3 + )/ (x2)" = (j10) * x;1 = (j10)]

Use an initial estimate of x;(0) = 1 and x,(0) = 1, and a stopping of ¢ = 0.05.
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6.14 Find a root of the following equation by using the Gauss-Seidel method: (use an ini-
tial estimate of x = 2) f(x) = x3 — 6x> +9x — 4 = 0.

6.15 Use the Jacobi method to find a solution to x*> cos x —x + 0.5 =0. Use x(0) =1
and ¢ = 0.01. Experimentally determine the range of initial values that results in
convergence.

6.16 Take the z-transform of (6.2.6) and show that X(z) = G(z)Y(z), where G(z) =
(zU—-M)"'D! and U is the unit matrix.

G(z) is the matrix transfer function of a digital filter that represents the Jacobi
or Gauss—Seidel methods. The filter poles are obtained by solving det(zU — M) = 0.
The filter is stable if and only if all the poles have magnitudes less than 1.

6.17 Determine the poles of the Jacobi and Gauss—Seidel digital filters for the general two-

dimensional problem (N = 2):

An A12:| [Xl} |:y1:|

Agy Axn || X2 »

Then determine a necessary and sufficient condition for convergence of these filters
when N = 2.

SECTION 6.3

6.18 Use Newton-Raphson to find a solution to the polynomial equation f(x) = y where
y=0and f(x) = x* + 8x% + 2x — 50. Start with x(0) = 1 and continue until (6.2.2) is
satisfied with ¢ = 0.001.

6.19 Repeat 6.19 using x(0) = —2.

6.20 Use Newton—Raphson to find one solution to the polynomial equation f(x) =y,
where y = 7 and f(x) = x* + 353 — 15x% — 19x + 30. Start with x(0) = 0 and continue
until (6.2.2) is satisfied with & = 0.001.

6.21 Repeat Problem 6.20 with an initial guess of x(1) = 4.

6.22 For Problem 6.20 plot the function f(x) between x = 0 and 4. Then provide a graph-
ical interpretation why points close to x = 2.2 would be poorer initial guesses.

6.23 Use Newton—Raphson to find a solution to

-3

where x| and x, are in radians. (a) Start with x;(0) = 1.0 and x»(0) = 0.5 and con-
tinue until (6.2.2) is satisfied with ¢ = 0.005. (b) Show that Newton—Raphson diverges
for this example if x;(0) = 1.0 and x,(0) = 2.0.

6.24  Solve the following equations by the Newton—Raphson method:

eX1%2
cos(x; + x2)

231 +x3-10=0
= xF X, —4=0

Start with an initial guess of x; = 1 and x, = 1.
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6.25 The following nonlinear equations contain terms that are often found in the power-
flow equations:

f1(x) = 10x; sin x, +2 =0
S(x) = 10(x;)* — 10x; cos xa +1 =0

Solve using the Newton—Raphson method starting with an initial guess of x;(0) =1
and x,(0) = 0 radians, and a stopping criteria of ¢ = 1074,

6.26 Repeat 6.25 except using x;(0) = 0.25 and x»(0) = 0 radians as an initial guess.

6.27 For the Newton—Raphson method the region of attraction (or basin of attraction) for a
particular solution is the set of all initial guesses that converge to that solution. Usually
initial guesses close to a particular solution will converge to that solution. However, for
all but the simplest of multi-dimensional, nonlinear problems the region of attraction
boundary is often fractal. This makes it impossible to quantify the region of attraction,
and hence to guarantee convergence. Problem 6.25 has two solutions when x; is re-
stricted to being between —n and 7. With the x; initial guess fixed at 0 radians, numeri-
cally determine the values of the x; initial guesses that converge to the Problem 6.25
solution. Restrict your search to values of x; between 0 and 1.

SECTION 6.4

6.28 Consider the simplified electric power system shown in Figure 6.17 for which the power-
flow solution can be obtained without resorting to iterative techniques. (a) Compute the
elements of the bus admittance matrix Yy,s. (b) Calculate the phase angle J, by using the
real power equation at bus 2 (voltage-controlled bus). (¢) Determine |V3| and J3 by using
both the real and reactive power equations at bus 3 (load bus). (d) Find the real power
generated at bus 1 (swing bus). (e) Evaluate the total real power losses in the system.

6.29 In Example 6.9, double the impedance on the line from bus 2 to bus 5. Determine the
new values for the second row of Yy,. Verify your result using PowerWorld Simulator
case Example 6.9.

6.30 Determine the bus admittance matrix (Y4ys) for the following power three phase sys-
tem (note that some of the values have already been determined for you). Assume a
three-phase 100 MVA per unit base.

6.31 For the system from Problem 6.30, assume that a 75 Mvar shunt capacitance (three phase
assuming one per unit bus voltage) is added at bus 4. Calculate the new value of Yaq.

FIGURE 6.17 vV, =1/0 P, =15p.u.
| [V, =1.1p.u.

Problem 6.27 Q | Y=2-j4

= |

Y=3-j6
P;=-1.5p.u.
Q;=+0.8p.u.
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FIGURE 6.18

. North
Sample System Diagram or

South

TABLE 6.9 Bus-to-Bus R per unit X per unit B per unit

Bus input data for

Problem 6.30 1-2 0.02 0.06 0.06

1-3 0.08 0.24 0.05

2-3 0.06 0.18 0.04

2-4 0.08 0.24 0.05

2-5 0.02 0.06 0.02

3-4 0.01 0.04 0.01

4-5 0.03 0.10 0.04
TABLE 6.10

6.25 — j18.695 —5.00 + /15.00 —1.25 +3.75 0 0

Partially Completed Bus ~ —5.00 + j15.00
Admittance Matrix

(Ybus)

SECTION 6.5

6.32 Assume a 0.8 + 0.4 per unit load at bus 2 is being supplied by a generator at bus 1
through a transmission line with series impedance of 0.05 + j0.1 per unit. Assuming
bus 1 is the swing bus with a fixed per unit voltage of 1.0/0, use the Gauss-Seidel
method to calculate the voltage at bus 2 after three iterations.

6.33  Repeat the above problem with the swing bus voltage changed to 1.0/30° per unit.

6.34 For the three bus system whose Ypys is given below, calculate the second iteration
value of Vi3 using the Gauss-Seidel method. Assume bus 1 as the slack (with
V1 =1.0/0°), and buses 2 and 3 are load buses with a per unit load of S, =1+0.5
and S3 = 1.5+ 0.75. Use voltage guesses of 1.0/0° at both buses 2 and 3. The bus
admittance matrix for a three-bus system is
—j10  j5 Jjs
Ybus = / 5 7j 10 J 5
JS j2  —jl0
6.35 Repeat Problem 6.34 except assume the bus 1 (slack bus) voltage of ¥, = 1.05/0°.
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FIGURE 6.19 @ @

Problem 6.36 V, =1.04/0° Vv,
P, + jQ 0.5-j0.2
-1+j0.5 0.3 —j0.1

A \2

® ®

6.36 The bus admittance matrix for the power system shown in Figure 6.19 is given by

3.9 246 14,3 0
2476 3.666—j11 —0.666+2 —1+3 ,
Yous = per unit
143 —0.666+/2 3.666—j11 —2+4j6
0 143 246 3-/9

With the complex powers on load buses 2, 3, and 4 as shown in Figure 6.19, deter-
mine the value for 7, that is produced by the first and second iterations of the Gauss—
Seidel procedure. Choose the initial guess V2(0) = V3(0) = V4(0) = 1.0/0° per unit.

6.37 The bus admittance matrix of a three-bus power system is given by

7 -2 =5
Yous=—j| -2 6 —4 | per unit
5 4 9

with ¥} = 1.0/0° per unit; V, = 1.0 per unit; P, = 60 MW; P; = —80 MW; Q; = —60
MVAR (lagging) as a part of the power-flow solution of the system, find 7, and V3
within a tolerance of 0.01 per unit, by using Gauss-Seidel iteration method. Start with
0> =0, V3 = 1.0 per unit, and d; = 0.

SECTION 6.6

6.38 A generator bus (with a 1.0 per unit voltage) supplies a 150 MW, 50 Mvar load
through a lossless transmission line with per unit (100 MVA base) impedance of ;0.1
and no line charging. Starting with an initial voltage guess of 1.0/0°, iterate until
converged using the Newton—Raphson power flow method. For convergence criteria
use a maximum power flow mismatch of 0.1 MVA.

6.39 Repeat Problem 6.37 except use an initial voltage guess of 1.0/30°.
6.40 Repeat Problem 6.37 except use an initial voltage guess of 0.25/0°.
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6.41 Determine the initial Jacobian matrix for the power system described in Problem 6.33.

6.42 Use the Newton-Raphson power flow to solve the power system described in
Problem 6.34. For convergence criteria use a maximum power flow mismatch of 0.1 MVA.

6.43 For a three bus power system assume bus 1 is the swing with a per unit voltage of
1.0/0°, bus 2 is a PQ bus with a per unit load of 2.0 + 0.5, and bus 3 is a PV bus with
1.0 per unit generation and a 1.0 voltage setpoint. The per unit line impedances are
jO.1 between buses 1 and 2, j0.4 between buses 1 and 3, and ;0.2 between buses 2
and 3. Using a flat start, use the Newton—Raphson approach to determine the first
iteration phasor voltages at buses 2 and 3.

6.44 Repeat Problem 6.42 except with the bus 2 real power load changed to 1.0 per unit.

6.45 Load PowerWorld Simulator case Example 6.11; this case is set to perform a single
iteration of the Newton—Raphson power flow each time Single Solution is selected.
Verify that initially the Jacobian element J33 is 104.41. Then, give and verify the value
of this element after each of the next three iterations (until the case converges).

6.46 Load PowerWorld Simulator case Problem 6_46. Using a 100 MVA base, each of the
three transmission lines have an impedance of 0.05+ ;0.1 pu. There is a single
180 MW load at bus 3, while bus 2 is a PV bus with generation of 80 MW and a
voltage setpoint of 1.0 pu. Bus 1 is the system slack with a voltage setpoint of 1.0 pu.
Manually solve this case using the Newton—Raphson approach with a convergence
criteria of 0.1 MVA. Show all your work. Then verify your solution by solving the
case with PowerWorld Simulator.

6.47 As was mentioned in Section 6.4, if a generator’s reactive power output reaches its
limit, then it is modeled as though it were a PQ bus. Repeat Problem 6.46, except as-
sume the generator at bus 2 is operating with its reactive power limited to a maximum
of 50 Mvar. Then verify your solution by solving the case with PowerWorld Simula-
tor. To increase the reactive power output of the bus 2 generator, select Tools, Play to
begin the power flow simulation, then click on the up arrow on the bus 2 magenta
voltage setpoint field until the reactive power output reaches its maximum.

6.48 Load PowerWorld Simulator case Problem 6_46. Plot the reactive power output of the
generator at bus 2 as a function of its voltage setpoint value in 0.005 pu voltage steps over
the range between its lower limit of —50 Mvar and its upper limit of 50 Mvar. To change
the generator 2 voltage set point first select Tools, Play to begin the power flow simula-
tion, and then click on the up/down arrows on the bus 2 magenta voltage setpoint field.

SECTION 6.7

6.49 Open PowerWorld Simulator case Problem 6_49. This case is identical to Example 6.9
except that the transformer between buses 1 and 5 is now a tap-changing transformer
with a tap range between 0.9 and 1.1 and a tap step size of 0.00625. The tap is on the
high side of the transformer. As the tap is varied between 0.975 and 1.1, show the varia-
tion in the reactive power output of generator 1, Vs, V,, and the total real power losses.

6.50 Use PowerWorld Simulator to determine the Mvar rating of the shunt capacitor bank
in the Example 6_14 case that increases V; to 1.0 per unit. Also determine the effect of
this capacitor bank on line loadings and the total real power losses (shown immedi-
ately below bus 2 on the one-line). To vary the capacitor’s nominal Mvar rating,
right-click on the capacitor symbol to view the Switched Shunt Dialog, and then
change Nominal Mvar field.
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6.51 Use PowerWorld Simulator to modify the Example 6.9 case by inserting a second line
between bus 2 and bus 5. Give the new line a circuit identifier of “2” to distinguish it
from the existing line. The line parameters of the added line should be identical to
those of the existing lines 2—5. Determine the new line’s effect on V,, the line loadings,
and on the total real power losses.

6.52 Open PowerWorld Simulator case Problem 6_52. Open the 69 kV line between buses
HOMERG69 and LAUF69 (shown towards the bottom-left). With the line open, deter-
mine the amount of Mvar (to the nearest 1 Mvar) needed from the HANNAHG69
capacitor bank to correct the HANNAHG9 voltage to at least 1.0 pu.

6.53 Open PowerWorld Simulator case Problem 6_53. Plot the variation in the total system
real power losses as the generation at bus BLT138 is varied in 20-MW blocks between
0 MW and 400 MW. What value of BLT138 generation minimizes the total system losses?

6.54 Repeat Problem 6.53, except first remove the 138-69 kV transformer between BLT138
and BLT69.

SECTION 6.8

6.55 Using the compact storage technique described in Section 6.8, determine the vectors
DIAG, OFFDIAG, COL, and ROW for the following matrix:

(17 —91 0 0 21 -71]
91 25 -81 —11 —-61 0
g_| 0 81 9 0 0 0
0 -11 o 2 0 0
21 -61 0 0 14 -51
-71 0 0 0 -51 15

6.56 For the triangular factorization of the corresponding Yy,s, number the nodes of the
graph shown in Figure 6.9 in an optimal order.

SECTION 6.10

6.57 Compare the angles and line flows between the Example 6.17 case and results shown
in Tables 6.6, 6.7, and 6.8.

6.58 Redo Example 6.17 with the assumption that the per unit reactance on the line be-
tween buses 2 and 5 is changed from 0.05 to 0.03.

6.59 Open PowerWorld Simulator case Problem 6.58, which models a seven bus system
using the dc power flow approximation. Bus 7 is the system slack. The real power
generation/load at each bus is as shown, while the per unit reactance of each of the
lines (on a 100 MVA base) is as shown in yellow on the one-line. (a) Determine the six
by six B matrix for this system and the P vector. (b) Use a matrix package such as
Matlab to verify the angles as shown on the one-line.

6.60 Using the PowerWorld Simulator case from Problem 6.59, if the rating on the line be-
tween buses 1 and 3 is 65 MW, the current flow is 59 MW (from one to three), and the
current bus one generation is 160 MW, analytically determine the amount this gener-
ation can increase until this line reaches 100% flow. Assume any change in the bus 1
generation is absorbed at the system slack.
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SECTION 6.11

6.61 PowerWorld Simulator cases Problem 6_61_PQ and 6_61_PV model a seven bus power
system in which the generation at bus 4 is modeled as a Type 1 or 2 wind turbine in the
first case, and as a Type 3 or 4 wind turbine in the second. A shunt capacitor is used to
make the net reactive power injection at the bus the same in both cases. Compare the
bus 4 voltage between the two cases for a contingency in which the line between buses 2
and 4 is opened. What is an advantage of a Type 3 or 4 wind turbine with respect to
voltage regulation following a contingency? What is the variation in the Mvar output of
a shunt capacitor with respect to bus voltage magnitude?

CASE STUDY QUESTIONS

What are some of the benefits of a high voltage electric transmission system?
Why is transmission capacity in the U.S. decreasing?

How has transmission planning changed since the mid 1990s?

o0 wpr

How is the power flow used in the transmission planning process?

DESIGN PROJECT I: A NEW WIND FARM

You’ve just been hired as a new power engineer with Kyle and Weber Wind
(KWW), one of the country’s leading wind energy developers. KWW has
identified the rolling hills to the northwest of the Metropolis urban area as an
ideal location for a new 200 MW wind farm. The local utility, Metropolis
Light and Power (MLP), seems amenable to this new generation develop-
ment taking place within their service territory. However, they are also quite
adamant that any of the costs associated with transmission system upgrades
necessary to site this new generation be funded by KWW. Therefore, your
supervisor at KWW has requested that you do a preliminary transmission
planning assessment to determine the least cost design.

Hence, your job is to make recommendations on the least cost design for
the construction of new lines and transformers to ensure that the transmission
system in the MLP system is adequate for any base case or first contingency
loading situation when the KWW wind farm is installed and operating at its
maximum output of 200 MW. Since the wind farm will be built with Type 3
DFAG wind turbines, you can model the wind farm in the power flow as a
single, equivalent traditional PV bus generator with an output of 200 MW, a
voltage setpoint of 1.05 per unit, and with reactive power limits of +£100 Mvar.
In keeping with KWW tradition, the wind interconnection point will be at
69 kV, and for reliability purposes your supervisor requests that there be two
separate feeds into the interconnection substation.

The following table shows the available right-of-way distances for the
construction of new 69 kV and/or new 138 kV lines. All existing 69 kV only
substations are large enough to accommodate 138 kV as well.
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Design Procedure

1. Load DesignCasel into PowerWorld Simulator. This case contains
the initial system power flow case, and the disconnected KWW gener-
ator and its interconnection bus. Perform an initial power-flow solu-
tion to determine the initial system operating point. From this solution
you should find that all the line flows and bus voltage magnitudes are
within their limits. Assume all line MVA flows must be at or below
100% of their limit values, and all voltages must be between 0.95 and
1.10 per unit.

2. Repeat the above analysis considering the impact of any single
transmission line or transformer outage. This is known as n-1 con-
tingency analysis. To simplify this analysis, PowerWorld Simulator
has the ability to automatically perform a contingency analysis
study. Select Tools, Contingency Analysis to show the Contingency
Analysis display. Note that the 57 single line/transformer con-
tingencies are already defined. Select Start Run (toward the bottom
right corner of the display) to automatically see the impact of re-
moving any single element. Without the KWW generation the sys-
tem has no contingency (n-1) violations.

3. Using the available rights-of-ways and the transmission line parame-
ters/costs given in the table, iteratively determine the least expensive
system additions so that the base case and all the contingences result in
reliable operation points with the KWW generation connected with an
output of 200 MW. The parameters of the new transmission lines(s)
need to be derived using the tower configurations and conductor types
provided by the instructor. In addition, the transmission changes you
propose will modify the total system losses, indicated by the yellow
field on the one-line. While the system losses are not KWW?’s respon-
sibility, your supervisor has asked you to consider the impact your de-
sign changes will have on the total system losses assuming the system
operates in the studied condition for the next five years. Hence, you
should minimize the total construction costs minus the savings asso-
ciated with any decrease in system losses over the next five years.

4. Write a detailed report including the justification for your final rec-
ommendation.

Simplifying Assumptions
To simplify the analysis, several assumptions are made:

1. You need only consider the base case loading level given in Design-
Casel. In a real design, typically a number of different operating
points/loading levels must be considered.
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2. You should consider all the generator real power outputs, including
that of the new KWW generation, as fixed values. The change in the
total system generation due to the addition of the 200 MW in KWW
generation and any changes in the system losses are always picked
up by the system slack.

3. You should not modify the status of the capacitors or the trans-
former taps.

4. You should assume that the system losses remain constant over the
five-year period, and you need only consider the impact and new de-
sign has on the base case losses. The price for losses can be assumed
to be $50/MWh.

5. You do not need to consider contingencies involving the new trans-
mission lines and possibly any transformers you may be adding.

Metropolis Light and Power Design Case 1 nocas
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FIGURE 6.20 Design Case 1 System One-line Diagram
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6. While an appropriate control response to a contingency might be to
decrease the KWW wind farm output (by changing the pitch on the
wind turbine blades), your supervisor has specifically asked you not
to consider this possibility. Therefore the KWW generator should
always be assumed to have a 200 MW output.

Available New Rights-of-Ways for Design Case 1

Right-of-Way/Substation Right-of-Way Mileage(miles)

KWW to PAI 6.0
KWW to PETE 7.4
KKWW to DEMAR 12.0
KKWW to GROSS 4.5
KKWW to HISKY 11.2
KKWW to TIM 13.0
KKWW to RAY 15.0
KWW to ZEB 11.0

DESIGN PROJECT 2: SYSTEM PLANNING
FOR GENERATION RETIREMENT

After more than 70 years of supplying downtown Metropolis with electricity
it is time to retire the SANDERSG69 power plant. The city’s downtown revi-
talization plan, coupled with a desire for more green space, make it impossi-
ble to build new generation in the downtown area. At the same time, a
booming local economy means that the city-wide electric demand is still as
high as ever, so this impending plant retirement is going to have some ad-
verse impacts on the electric grid. As a planning engineer for the local utility,
Metropolis Light and Power (MLP), your job is to make recommendations
on the construction of new lines and transformers to ensure that the trans-
mission system in the MLP system is adequate for any base case or first con-
tingency loading situation. The below table shows the right-of-way distances
that are available for the construction of new 69 kV and/or new 138 kV lines.
All existing 69 kV only substations are large enough to accommodate 138 kV
as well.

Design Procedure

1. Load DesignCase2 into PowerWorld Simulator which contains the
system dispatch without the SANDERS69 generator. Perform an
initial power flow solution to determine the initial system operating
point. From this solution you should find that all the line flows and
bus voltage magnitudes are within their limits. Assume all line MVA
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flows must be at or below 100% of their limit values, and all voltages
must be between 0.95 and 1.10 per unit.

2. Repeat the above analysis considering the impact of any single
transmission line or transformer outage. This is known as n-1 con-
tingency analysis. To simplify this analysis, PowerWorld Simulator
has the ability to automatically perform a contingency analysis
study. Select Tools, Contingency Analysis to show the Contingency
Analysis display. Note that the 57 single line/transformer con-
tingencies are already defined. Select Start Run (towards the bottom
right corner of the display) to automatically see the impact of re-
moving any single element. Without the SANDERS69 generation
this system is insecure for several contingencies, including at least
one that has nothing to do with the power plant retirement (but it
still needs to be fixed).

3. Using the rights-of-way and the transmission line parameters/costs
given in the table, iteratively determine the least expensive system
additions so that the base case and all the contingences result in se-
cure operation points. The parameters of the new transmission
lines(s) need to be derived using the tower configurations and con-
ductor types provided by the instructor. The total cost of an addition
is defined as the construction costs minus the savings associated with
any decrease in system losses over the next five years.

4. Write a detailed report discussing the initial system problems, your
approach to optimally solving the system problems and the justifica-
tion for your final recommendation.

Simplifying Assumptions
To simplify the analysis, several assumptions are made:

1. You need only consider the base case loading level given in Design-
Case2. In a real design, typically a number of different operating
points/loading levels must be considered.

2. You should consider the generator outputs as fixed values; any
changes in the losses are always picked up by the system slack.

3. You should not modify the status of the capacitors or the trans-
former taps.

4. You should assume that the system losses remain constant over the
five-year period and need only consider the impact and new design
has on the base case losses. The price for losses can be assumed to be
$50/MWh.
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Available New Rights-of-Ways

Right-of-Way/Substation Right-of-Way Mileage (miles)

BOB to SCOT 8.5
BOB to WOLEN 4.8
FERNA to RAY 6.0
LYNN to SCOT 12.0
LYNN to WOLEN 15.0
SANDER to SCOTT 6.0
SLACK to WOLEN 11.5
JO to SCOT 15.0

Metropolis Light and Power Design Case 2
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FIGURE 6.21 Design Case 2 System One-line Diagram
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372 CHAPTER 6 POWER FLOWS

DESIGN PROJECTS | AND 2: SAMPLE
TRANSMISSION SYSTEM DESIGN COSTS

Transmission lines (69 kV and 138 kV) New transmission lines include a
fixed cost and a variable cost. The fixed cost is for the design work, the purchase/
installation of the three-phase circuit breakers, associated relays, and changes to
the substation bus structure. The fixed costs are $200,000 for a 138-kV line and
$125,000 for a 69-kV line.

The variable costs depend on the type of conductor and the length of
the line. The assumed cost in $/mile are given here.

Current Rating

Conductor Type (Amps) 138-kV Lines 69-kV Lines
Rook 770 $250,000/mi $200,000/mi
Crow 830 $270,000/mi $220,000/mi
Condor 900 $290,000/mi $240,000/mi
Cardinal 1110 $310,000/mi

Lined impedance data and MVA ratings are determined based on the
conductor type and tower configuration. The conductor characteristics are
given in Table A.4 of the book. For these design problems assume a symmetric
tower configurations with the spacing between the conductors student specific.
To find your specific value consult the table at the end of this design project.

Transformers (138 kV/69 kV) Transformer costs include associated cir-
cuit breakers, relaying and installation.

101 MVA $950,000
187 MVA  $1,200,000

Assume any new 138/69 kV transformer has 0.0025 per unit resistance and
0.04 per unit reactance on a 100-MVA base.

Bus work

Upgrade 69-kV substation to 138/69 kV $200,000

DESIGN PROJECT 3: SYSTEM PLANNING*

Time given: 11 weeks
Approximate time required: 40 hours
Additional references: [10, 11]

*This case is based on a project assigned by Adjunct Professor Leonard Dow at Northeastern
University, Boston, Massachusetts.
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FIGURE 6.22

Design Project 3:
Single-line diagram for
31-bus interconnected
power system

Figure 6.22 shows a single-line diagram of four interconnected power systems
identified by different graphic bus designations. The following data are given:

1. There are 31 buses, 21 lines, and 13 transformers.
Generation is present at buses 1, 16, 17, 22, and 23.
Total load of the four systems is 400 MW,

Bus 1 is the swing bus.

The system base is 100 MVA.

AN U S o

Additional information on transformers and transmission lines is
provided in [10, 11].

Based on the data given:
1. Allocate the total 400-MW system load among the four systems.

2. For each system, allocate the load to buses that you want to repre-
sent as load buses. Select reasonable load power factors.

3. Taking into consideration the load you allocated above, select
appropriate transmission-line voltage ratings, MVA ratings, and
distances necessary to supply these loads. Then determine per-unit
transmission-line impedances for the lines shown on the single-line
diagram (show your calculations).

4. Also select appropriate transformer voltage and MVA ratings, and
determine per-unit transformer leakage impedances for the trans-
formers shown on the single-line diagram.

5. Develop a generation schedule for the 5 generator buses.
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374 CHAPTER 6 POWER FLOWS

6. Show on a copy of the single-line diagram per-unit line impedances,
transformer impedances, generator outputs, and loads that you se-
lected above.

7. Using PowerWorld Simulator, run a base case power flow. In addi-
tion to the printed input/output data files, show on a separate copy
of the single-line diagram per-unit bus voltages as well as real and
reactive line flows, generator outputs, and loads. Flag any high/low
bus voltages for which 0.95 <V < 1.05 per unit and any line or
transformer flows that exceed normal ratings.

8. If the base case shows any high/low voltages or ratings exceeded,
then correct the base case by making changes. Explain the changes
you have made.

9. Repeat (7). Rerun the power-flow program and show your changes
on a separate copy of the single-line diagram.

10. Provide a typed summary of your results along with your above
calculations, printed power-flow input/output data files, and copies
of the single-line diagram.

DESIGN PROJECT 4: POWER FLOW/SHORT
CIRCUITS

Time given: 3 weeks
Approximate time required: 15 hours

Each student is assigned one of the single-line diagrams shown in Figures 6.23
and 6.24. Also, the length of line 2 in these figures is varied for each student.

Assignment |: Power-Flow Preparation

For the single-line diagram that you have been assigned (Figure 6.23 or 6.24),
convert all positive-sequence impedance, load, and voltage data to per unit
using the given system base quantities. Then using PowerWorld Simulator,
create three input data files: bus input data, line input data, and transformer
input data. Note that bus 1 is the swing bus. Your output for this assignment
consists of three power-flow input data files.

The purpose of this assignment is to get started and to correct errors
before going to the next assignment. It requires a knowledge of the per-unit
system, which was covered in Chapter 3, but may need review.

Assignment 2: Power Flow

Case 1. Run the power flow program and obtain the bus, line, and trans-
former input/output data files that you prepared in Assignment 1.
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D Circuit G2
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50 MW

Generator Ratings
G1: 100 MVA,13.8 kV, X" = 0.12.xp =0.14,x9=0.05 per unit  Power Flow Data
G2: 200 MVA,15.0 kV, x° = 0.12,xy =0.14,x9=0.05 per unit Bus 1 : Swing bus, Vy « 13.8kV, 3 « 0¢

The generator neutrals are solidly grounded Bus 2,3,4,5,6 : Load buses
i Bus 7 : Constant voltage magnitude bus, V7 = 15 kV,
T1: 100 MVA,13.8 kVA/230 kVY, x=0.1 per unit Pg7 = 180 MW, - 87 Mvar < Qg7 <+ 87 Mvar

T2: 200 MVA, 15 kVA/230 kVY, x=0.1 per unit
The tra.nsf.ormel" noutra‘ls are solidly grounded Spase = 100 MVA ( three-phase)
mmwm Lines: 230 kV, z; =0.08 + 0.5 Q/km, Vbage = 13.8 kV ( line-to-line ) in the zone of G1
29 = 0.2 +j1.5 QKkm, yq = 3.3 E-6 Skm,
Maximum MVA = 400
Line Lengths: Ly = 15 km, L, assigned by the instructor (
20 to 50 km ), L3 = 40 km, Ly = 15 km, L5 = 50 km.

FIGURE 6.23 Single-line diagram for Design Project 4—transmission loop

Case 2. Suggest one method of increasing the voltage magnitude at bus 4
by 5%. Demonstrate the effectiveness of your method by making appropriate
changes to the input data of case 1 and by running the power flow program.

Your output for this assignment consists of 12 data files, 3 input and 3
output data files for each case, along with a one-paragraph explanation of
your method for increasing the voltage at bus 4 by 5%.

During this assignment, course material contains voltage control methods,
including use of generator excitation control, tap changing and regulating trans-
formers, static capacitors, static var systems, and parallel transmission lines.

This project continues in Chapters 7 and 9.

DESIGN PROJECT 5: POWER FLOW*

Time given: 4 weeks
Approximate time required: 25 hours

*This case is based on a project assigned by Adjunct Professor Richard Farmer at Arizona State
University, Tempe, Arizona.
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Power Flow Data
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zg = 0.6 + 1.0 Q/Km, y; = j4.0 E6 Skm, Vbase = 13.8 kV ( line-to-line ) in the zone of the lines.

Maximum MVA = 5
Line Lengths: Ly = 2 km, Lp assigned by the instructor ( 1
05km), L= Lg= Lg=2km

FIGURE 6.24 Single-line diagram for Design Project 4—radial distribution feeder

Figure 6.25 shows the single-line diagram of a 10-bus power system with 7
generating units, 2 345-kV lines, 7 230-kV lines, and 5 transformers. Per-unit
transformer leakage reactances, transmission-line series impedances and
shunt susceptances, real power generation, and real and reactive loads during
heavy load periods, all on a 100-MVA system base, are given on the diagram.
Fixed transformer tap settings are also shown. During light load periods, the
real and reactive loads (and generation) are 25% of those shown. Note that
bus 1 is the swing bus.

Design Procedure

Using PowerWorld Simulator (convergence can be achieved by changing
load buses to constant voltage magnitude buses with wide var limits), deter-
mine:

1. The amount of shunt compensation required at 230- and 345-kV
buses such that the voltage magnitude 0.99 <V < 1.02 per unit at all
buses during both light and heavy loads. Find two settings for the
compensation, one for light and one for heavy loads.

2. The amount of series compensation required during heavy loads on
each 345-kV line such that there is a maximum of 40° angular dis-
placement between bus 4 and bus 10. Assume that one 345-kV line is
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FIGURE 6.25 Single-line diagram for Design Project 5—10-bus power system

out of service. Also assume that the series compensation is effectively
distributed such that the net series reactance of each 345-kV line is
reduced by the percentage compensation. Determine the percentage
series compensation to within +10%.
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345-kV SF6 circuit breaker
installation at Goshen
Substation, Idaho Falls,
Idaho, USA. This circuit
breaker has a continuous
current rating of 2,0004
and an interrupting
current rating of 40 kA

( Courtesy of PacifiCorp)

SYMMETRICAL FAULTS

Short circuits occur in power systems when equipment insulation fails due
to system overvoltages caused by lightning or switching surges, to insulation
contamination (salt spray or pollution), or to other mechanical causes. The
resulting short circuit or “fault” current is determined by the internal volt-
ages of the synchronous machines and by the system impedances between
the machine voltages and the fault. Short-circuit currents may be several
orders of magnitude larger than normal operating currents and, if allowed to
persist, may cause thermal damage to equipment. Windings and busbars may
also suffer mechanical damage due to high magnetic forces during faults. It is
therefore necessary to remove faulted sections of a power system from service
as soon as possible. Standard EHV protective equipment is designed to clear
faults within 3 cycles (50 ms at 60 Hz). Lower voltage protective equipment
operates more slowly (for example, 5 to 20 cycles).

379
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380 CHAPTER 7 SYMMETRICAL FAULTS

‘We begin this chapter by reviewing series R—L circuit transients in Section 7.1,
followed in Section 7.2 by a description of three-phase short-circuit currents
at unloaded synchronous machines. We analyze both the ac component, in-
cluding subtransient, transient, and steady-state currents, and the dc compo-
nent of fault current. We then extend these results in Sections 7.3 and 7.4 to
power system three-phase short circuits by means of the superposition princi-
ple. We observe that the bus impedance matrix is the key to calculating fault
currents. The SHORT CIRCUITS computer program that accompanies this
text may be utilized in power system design to select, set, and coordinate
protective equipment such as circuit breakers, fuses, relays, and instrument
transformers. We discuss circuit breaker and fuse selection in Section 7.5.

Balanced three-phase power systems are assumed throughout this chap-
ter. We also work in per-unit.

CASE STUDY Short circuits can cause severe damage when not interrupted promptly. In some cases,
high-impedance fault currents may be insufficient to operate protective relays or blow
fuses. Standard overcurrent protection schemes utilized on secondary distribution at
some industrial, commercial, and large residential buildings may not detect high-
impedance faults, commonly called arcing faults. In these cases, more careful design
techniques, such as the use of ground fault circuit interruption, are required to detect
arcing faults and prevent burndown. The following case histories [I 1] give examples of
the destructive effects of arcing faults.

The Problem of Arcing Faults in Low-
Voltage Power Distribution Systems

FRANCIS J. SHIELDS
ABSTRACT the reported incidents have involved both indus-
trial and commercial building distribution equipment,

Many cases of electrical equipment burndown ) .
without regard to manufacturer, geographical loca-

arising from low-level arcing-fault currents have
occurred in recent years in low-voltage power dis-
tribution systems. Burndown, which is the severe
damage or complete destruction of conductors, in-
sulation systems, and metallic enclosures, is caused
by the concentrated release of energy in the fault
arc. Both grounded and ungrounded electrical dis-
tribution systems have experienced burndown, and

(“The Problem of Arcing Faults in Low-Voltage Power
Distribution Systems,” Francis J. Shields. © 1967 IEEE.
Reprinted, with permission, from IEEE Transactions on
Industry and General Applications, Vol. GA-3, No. I,
JanlFeb. 1967, pg. 16—17)
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tion, or operating environment.

BURNDOWN CASE HISTORIES

The reported incidents of equipment burndown are
many. One of the most publicized episodes involved
a huge apartment building complex in New York
City (Fig. 1), in which two main 480Y/277-volt
switchboards were completely destroyed, and two
5000-ampere service entrance buses were burned-
off right back to the utility vault. This arcing fault
blazed and sputtered for over an hour, and in-
convenienced some 10,000 residents of the devel-
opment through loss of service to building water



Figure |

Burndown damage caused by arcing fault. View shows
low-voltage cable compartments of secondary unit
substation

pumps, hall and stair lighting, elevators, appliances,
and apartment lights. Several days elapsed before
service resembling normal was restored through
temporary hookups. lllustrations of equipment dam-
age in this burndown are shown in Figs. 2 and 3.

Another example of burndown occurred in the
Midwest, and resulted in completely gutting a ser-
vice entrance switchboard and burning up two
1000-kVA supply transformers. This burndown arc
current flowed for about |5 minutes.

In still other reported incidents, a Maryland manu-
facturer experienced four separate burndowns of
secondary unit substations in a little over a year; on
the West Coast a unit substation at an industrial
process plant burned for more than eight minutes,
resulting in destruction of the low-voltage switch-
gear equipment; and this year [1966] several burn-
downs have occurred in government office buildings
at scattered locations throughout the country.

An example of the involvement of the latter type
of equipment in arcing-fault burndowns is shown in

CASE STUDY 381

Figure 2

Service entrance switch and current-limiting fuses
completely destroyed by arcing fault in main low-voltage
switchboard

Figure 3

Fused feeder switch consumed by arcing fault in high-rise
apartment main switchboard. No intermediate
segregating barriers had been used in construction

Fig. 4. The arcing associated with this fault con-
tinued for over 20 minutes, and the fault was finally
extinguished only when the relays on the primary
system shut down the whole plant.

The electrical equipment destruction shown in
the sample photographs is quite startling, but it
is only one aspect of this type of fault. Other less
graphic but no less serious effects of electrical
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equipment burndown may include personnel fatal-
ities or serious injury, contingent fire damage, loss
of vital services (lighting, elevators, ventilation, fire
pumps, etc.), shutdown of critical loads, and loss
of product revenue. It should be pointed out that
the cases reported have involved both industrial
and commercial building distribution equipment,
without regard to manufacturer, geographical loca-
tion, operating environment, or the presence or
absence of electrical system neutral grounding.
Also, the reported burndowns have included a va-
riety of distribution equipment—Iload center unit
substations, switchboards, busway, panelboards,
service-entrance equipment, motor control cen-
ters, and cable in conduit, for example.

It is obvious, therefore, when all the possible ef-
fects of arcing-fault burndowns are taken into con-
sideration, that engineers responsible for electrical
power system layout and operation should be anx-
ious both to minimize the probability of arcing faults
in electrical systems and to alleviate or mitigate the
destructive effects of such faults if they should in-

Figure 4

Remains of main secondary circuit breaker burned down
during arcing fault in low-voltage switchgear section of
unit substation advertently occur despite careful design and the use

of quality equipment.

7.1

SERIES R-L CIRCUIT TRANSIENTS

Consider the series R—L circuit shown in Figure 7.1. The closing of switch
SW at ¢ = 0 represents to a first approximation a three-phase short circuit at
the terminals of an unloaded synchronous machine. For simplicity, assume
zero fault impedance; that is, the short circuit is a solid or “bolted” fault. The
current is assumed to be zero before SW closes, and the source angle o de-
termines the source voltage at t = 0. Writing a KVL equation for the circuit,

Ldi(1)
dt
The solution to (7.1.1) is

i(1) = e (1) + ige ()

+Ri(r) = V2Vsin(wt +a) =0 (7.1.1)

= @ [sin(wt 4 o — 0) —sin(x — 0)e™/T] A (7.1.2)
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FIGURE 7.1

Current in a series R-L

circuit with ac voltage () = V2V sin(wt + )
source

e(t)
/ i)
AN WO TN
7/ \ .
/ ’dc( t) /7
/ /
/ N /
/ \\ 7 wt
14» | \ /
\
\\\~.o//
F_9_>

where
. A\
I (1) = sin(wt +o—0) A (7.1.3)
2V .
lge (1) = —\/—T sin(o — 0)e /T A (7.1.4)
Z:\/R2+(wL)2:\/R2+X2 Q (7.1.5)
0 = tan™! %L = tan™! % (7.1.6)
L X X
T=—= (7.1.7)

R wR 27/R

The total fault current in (7.1.2), called the asymmetrical fault current, is
plotted in Figure 7.1 along with its two components. The ac fault current
(also called symmetrical or steady-state fault current), given by (7.1.3), is a
sinusoid. The dc offset current, given by (7.1.4), decays exponentially with
time constant T = L/R.

The rms ac fault current is I,, = V/Z. The magnitude of the dc offset,
which depends on o, varies from 0 when « = 0 to v/2I,. when o = (0 + /2).
Note that a short circuit may occur at any instant during a cycle of the ac
source; that is, « can have any value. Since we are primarily interested in the
largest fault current, we choose o« = (0 — 7/2). Then (7.1.2) becomes

i(1) = V21 [sin(wr — n/2) +e7/T] A (7.1.8)
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TABLE 7.1 Instantaneous Current rms Current
Component (A) (A)

Short-circuit current—
series R—L circuit®

Symmetrical (ac) Ine (1) =

A\ \%
sin(wt + o — 0) L = 7

—V2V
V4
Asymmetrical (total) (1) = iac () + iae(2) Lins (1) = /12, + iae(1)?

with maximum dc offset:
Iims(7) = K (7)1

dc offset ige(1) = sin(or — 0)e /T

*See Figure 7.1 and (7.1.1)-(7.1.12).

where

Le==— A (7.1.9)

The rms value of i(¢) is of interest. Since i(¢) in (7.1.8) is not strictly periodic,
its rms value is not strictly defined. However, treating the exponential term as
a constant, we stretch the rms concept to calculate the rms asymmetrical fault
current with maximum dc offset, as follows:

Irms([) = [Iac]z + [Idc(t)]z
- \/ [Lac)® + [V2I,ce~t/T]?
— LeVT 420 2T A (7.1.10)

It is convenient to use T = X/(2zfR) and ¢ = t/f, where 7 is time in cycles,
and write (7.1.10) as

Lns(7) = K(0)e A (7.1.11)

where
K(t) = V1 + 2e4/(X/R) " per unit (7.1.12)

From (7.1.11) and (7.1.12), the rms asymmetrical fault current equals the rms
ac fault current times an “asymmetry factor,” K(7). Iyms(7) decreases from
V3l when 7 =0 to I,. when 7 is large. Also, higher X to R ratios (X/R)
give higher values of I;ys(7). The above series R—L short-circuit currents are
summarized in Table 7.1.

EXAMPLE 7.1 Fault currents: R-L circuit with ac source

A bolted short circuit occurs in the series R—L circuit of Figure 7.1 with
V=20kV, X=8Q, R=0.8Q, and with maximum dc offset. The circuit
breaker opens 3 cycles after fault inception. Determine (a) the rms ac fault
current, (b) the rms “momentary” current at = = 0.5 cycle, which passes
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7.2

385

through the breaker before it opens, and (c) the rms asymmetrical fault cur-
rent that the breaker interrupts.

SOLUTION
a. From (7.1.9),
20 x 103 20 x 10°
Tl = S040 = 2488 kA

(8)2+ (087
b. From (7.1.11) and (7.1.12) with (X/R) = 8/(0.8) = 10 and = = 0.5 cycle,
K(0.5 cycle) = v/1 + 2¢-#41(03)/10 = 1 438
Tnomentary = K (0.5 cycle)l,e = (1.438)(2.488) = 3.576 KA
c¢. From (7.1.11) and (7.1.12) with (X/R) = 10 and 7= = 3 cycles,

K (3 cycles) = V1 + 2¢4(3)/10 = 1.023

Tms (3 cycles) = (1.023)(2.488) = 2.544 kA [ |

FIGURE 7.2

The ac fault current

in one phase of an
unloaded synchronous
machine during a three-
phase short circuit (the
dc offset current is
removed)

V2 I

THREE-PHASE SHORT CIRCUIT—UNLOADED
SYNCHRONOUS MACHINE

One way to investigate a three-phase short circuit at the terminals of a
synchronous machine is to perform a test on an actual machine. Figure 7.2
shows an oscillogram of the ac fault current in one phase of an unloaded
synchronous machine during such a test. The dc offset has been removed

facl 0

\/VV\/\/\/\[ ’
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from the oscillogram. As shown, the amplitude of the sinusoidal waveform
decreases from a high initial value to a lower steady-state value.

A physical explanation for this phenomenon is that the magnetic flux
caused by the short-circuit armature currents (or by the resultant armature
MMPF) is initially forced to flow through high reluctance paths that do not
link the field winding or damper circuits of the machine. This is a result of
the theorem of constant flux linkages, which states that the flux linking a
closed winding cannot change instantaneously. The armature inductance,
which is inversely proportional to reluctance, is therefore initially low. As the
flux then moves toward the lower reluctance paths, the armature inductance
increases.

The ac fault current in a synchronous machine can be modeled by the
series R—L circuit of Figure 7.1 if a time-varying inductance L(¢) or reactance
X(f) = wL(¢) is employed. In standard machine theory texts [3, 4], the fol-
lowing reactances are defined:

X!/ = direct axis subtransient reactance
X di . .

4 = direct axis transient reactance
X4 = direct axis synchronous reactance

where X/J < X/, < X;. The subscript d refers to the direct axis. There are
similar quadrature axis reactances X, X/, and X, [3, 4]. However, if the ar-
mature resistance is small, the quadrature axis reactances do not significantly
affect the short-circuit current. Using the above direct axis reactances, the in-
stantaneous ac fault current can be written as

. 1 1\ _,
lac(t) = \/EEq|:<7_T>€ 1Ty
d d

1 1y o 1 . n
+ (X—‘,]X—)e ’/TL’JrX—J sm<a)t+fx§> (7.2.1)
where E, is the rms line-to-neutral prefault terminal voltage of the unloaded

synchronous machine. Armature resistance is neglected in (7.2.1). Note that
at t = 0, when the fault occurs, the rms value of i,c(7) in (7.2.1) is

E,

I‘dC (0) = v
d

=1 (7.2.2)
which is called the rms subtransient fault current, 1”. The duration of 1” is
determined by the time constant T, called the direct axis short-circuit sub-
transient time constant.

At a later time, when ¢ is large compared to T but small compared to
the direct axis short-circuit transient time constant T), the first exponential
term in (7.2.1) has decayed almost to zero, but the second exponential has
not decayed significantly. The rms ac fault current then equals the rms tran-
sient fault current, given by

E,

I'=_¢
X

(7.2.3)
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TABLE 7.2

Short-circuit current—
unloaded synchronous
machine*

EXAMPLE 7.2

387

Instantaneous Current rms Current
Component (A) (A)

Symmetrical (ac) (7.2.1) Le(7) = E, {(X%,i, - ); ; ) e t/Ti
(I
7 x)" 5
Subtransient 1" =E,/X{
Transient I'=E, /X,
Steady-state I=E,/Xy
Maximum dc offset igo(f) = V21" !/ Ta
Asymmetrical (total) i) = iae(£) + ige(£) Lims (1) = \/Tac ()% + ige (1)

with maximum dc offset:

T (1) = /Tacl0)® + (VAU eTa

*See Figure 7.2 and (7.2.1)—(7.2.5).

/
d»

When ¢ is much larger than T
steady-state value, given by
E

Lic(0) = X—Z =1

Since the three-phase no-load voltages are displaced 120° from each
other, the three-phase ac fault currents are also displaced 120° from each
other. In addition to the ac fault current, each phase has a different dc offset.
The maximum dc offset in any one phase, which occurs when « = 0 in (7.2.1),
is

the rms ac fault current approaches its

(7.2.4)

\/EE‘] e*l/T,\
X]

idemax (1) = = V21" "/TA (7.2.5)
where Ta is called the armature time constant. Note that the magnitude of
the maximum dc offset depends only on the rms subtransient fault current 1”.
The above synchronous machine short-circuit currents are summarized in
Table 7.2.

Machine reactances X[/, X/, and X, as well as time constants T/, T},
and Tp are usually provided by synchronous machine manufacturers. They
can also be obtained from a three-phase short-circuit test, by analyzing an
oscillogram such as that in Figure 7.2 [2]. Typical values of synchronous ma-
chine reactances and time constants are given in Appendix Table A.1.

Three-phase short-circuit currents, unloaded synchronous generator

A 500-MVA 20-kV, 60-Hz synchronous generator with reactances X/, = 0.15,
X/, =024,X,;=1.1 per unit and time constants T, =0.035, T, = 2.0,
Ta = 0.20 s is connected to a circuit breaker. The generator is operating at
5% above rated voltage and at no-load when a bolted three-phase short cir-
cuit occurs on the load side of the breaker. The breaker interrupts the fault
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3 cycles after fault inception. Determine (a) the subtransient fault current
in per-unit and kA rms; (b) maximum dc offset as a function of time; and
(c) rms asymmetrical fault current, which the breaker interrupts, assuming
maximum dc offset.

SOLUTION

a. The no-load voltage before the fault occurs is E, = 1.05 per unit. From
(7.2.2), the subtransient fault current that occurs in each of the three

phases is
1.05 .
" = 015 7.0  per unit
The generator base current is
500
Ibase = Srated = =14.43 kA

V3Vitea  (V3)(20)

The rms subtransient fault current in kA is the per-unit value multiplied by
the base current:

1" =(7.0)(14.43) = 101.0 kA

b. From (7.2.5), the maximum dc offset that may occur in any one phase is
igemax (1) = V2(101.0)e™/%20 = 142.9¢1/020 kA

c. From (7.2.1), the rms ac fault current at r = 3 cycles = 0.05 s is

1 1

_ b b 005/0.035
L,.(0.05 s) = 1.05 [<0.15 0.24)e

1 1\ 00520 , 1
+(0.24 1.1>e 1

=4.920 per unit
= (4.920)(14.43) =71.01 kA

Modifying (7.1.10) to account for the time-varying symmetrical compo-
nent of fault current, we obtain

Tims(0.05) = /[ (0.05))% + [v/21"e~/T. ]2
" 2
= Iac(OOS)\/l +2 |:Lac(£)7()5):| e—2/Ta

101 1?
_ —2(0.05)/0.20
(71.01)\/1 +2[71.01] e

= (71.01)(1.8585)
=132 kA [

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



SECTION 7.3 POWER SYSTEM THREE-PHASE SHORT CIRCUITS 389

7.3

POWER SYSTEM THREE-PHASE SHORT CIRCUITS

In order to calculate the subtransient fault current for a three-phase short cir-
cuit in a power system, we make the following assumptions:

1. Transformers are represented by their leakage reactances. Winding
resistances, shunt admittances, and A-Y phase shifts are neglected.

2. Transmission lines are represented by their equivalent series react-
ances. Series resistances and shunt admittances are neglected.

3. Synchronous machines are represented by constant-voltage sources
behind subtransient reactances. Armature resistance, saliency, and
saturation are neglected.

4. All nonrotating impedance loads are neglected.

5. Induction motors are either neglected (especially for small motors
rated less than 50 hp) or represented in the same manner as synchro-
nous machines.

These assumptions are made for simplicity in this text, and in practice they
should not be made for all cases. For example, in distribution systems, re-
sistances of primary and secondary distribution lines may in some cases sig-
nificantly reduce fault current magnitudes.

Figure 7.3 shows a single-line diagram consisting of a synchronous
generator feeding a synchronous motor through two transformers and a
transmission line. We shall consider a three-phase short circuit at bus 1. The
positive-sequence equivalent circuit is shown in Figure 7.4(a), where the
voltages £ and E, are the prefault internal voltages behind the subtransient
reactances of the machines, and the closing of switch SW represents the fault.
For purposes of calculating the subtransient fault current, £/ and E;; are
assumed to be constant-voltage sources.

In Figure 7.4(b) the fault is represented by two opposing voltage sources
with equal phasor values V. Using superposition, the fault current can then
be calculated from the two circuits shown in Figure 7.4(c). However, if Vg
equals the prefault voltage at the fault, then the second circuit in Figure 7.4(c)
represents the system before the fault occurs. As such, I/, =0 and Vg,

FIGURE 7.3

T T,
1 2
Single-line diagram of a @-D f 3 g i i 3% { D“'@

synchronous generator

feeding a synchronous 100 MVA 100 MVA Xine = 20 Q 100 MVA 100 MVA
motor 13.8kV  13.8kVA/138 kVY 138 kVY/13.8 kVA 13.8 kV
X'=015 X =010 X = 0.10 X" =0.20
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T Xn [Xie  iXr 2 lg 1 4 2

j0.1050  jO.1

j01
/Xg /0.15 (B ]‘020

?(SW
+

"
EQ

(a} Three-phase short circuit (b) Short circuit represented by
two opposing voltage sources

144 Im lg2 fm2

(d) V& set equal to prefault voltage at fault

FIGURE 7.4 Application of superposition to a power system three-phase short circuit

which has no effect, can be removed from the second circuit, as shown in
Figure 7.4(d). The subtransient fault current is then determined from the first

circuit in Figure 7.4(d), I’ = I;. The contribution to the fault from the gener-
ator is 1) = I} + I, = I}, + I, where I is the prefault generator current.

Similarly, I}, = I, — I..

EXAMPLE 7.3 Three-phase short-circuit currents, power system

The synchronous generator in Figure 7.3 is operating at rated MVA, 0.95 p.f.
lagging and at 5% above rated voltage when a bolted three-phase short cir-
cuit occurs at bus 1. Calculate the per-unit values of (a) subtransient fault
current; (b) subtransient generator and motor currents, neglecting prefault
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SECTION 7.3 POWER SYSTEM THREE-PHASE SHORT CIRCUITS 391

current; and (c) subtransient generator and motor currents including prefault
current.

SOLUTION

a. Using a 100-MVA base, the base impedance in the zone of the transmis-
sion line is

o (138)°
Zbase,hne = 100 =19044 Q
and
20 .
Xline = 10044 = 0.1050 per unit

The per-unit reactances are shown in Figure 7.4. From the first circuit in
Figure 7.4(d), the Thévenin impedance as viewed from the fault is

) . (0.15)(0.505) ) .
Zth = jXmh=j—>— 2= jO.11
Th = JXTh = J (0.15 + 0.505) jO.11565 per unit

and the prefault voltage at the generator terminals is
Ve =1.05/0° per unit
The subtransient fault current is then

" Ve 1'05&
=St

- — —/9.079 it
Zm  j0.11565 7 pet b

b. Using current division in the first circuit of Figure 7.4(d),

0.505
" " o _ :
1y = (—0.505 0.15) I = (0.7710)(—;9.079) = —;j7.000 per unit

1

c. The generator base current is
100

Thase gon = —————— = 4.1837 kA
base, ge (\/5)038)

and the prefault generator current is

100
I = /—cos ' 0.95 =3.9845/—18.19° kA
" (V3)(1.05 x 13.8)

— W =0.9524/—18.19°

= 0.9048 — j0.2974 per unit
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The subtransient generator and motor currents, including prefault current,
are then

I' = I} + I, = —j7.000 + 0.9048 — j0.2974

= 0.9048 — j7.297 = 7.353/—82.9° per unit
I/ =1" — I = —j2.079 — 0.9048 + j0.2974

= —0.9048 — j1.782 = 1.999/243.1° per unit

An alternate method of solving Example 7.3 is to first calculate the
internal voltages £’ and E using the prefault load current /.. Then, instead
of using superposmon the fault currents can be resolved directly from the
circuit in Figure 7.4(a) (see Problem 7.11). However, in a system with many
synchronous machines, the superposition method has the advantage that all
machine voltage sources are shorted, and the prefault voltage is the only
source required to calculate the fault current. Also, when calculating the con-
tributions to fault current from each branch, prefault currents are usually
small, and hence can be neglected. Otherwise, prefault load currents could
be obtained from a power-flow program. |

1.4

BUS IMPEDANCE MATRIX

We now extend the results of the previous section to calculate sub-
transient fault currents for three-phase faults in an N-bus power system.
The system is modeled by its positive-sequence network, where lines and
transformers are represented by series reactances and synchronous ma-
chines are represented by constant-voltage sources behind subtransient re-
actances. As before, all resistances, shunt admittances, and nonrotating
impedance loads are neglected. For simplicity, we also neglect prefault
load currents.

Consider a three-phase short circuit at any bus n. Using the superpo-
sition method described in Section 7.3, we analyze two separate circuits. (For
example, see Figure 7.4d.) In the first circuit, all machine-voltage sources are
short-circuited, and the only source is due to the prefault voltage at the fault.
Writing nodal equations for the first circuit,

Yo EY =1V (7.4.1)

where Yy, is the positive-sequence bus admittance matrix, E (1 is the vector
of bus voltages, and I')) is the vector of current sources. The superscript (1)
denotes the first circuit. Solving (7.4.1),

Zy IV = EWY (7.4.2)
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SECTION 7.4 BUS IMPEDANCE MATRIX 393

where
Zous = Yy (7.4.3)

Zus, the inverse of Yy, is called the positive-sequence bus impedance ma-
trix. Both Zy,s and Yy,s are symmetric matrices.

Since the first circuit contains only one source, located at faulted bus #,
the current source vector contains only one nonzero component, A —— e

Also, the voltage at faulted bus 7 in the first circuit is EY = — 1. Rewriting (7.4.2),

r 7 - - [ (1) 7
Zyw Zyp - Zy o Ziy 0 E,
Zy Zy - Ly - Loy 0 Eé”
' P I 7.4.4
Zn Zp - Zm - Zpn _Ilé/n —VE ( )
| Zn1 Zno o Zne 0 Zannv | L 0 EJ<\}>

The minus sign associated with the current source in (7.4.4) indicates that the
current injected into bus n is the negative of I{,, since I{, flows away from
bus n to the neutral. From (7.4.4), the subtransient fault current is

VE
I — 7.4.5
Fn Znn ( )
Also from (7.4.4) and (7.4.5), the voltage at any bus k in the first circuit is
_ch
EY = Zi,(~1f) = - RS (7.4.6)

The second circuit represents the prefault conditions. Neglecting pre-

fault load current, all voltages throughout the second circuit are equal to the

)

prefault voltage; that is, E,((2 = V' for each bus k. Applying superposition,

-z
E, = E]({l) + E]((Z) _ kn Vi + Vi
Z
- (1—2"”)VF k=1,2,....N (7.4.7)

EXAMPLE 7.4 Using Z,,; to compute three-phase short-circuit currents
in a power system

Faults at bus 1 and 2 in Figure 7.3 are of interest. The prefault voltage is
1.05 per unit and prefault load current is neglected. (a) Determine the 2 x 2
positive-sequence bus impedance matrix. (b) For a bolted three-phase short
circuit at bus 1, use Zyys to calculate the subtransient fault current and the
contribution to the fault current from the transmission line. (c) Repeat part (b)
for a bolted three-phase short circuit at bus 2.
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FIGURE 7.5 1 ~j3.2787 2

A
Circuit of Figure 7.4(a)

showing per-unit — ;6 6667 —/5.0
admittance values

+ +
& Er,

SOLUTION

a. The circuit of Figure 7.4(a) is redrawn in Figure 7.5 showing per-unit ad-
mittance rather than per-unit impedance values. Neglecting prefault load
current, £ = E}/ = Vr = 1.05/0° per unit. From Figure 7.5, the positive-
sequence bus admittance matrix is

[ 9.9454 —3.2787

Vo — — i
bus ==/ 3 5787 8.2787} per unit

Inverting Yy,

0.11565 0.04580

Zius =Yy =+j
bus = Fus +J{O.O4580 0.13893

} per unit

b. Using (7.4.5) the subtransient fault current at bus 1 is

Ve  1.05/0° :
I =—=—""—"—=-9.079 t
FL = 7, = 011565 7 o
which agrees with the result in Example 7.3, part (a). The voltages at buses

1 and 2 during the fault are, from (7.4.7),

21 J0.04580
Ey=(1- Ve=(1- 1.05/0° = 0.6342/0°
: ( zll> - ( j0.11565

The current to the fault from the transmission line is obtained from
the voltage drop from bus 2 to 1 divided by the impedance of the line and
transformers Ty and T,:

E, — E; ~0.6342 — 0
J Xiine + X1 + X712) j0.3050

L = —j2.079 per unit

which agrees with the motor current calculated in Example 7.3, part (b),
where prefault load current is neglected.
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c. Using (7.4.5), the subtransient fault current at bus 2 is

VE 1.05/0° . .
U = _— e — —
I, = » 7013303 j7.558 per unit

and from (7.4.7),

le . ]0 04580 s 5
(1 22) Ve = (1 013893 1.05/0° = 0.7039/0°

Zn _
(1—2—22>VF_0

The current to the fault from the transmission line is

E— E; - 0.7039 -0
(the + X1 + XT2) ]03050

I = —j2.308 per unit |

Figure 7.6 shows a bus impedance equivalent circuit that illustrates the short-
circuit currents in an N-bus system. This circuit is given the name rake equiv-
alent in Neuenswander [5] due to its shape, which is similar to a garden rake.

The diagonal elements Z|, Z», ..., Zyy of the bus impedance matrix,
which are the self-impedances, are shown in Figure 7.6. The off-diagonal ele-
ments, or the mutual impedances, are indicated by the brackets in the figure.

Neglecting prefault load currents, the internal voltage sources of all
synchronous machines are equal both in magnitude and phase. As such, they
can be connected, as shown in Figure 7.7, and replaced by one equivalent
source Vy from neutral bus 0 to a references bus, denoted r. This equivalent
source is also shown in the rake equivalent of Figure 7.6.

FIGURE 7.6 @
Bus impedance -
equivalent circuit (rake KF
equivalent)
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FIGURE 7.7 E)
Parallel connection of v \Z ~) eee
unloaded synchronous Y + ®
machine internal-voltage [
sources
l l !
Impedance network Impedance network
including generator impedances

Using Zy,s, the fault currents in Figure 7.6 are given by

Zu Zip - Ziy o Zin I Vi — E |
Zyy Zy - Zy - Zoy b Vy — E
' ' | = : (7.4.8)
an Zn2 e Znn e ZnN In VF - En
L Zn1 Znay o Zye 0 Zin ] [NV | VE — EN |

where I}, I, ... are the branch currents and (V¢ — Ej), (Ve — E»), ... are the
voltages across the branches.

If switch SW in Figure 7.6 is open, all currents are zero and the voltage
at each bus with respect to the neutral equals V. This corresponds to pre-
fault conditions, neglecting prefault load currents. If switch SW is closed,
corresponding to a short circuit at bus n, £, =0 and all currents except
I, remain zero. The fault current is I{, = I, = V¢/Z,,, which agrees with
(7.4.5). This fault current also induces a voltage drop Zi,l, = (Zin/Zm) Vr
across each branch k. The voltage at bus k& with respect to the neutral then
equals Vg minus this voltage drop, which agrees with (7.4.7).

As shown by Figure 7.6 as well as (7.4.5), subtransient fault currents
throughout an N-bus system can be determined from the bus impedance
matrix and the prefault voltage. Zy,s can be computed by first constructing
Yuus, via nodal equations, and then inverting Yy,,,. Once Zy,,s has been ob-
tained, these fault currents are easily computed.

EXAMPLE 7.5

PowerWorld Simulator case Example 7_5 models the 5-bus power system
whose one-line diagram is shown in Figure 6.2. Machine, line, and trans-
former data are given in Tables 7.3, 7.4, and 7.5. This system is initially un-
loaded. Prefault voltages at all the buses are 1.05 per unit. Use PowerWorld
Simulator to determine the fault current for three-phase faults at each of the
buses.
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TABLE 7.3

Synchronous machine
data for
SYMMETRICAL
SHORT CIRCUITS
program*

TABLE 7.4

Line data for
SYMMETRICAL
SHORT CIRCUITS
program

TABLE 7.5

Transformer data for
SYMMETRICAL
SHORT CIRCUITS
program

TABLE 7.6

Zvys for Example 7.5
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Machine Subtransient Reactance—X]

Bus (per unit)
1 0.045
3 0.0225

*Spase = 100 MVA
Viase = 15 kV at buses 1, 3
=345 kV at buses 2, 4, 5

Equivalent Positive-Sequence Series Reactance

Bus-to-Bus (per unit)

2-4 0.1

2-5 0.05

4-5 0.025
Leakage Reactance—X

Bus-to-Bus (per unit)

1-5 0.02

3-4 0.01

SOLUTION To fault a bus from the one-line, first right-click on the bus sym-
bol to display the local menu, and then select ““Fault.” This displays the Fault
dialog (see Figure 7.8). The selected bus will be automatically selected as the
fault location. Verify that the Fault Location is “Bus Fault” and the Fault
Type is “3 Phase Balanced” (unbalanced faults are covered in Chapter 9).
Then select “Calculate,” located in the bottom left corner of the dialog, to de-
termine the fault currents and voltages. The results are shown in the tables at
the bottom of the dialog. Additionally, the values can be animated on the one-
line by changing the Oneline Display Field value. Since with a three-phase
fault the system remains balanced, the magnitudes of the a phase, b phase and
¢ phase values are identical. The 5 x 5 Z,s matrix for this system is shown in
Table 7.6, and the fault currents and bus voltages for faults at each of the buses
are given in Table 7.7. Note that these fault currents are subtransient fault cur-
rents, since the machine reactance input data consist of direct axis subtransient
reactances.

0.0279725 0.0177025 0.0085125 0.0122975 0.020405
0.0177025 0.0569525 0.0136475 0.019715  0.02557
J | 0.0085125 0.0136475 0.0182425 0.016353  0.012298
0.0122975 0.019715  0.016353  0.0236 0.017763
0.020405  0.02557 0.012298  0.017763  0.029475
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TABLE 7.7 Contributions to Fault Current
Fault currents and bus Fault Current Gen Line Current
voltages for Example 7.5 Fault Bus (per unit) or TRSF Bus-to-Bus (per unit)
1 37.536
G1 GRND-1 23.332
T1 5-1 14.204
2 18.436
L1 4-2 6.864
L2 5-2 11.572
3 57.556
G2 GRND-3 46.668
T2 4-3 10.888
4 44.456
L1 2-4 1.736
L3 5-4 10.412
T2 34 32.308
5 35.624
L2 2-5 2.78
IL 3 4-5 16.688
T1 1-5 16.152

Per-Unit Bus Voltage Magnitudes during the Fault

Ve = 1.05

Fault Bus: Bus | Bus 2 Bus 3 Bus 4 Bus 5
1 0.0000 0.7236 0.5600 0.5033 0.3231
2 0.3855 0.0000 0.2644 0.1736 0.1391
3 0.7304 0.7984 0.0000 0.3231 0.6119
4 0.5884 0.6865 0.1089 0.0000 0.4172
5 0.2840 0.5786 0.3422 0.2603 0.0000

#FFault Analysis AR .__L:_;ml
Faut Data |F,g Options | : :
Choose the Fauted Bus i FodtLocation——— 1 Fa Type j0aType Shour [ FaCuent———

{[CsotbyName @ SotbyNumber | =poco o | C SiglaLinetoGiond | _g"'::‘l”mT | Vagrids: |

: | C Linstolins | Sirmene . = i [75%_ Tpu |

2(Two )[345KV] CllnlinaFak 1 o b anced ! & Noms  C PhaseA C PhassC ||} A09% |
e i -
;Erx Jltiusm 'r_»_c:.;mzmé € Double Line-to Ground | 155 > i |
B | s | oot Loos | Swcragson|

Number [Name llmue\'ota IPhase\fnltB 1p¢.se\rnlu: |
1 1 Jone [0.00000 | 0.00000 | 0.00000
2 2 Two | 0.38551 | 038551 0.38551
3 3 [Three 073043 | 073043 | 0.73043 |
4 E ~ [Four 058841 | 058841 | 0.58B41
= s [Fve [028406 | 028406 | 0.28406

o | : R Moo | 7He |

FIGURE 7.8 Fault Analysis Dialog for Example 7.5—fault at bus 1
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-@. TR pREEMRE®S Case: Evample?_5.pwh Status: Paused | Simulator 15 Beta =%
Caselrformstion  Draw  Onelines  Tools  Options | AddDns | Window ®

o | 0 s @ | SO 82| M Wy |
B

Run Mode SCOPF... OFF Case OPF Options P av &vailable Transfer Transient Stability L Topology
%Smpt 2 Info and Results.. Curves.. Curves. Capability (ATC)... Stabiliny., Case Info ~ Processing.
Mode Log Optimal Power Flow (OPF) PV and OV Curves (PYOY) ATC Transient Stability (T5) opal ogy Processing| [
() Example7_5 =
One Five Four Three
23 pu 14 pu
0.000 pu 0.284 pu 0.588 pu
0.000 deg 0.000 deg 0.000 deg
0.730 pu
0.000 deg
0.386 pu Two
0.000 deg
Run Mode |Solution Anmation Stopped [ac | viewing Current Case |
FIGURE 7.9 Screen for Example 7.5—fault at bus 1 |

EXAMPLE 7.6

Redo Example 7.5 with an additional line installed between buses 2 and 4. This
line, whose reactance is 0.075 per unit, is not mutually coupled to any other line.

SOLUTION The modified system is contained in PowerWorld Simulator case
Example 7_6. Zy,s along with the fault currents and bus voltages are shown
in Tables 7.8 and 7.9.

TABLE 7.8 0.027723  0.01597 0.00864 0.01248 0.02004
0.01597  0.04501 0.01452 0.02097 0.02307
J10.00864 0.01452 0.01818 0.01626 0.01248
0.01248  0.02097 0.01626 0.02349 0.01803
0.02004  0.02307 0.01248 0.01803 0.02895

Zvys for Example 7.6
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TABLE 7.9 Contributions to Fault Current
Fault currents and bus Fault Current Gen Line Current
voltages for Example 7.6 Fault Bus (per unit) or TRSF Bus-to-Bus (per unit)
1 37.872
G1 GRND-1 23.332
T1 5-1 14.544
2 23.328
L1 4-2 5.608
L2 5-2 10.24
L4 4-2 7.48
3 57.756
G2 GRND-3 46.668
T2 4-3 11.088
4 44.704
L1 2-4 1.128
L3 5-4 9.768
L4 2-4 1.504
T2 34 32.308
5 36.268
L2 2-5 4.268
L3 4-5 15.848
T1 1-5 16.152

Per-Unit Bus Voltage Magnitudes during the Fault

Vg = 1.05

Fault Bus: Bus | Bus 2 Bus 3 Bus 4 Bus 5
1 0.0000 0.6775 0.5510 0.4921 0.3231
2 0.4451 0.0000 0.2117 0.1127 0.2133
3 0.7228 0.7114 0.0000 0.3231 0.5974
4 0.5773 0.5609 0.1109 0.0000 0.3962
5 0.2909 0.5119 0.3293 0.2442 0.0000

|

1.5

CIRCUIT BREAKER AND FUSE SELECTION

A SHORT CIRCUITS computer program may be utilized in power system
design to select, set, and coordinate protective equipment such as circuit
breakers, fuses, relays, and instrument transformers. In this section we discuss
basic principles of circuit breaker and fuse selection.

AC CIRCUIT BREAKERS

A circuit breaker is a mechanical switch capable of interrupting fault currents
and of reclosing. When circuit-breaker contacts separate while carrying
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current, an arc forms. The breaker is designed to extinguish the arc by elon-
gating and cooling it. The fact that ac arc current naturally passes through
zero twice during its 60-Hz cycle aids the arc extinction process.

Circuit breakers are classified as power circuit breakers when they are
intended for service in ac circuits above 1500 V, and as low-voltage circuit
breakers in ac circuits up to 1500 V. There are different types of circuit
breakers depending on the medium—air, oil, SF¢ gas, or vacuum—in which
the arc is elongated. Also, the arc can be elongated either by a magnetic force
or by a blast of air.

Some circuit breakers are equipped with a high-speed automatic reclos-
ing capability. Since most faults are temporary and self-clearing, reclosing is
based on the idea that if a circuit is deenergized for a short time, it is likely
that whatever caused the fault has disintegrated and the ionized arc in the
fault has dissipated.

When reclosing breakers are employed in EHV systems, standard prac-
tice is to reclose only once, approximately 15 to 50 cycles (depending on op-
erating voltage) after the breaker interrupts the fault. If the fault persists and
the EHV breaker recloses into it, the breaker reinterrupts the fault current
and then “locks out,” requiring operator resetting. Multiple-shot reclosing in
EHYV systems is not standard practice because transient stability (Chapter 11)
may be compromised. However, for distribution systems (2.4-46 kV) where
customer outages are of concern, standard reclosers are equipped for two or
more reclosures.

For low-voltage applications, molded case circuit breakers with dual
trip capability are available. There is a magnetic instantaneous trip for large
fault currents above a specified threshold and a thermal trip with time delay
for smaller fault currents.

Modern circuit-breaker standards are based on symmetrical interrupt-
ing current. It is usually necessary to calculate only symmetrical fault current
at a system location, and then select a breaker with a symmetrical interrupt-
ing capability equal to or above the calculated current. The breaker has the
additional capability to interrupt the asymmetrical (or total) fault current if
the dc offset is not too large.

Recall from Section 7.1 that the maximum asymmetry factor K (z = 0)
is v/3, which occurs at fault inception (z = 0). After fault inception, the dc
fault current decays exponentially with time constant T = (L/R) = (X/wR),
and the asymmetry factor decreases. Power circuit breakers with a 2-cycle
rated interruption time are designed for an asymmetrical interrupting capa-
bility up to 1.4 times their symmetrical interrupting capability, whereas slower
circuit breakers have a lower asymmetrical interrupting capability.

A simplified method for breaker selection is called the “E/X simplified
method” [1, 7]. The maximum symmetrical short-circuit current at the sys-
tem location in question is calculated from the prefault voltage and system
reactance characteristics, using computer programs. Resistances, shunt ad-
mittances, nonrotating impedance loads, and prefault load currents are
neglected. Then, if the X/R ratio at the system location is less than 15, a
breaker with a symmetrical interrupting capability equal to or above the
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TABLE 7.10 Rated Values
Preferred ratings for Insulation Level
outdoor circuit breakers _ Current
(symmetrical current Voltage Rated Withstand
basis of rating) [10] Identification ————  Test Voltage Rated Rated Short-
(Application Guide for Rated Rated ————— Continuous Circuit
AC High-Voltage ~ Nominal Nominal =~ Max  Voltage Low Current at Current
Circuit Breakers Rated Voltage  3-Phase Voltage Range Fre- Impulse 60 Hz (at Rated
on a Symmetrical Class MVA (kV,  Factor  quency (kV, (Amperes, Max kV)
Current Basis, ANSI (kV, rms) Class rms) (K)  (kV, rms) Crest) rms) (KA, rms)
Cﬂfelr?cg%”azg;ﬁi Col | Col2 Col3 Col4 Col5 Col6  Col7 Col 8
Standards Institute
2 14.4 250 15.5 2.67 600 8.9
1972)' © 1972 IEEE) 14.4 500 15.5 1.29 1200 18
23 500 25.8 2.15 1200 11
34.5 1500 38 1.65 1200 22
46 1500 48.3 1.21 1200 17
69 2500 72.5 1.21 1200 19
115 121 1.0 1200 20
115 121 1.0 1600 40
115 121 1.0 2000 40
115 121 1.0 2000 63
115 121 1.0 3000 40
115 121 1.0 3000 63
138 145 1.0 1200 20
138 Not 145 1.0 1600 40
138 145 1.0 2000 40
138 145 1.0 2000 63
138 145 1.0 2000 80
138 Applicable 145 1.0 3000 40
138 145 1.0 3000 63
138 145 1.0 3000 80
161 169 1.0 1200 16
161 169 1.0 1600 31.5
161 169 1.0 2000 40
161 169 1.0 2000 50
230 242 1.0 1600 31.5
230 242 1.0 2000 315
230 242 1.0 3000 315
230 242 1.0 2000 40
230 242 1.0 3000 40
230 242 1.0 3000 63
345 362 1.0 2000 40
345 362 1.0 3000 40
500 550 1.0 2000 40
500 550 1.0 3000 40
700 765 1.0 2000 40
700 765 1.0 3000 40
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TABLE 7.10 Related Required Capabilities
(continued) Current Values
Max 3-Second
Symmet- Short-Time
yrical Current Clos'ng, and
Rated Values Interrupting Carrying (I:':;;E:ﬂfy
Rated Rated Max Capability Capability |.6K Times
Rated Permissible Voltage K Times Rated Short- Rated Short-
Interrupting Tripping Divided Circuit Current Circuit
Time Delay by K Current
(Cycles) (Seconds) (kV, rms) (KA, rms) (KA, rms) (KA, rms)
Col 9 Col 10 Col 11 Col 12 Col I3 Col 14
5 2 5.8 24 24 38
5 2 12 23 23 37
5 2 12 24 24 38
5 2 23 36 36 58
5 2 40 21 21 33
5 2 60 23 23 37
3 1 121 20 20 32
3 1 121 40 40 64
3 1 121 40 40 64
3 1 121 63 63 101
3 1 121 40 40 64
3 1 121 63 63 101
3 1 145 20 20 32
3 1 145 40 40 64
3 1 145 40 40 64
3 1 145 63 63 101
3 1 145 80 80 128
3 1 145 40 40 64
3 1 145 63 63 101
3 1 145 80 80 128
3 1 169 16 16 26
3 1 169 31.5 31.5 50
3 1 169 40 40 64
3 1 169 50 50 80
3 1 242 31.5 31.5 50
3 1 242 315 315 50
3 1 242 31.5 31.5 50
3 1 242 40 40 64
3 1 242 40 40 64
3 1 242 63 63 101
3 1 362 40 40 64
3 1 362 40 40 64
2 1 550 40 40 64
2 1 550 40 40 64
2 1 765 40 40 64
2 1 765 40 40 64
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404 CHAPTER 7 SYMMETRICAL FAULTS

calculated current at the given operating voltage is satisfactory. However, if
X/R is greater than 15, the dc offset may not have decayed to a sufficiently
low value. In this case, a method for correcting the calculated fault current to
account for dc and ac time constants as well as breaker speed can be used
[10]. If X/R is unknown, the calculated fault current should not be greater
than 80% of the breaker interrupting capability.

When selecting circuit breakers for generators, two cycle breakers are
employed in practice, and the subtransient fault current is calculated; there-
fore subtransient machine reactances X/; are used in fault calculations. For
synchronous motors, subtransient reactances X, or transient reactances X,
are used, depending on breaker speed. Also, induction motors can momen-
tarily contribute to fault current. Large induction motors are usually modeled
as sources in series with X/ or X/, depending on breaker speed. Smaller in-
duction motors (below 50 hp) are often neglected entirely.

Table 7.10 shows a schedule of preferred ratings for outdoor power cir-
cuit breakers. We describe some of the more important ratings shown next.

Voltage ratings

Rated maximum voltage: Designates the maximum rms line-to-line op-
erating voltage. The breaker should be used in systems with an operat-
ing voltage less than or equal to this rating.

Rated low frequency withstand voltage: The maximum 60-Hz rms line-
to-line voltage that the circuit breaker can withstand without insulation
damage.

Rated impulse withstand voltage: The maximum crest voltage of a volt-
age pulse with standard rise and delay times that the breaker insulation
can withstand.

Rated voltage range factor K: The range of voltage for which the sym-
metrical interrupting capability times the operating voltage is constant.

Current ratings

Rated continuous current: The maximum 60-Hz rms current that the
breaker can carry continuously while it is in the closed position without
overheating.

Rated short-circuit current: The maximum rms symmetrical current that
the breaker can safely interrupt at rated maximum voltage.

Rated momentary current: The maximum rms asymmetrical current that
the breaker can withstand while in the closed position without damage.
Rated momentary current for standard breakers is 1.6 times the sym-
metrical interrupting capability.

Rated interrupting time: The time in cycles on a 60-Hz basis from
the instant the trip coil is energized to the instant the fault current is
cleared.
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Symmetrical
FIGURE 7.10 interrupting
Symmetrical interrupting CaF(JSEI)"W

capability of a 69-kV
class breaker

vmln = T -
k | Vimax Operations
1 1 It
60 V 725 o

Rated interrupting MV A: For a three-phase circuit breaker, this is v/3
times the rated maximum voltage in kV times the rated short-circuit
current in kA. It is more common to work with current and voltage
ratings than with MVA rating.

As an example, the symmetrical interrupting capability of the 69-kV
class breaker listed in Table 7.10 is plotted versus operating voltage in Figure
7.10. As shown, the symmetrical interrupting capability increases from its
rated short-circuit current I =19 kA at rated maximum voltage V.« =
72.5 kV up to Iax = KI = (1.21)(19) = 23 kA at an operating voltage Vi, =
Vinax/K = 72.5/1.21 = 60 kV. At operating voltages V between Vi, and
Vimax, the symmetrical interrupting capability is I x Vi /V = 1378/V kA.
At operating voltages below V,;,, the symmetrical interrupting capability re-
mains at I, = 23 kKA.

Breakers of the 115-kV class and higher have a voltage range factor
K = 1.0; that is, their symmetrical interrupting current capability remains
constant.

EXAMPLE 7.7 Circuit breaker selection

The calculated symmetrical fault current is 17 kA at a three-phase bus where
the operating voltage is 64 kV. The X/R ratio at the bus is unknown. Select a
circuit breaker from Table 7.10 for this bus.

SOLUTION The 69-kV-class breaker has a symmetrical interrupting capabil-
ity I(Vimax/V) = 19(72.5/64) = 21.5 kA at the operating voltage V = 64 kV.
The calculated symmetrical fault current, 17 kA, is less than 80% of this ca-
pability (less than 0.80 x 21.5 = 17.2 kA), which is a requirement when X/R
is unknown. Therefore, we select the 69-kV-class breaker from Table 7.10. H
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FUSES

Figure 7.11(a) shows a cutaway view of a fuse, which is one of the simplest
overcurrent devices. The fuse consists of a metal “fusible” link or links en-
capsulated in a tube, packed in filler material, and connected to contact ter-
minals. Silver is a typical link metal, and sand is a typical filler material.

During normal operation, when the fuse is operating below its continu-
ous current rating, the electrical resistance of the link is so low that it simply
acts as a conductor. If an overload current from one to about six times its
continuous current rating occurs and persists for more than a short interval
of time, the temperature of the link eventually reaches a level that causes
a restricted segment of the link to melt. As shown in Figure 7.11(b), a gap
is then formed and an electric arc is established. As the arc causes the link
metal to burn back, the gap width increases. The resistance of the arc even-
tually reaches such a high level that the arc cannot be sustained and it is
extinguished, as in Figure 7.11(c). The current flow within the fuse is then
completely cut off.

FIGURE 7.11 Restricted segment Link

Typical fuse

\‘_"\_gxm‘ <— terminal

filler

(a) Cutaway view

(b) The link melts and an arc is established
under sustained overload current

(c) The “"open” link after clearing the
overload current.
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If the fuse is subjected to fault currents higher than about six times its
continuous current rating, several restricted segments melt simultaneously,
resulting in rapid arc suppression and fault clearing. Arc suppression is accel-
erated by the filler material in the fuse.

Many modern fuses are current limiting. As shown in Figure 7.12, a
current-limiting fuse has such a high speed of response that it cuts off a high
fault current in less than a half cycle—before it can build up to its full peak
value. By limiting fault currents, these fuses permit the use of motors, trans-
formers, conductors, and bus structures that could not otherwise withstand
the destructive forces of high fault currents.

Fuse specification is normally based on the following four factors.

1. Voltage rating. This rms voltage determines the ability of a fuse
to suppress the internal arc that occurs after the fuse link melts. A
blown fuse should be able to withstand its voltage rating. Most low-
voltage fuses have 250- or 600-V ratings. Ratings of medium-voltage
fuses range from 2.4 to 34.5 kV.

2. Continuous current rating. The fuse should carry this rms current in-
definitely, without melting and clearing.

3. Interrupting current rating. This is the largest rms asymmetrical cur-
rent that the fuse can safely interrupt. Most modern, low-voltage
current-limiting fuses have a 200-kA interrupting rating. Standard
interrupting ratings for medium-voltage current-limiting fuses in-
clude 65, 80, and 100 kA.

4. Time response. The melting and clearing time of a fuse depends on the
magnitude of the overcurrent or fault current and is usually specified
by a “time—current” curve. Figure 7.13 shows the time—current
curve of a 15.5-kV, 100-A (continuous) current-limiting fuse. As
shown, the fuse link melts within 2 s and clears within 5 s for a 500-
A current. For a 5-kA current, the fuse link melts in less than 0.01 s
and clears within 0.015 s.
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It is usually a simple matter to coordinate fuses in a power circuit such
that only the fuse closest to the fault opens the circuit. In a radial circuit,
fuses with larger continuous current ratings are located closer to the

source, such that the fuse closest to the fault clears before other, upstream
fuses melt.
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Fuses are inexpensive, fast operating, easily coordinated, and reliable,
and they do not require protective relays or instrument transformers. Their
chief disadvantage is that the fuse or the fuse link must be manually replaced
after it melts. They are basically one-shot devices that are, for example, inca-
pable of high-speed reclosing.

MULTIPLE CHOICE QUESTIONS
SECTION 7.1

7.1 The asymmetrical short-circuit current in series R—L circuit for a simulated solid or
“bolted fault” can be considered as a combination of symmetrical (AC) component
that is a , and DC-offset current that decays , and depends on

. Fill in the Blanks.

7.2 Even though the fault current is not symmetrical and not strictly periodic, the RMS
asymmetrical fault current is computed as the RMS AC fault current times an “asym-
metry factor,” which is a function of . Fill in the Blank.

SECTION 7.2

7.3  The amplitude of the sinusoidal symmetrical AC component of the three-phase short-
circuit current of an unloaded synchronous machine decreases from a high initial
value to a lower steady-state value, going through the stages of and

periods. Fill in the Blanks.

7.4 The duration of subtransient fault current is dictated by time constant,
and that of transient fault current is dictated by time constant. Fill in the
Blanks.

7.5 The reactance that plays a role under steady-state operation of a synchronous ma-
chine is called . Fill in the Blank.

7.6 The DC-offset component of the three-phase short-circuit current of an unloaded syn-
chronous machine is different in the three phases and its exponential decay is dictated
by . Fill in the Blank.

SECTION 7.3

7.7  Generally, in power-system short-circuit studies, for calculating subtransient fault cur-
rents, transformers are represented by their , transmission lines by their
equivalent , and synchronous machines by behind their sub-
transient reactances. Fill in the Blanks.

7.8 In power-system fault studies, all nonrotating impedance loads are usually neglected.
(a) True (b) False
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7.9 Can superposition be applied in power-system short-circuit studies for calculating
fault currents?
(a) Yes (b) No

7.10 Before proceeding with per-unit fault current calculations, based on the single-line di-
agram of the power system, a positive-sequence equivalent circuit is set up on a cho-
sen base system.

(a) True (b) False

SECTION 7.4

7.11  The inverse of the bus-admittance matrix is called matrix. Fill in the
Blank.

7.12 For a power system, modeled by its positive-sequence network, both bus-admittance
matrix and bus-impedance matrix are symmetric.

(a) True (b) False

7.13 The bus-impedance equivalent circuit can be represented in the form of a "rake" with
the diagonal elements, which are , and the non-diagonal (off-diagonal) ele-
ments, which are . Fill in the Blanks.

SECTION 7.5
7.14 A circuit breaker is designed to extinguish the arc by . Fill in the Blank.

7.15 Power-circuit breakers are intended for service in AC circuit above V. Fill
in the Blank.

7.16 In circuit breakers, besides air or vacuum, what gaseous medium, in which the arc is
elongated, is used?

7.17 Oil can be used as a medium to extinguish the arc in circuit breakers.
(a) True (b) False

7.18 Besides a blast of air/gas, the arc in a circuit breaker can be elongated by
Fill in the Blank.

7.19 For distribution systems, standard reclosers are equipped for two or more reclosures,
where as multiple-shot reclosing in EHV systems is not a standard practice.
(a) True (b) False

7.20 Breakers of the 115-kV class and higher have a voltage range factor K = ,
such that their symmetrical interrupting current capability remains constant. Fill in
the Blank.

7.21 A typical fusible link metal in fuses is , and a typical filler material is
. Fill in the Blanks.

7.22 The melting and clearing time of a current-limiting fuse is usually specified by a
curve.
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PROBLEMS
SECTION 7.1

7.1 In the circuit of Figure 7.1, V=277 volts, L=2 mH, R =04 Q, and o = 2760
rad/s. Determine (a) the rms symmetrical fault current; (b) the rms asymmetrical
fault current at the instant the switch closes, assuming maximum dc offset; (c) the rms
asymmetrical fault current 5 cycles after the switch closes, assuming maximum dc off-
set; (d) the dc offset as a function of time if the switch closes when the instantaneous
source voltage is 300 volts.

7.2 Repeat Example 7.1 with V=4kV, X=2Q and R =1 Q.

7.3 In the circuit of Figure 7.1, let R =0.125 Q, L = 10 mH, and the source voltage is
e(t) = 151 sin(377t 4+ o) V. Determine the current response after closing the switch for
the following cases: (a) no dc offset; (b) maximum dc offset. Sketch the current wave-
form up to t = 0.10 s corresponding to case (a) and (b).

7.4 Consider the expression for i(z) given by
i(1) = V2Img[sin(wt — 6.) + sin 0.6 R/Y)"

where 0, = tan ' (wL/R).

(a) For (X/R) equal to zero and infinity, plot i(¢) as a function of (w?).

(b) Comment on the DC offset of the fault current waveforms.

(c) Find the asymmetrical current factor and the time of peak, ¢,, in milliseconds, for
(X/R) ratios of zero and infinity.

7.5  If the source impedance at a 13.2 kV distribution substation bus is (0.5 + j1.5) Q per
phase, compute the RMS and maximum peak instantaneous value of the fault current,
for a balanced three-phase fault. For the system (X/R) ratio of 3.0, the asymmetrical
factor is 1.9495 and the time of peak is 7.1 ms (see Problem 7.4). Comment on the
withstanding peak current capability to which all substation electrical equipment need
to be designed.

SECTION 7.2

7.6 A 1000-MVA 20-kV, 60-Hz three-phase generator is connected through a 1000-MVA
20-kV A/345-kV Y transformer to a 345-kV circuit breaker and a 345-kV transmission
line. The generator reactances are X = 0.17, X, = 0.30, and X,; = 1.5 per unit, and
its time constants are T = 0.05, T, = 1.0, and Ta = 0.10 s. The transformer series
reactance is 0.10 per unit; transformer losses and exciting current are neglected. A
three-phase short-circuit occurs on the line side of the circuit breaker when the gener-
ator is operated at rated terminal voltage and at no-load. The breaker interrupts the
fault 3 cycles after fault inception. Determine (a) the subtransient current through
the breaker in per-unit and in kA rms; and (b) the rms asymmetrical fault current the
breaker interrupts, assuming maximum dc offset. Neglect the effect of the transformer
on the time constants.

7.7 For Problem 7.6, determine (a) the instantaneous symmetrical fault current in kA in
phase a of the generator as a function of time, assuming maximum dc offset occurs in
this generator phase; and (b) the maximum dc offset current in kA as a function of
time that can occur in any one generator phase.

7.8 A 300-MVA, 13.8-kV, three-phase, 60-Hz, Y-connected synchronous generator is ad-
justed to produce rated voltage on open circuit. A balanced three-phase fault is
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412 CHAPTER 7 SYMMETRICAL FAULTS

applied to the terminals at t = 0. After analyzing the raw data, the symmetrical tran-
sient current is obtained as

fac(t) = 10*(1 + e Y7 4 6e7Y2) A
where 77 =200 ms and 7 =15 ms. (a) Sketch i,(t) as a function of time for
0 < t < 500 ms. (b) Determine X,” and X, in per-unit based on the machine ratings.

7.9 Two identical synchronous machines, each rated 60 MVA, 15 kV, with a subtransient
reactance of 0.1 pu, are connected through a line of reactance 0.1 pu on the base of
the machine rating. One machine is acting as a synchronous generator, while the other
is working as a motor drawing 40 MW at 0.8 pf leading with a terminal voltage of
14.5 kV, when a symmetrical three-phase fault occurs at the motor terminals. Deter-
mine the subtransient currents in the generator, the motor, and the fault by using the
internal voltages of the machines. Choose a base of 60 MVA, 15 kV in the generator
circuit.

SECTION 7.3
7.10 Recalculate the subtransient current through the breaker in Problem 7.6 if the genera-
tor is initially delivering rated MVA at 0.80 p.f. lagging and at rated terminal voltage.

7.11 Solve Example 7.4, parts (a) and (c) without using the superposition principle. First
calculate the internal machine voltages £, and E,, using the prefault load current.

m>

Then determine the subtransient fault, generator, and motor currents directly from
Figure 7.4(a). Compare your answers with those of Example 7.3.

7.12 Equipment ratings for the four-bus power system shown in Figure 7.14 are as follows:
Generator G1: 500 MVA, 13.8 kV, X" = 0.20 per unit
Generator G2: 750 MVA, 18 kV, X" = 0.18 per unit
Generator G3: 1000 MVA, 20 kV, X" = 0.17 per unit
Transformer T1: 500 MVA, 13.8 A/500 Y kV, X = 0.12 per unit
Transformer T2: 750 MVA, 18 A/500 Y kV, X = 0.10 per unit
Transformer T3: 1000 MVA, 20 A/500 Y kV, X = 0.10 per unit
Each 500-kV line: X; =50Q

A three-phase short circuit occurs at bus 1, where the prefault voltage is 525 kV.
Prefault load current is neglected. Draw the positive-sequence reactance diagram in

FIGURE 7.14 g; o @ @ ® T3 a3
Problems 7.12, 7.13, /504 j50 Q
7.19, 7.24,7.25,7.26
Y
A j50 © YA

@

Y

A

T2
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per-unit on a 1000-MVA, 20-kV base in the zone of generator G3. Determine (a) the
Thévenin reactance in per-unit at the fault, (b) the subtransient fault current in per-
unit and in kA rms, and (c) contributions to the fault current from generator G1 and
from line 1-2.

7.13 For the power system given in Problem 7.12, a three-phase short circuit occurs at
bus 2, where the prefault voltage is 525 kV. Prefault load current is neglected. Deter-
mine the (a) Thévenin equivalent at the fault, (b) subtransient fault current in per-unit
and in kA rms, and (c) contributions to the fault from lines 1-2, 2-3, and 2-4.

7.14 Equipment ratings for the five-bus power system shown in Figure 7.15 are as follows:
Generator G1: 50 MVA, 12 kV, X" = 0.2 per unit
Generator G2: 100 MVA, 15 kV, X" = 0.2 per unit
Transformer T1: 50 MVA, 10 kV Y/138 kV Y, X = 0.10 per unit
Transformer T2: 100 MVA, 15 kV A/138 kV 'Y, X = 0.10 per unit
Each 138-kV line: X; =40 Q

A three-phase short circuit occurs at bus 5, where the prefault voltage is 15 kV. Pre-
fault load current is neglected. (a) Draw the positive-sequence reactance diagram in
per-unit on a 100-MVA, 15-kV base in the zone of generator G2. Determine: (b) the
Thévenin equivalent at the fault, (c) the subtransient fault current in per-unit and
in kA rms, and (d) contributions to the fault from generator G2 and from
transformer T2.

FIGURE 7.15 61 1 T ) 3

Problems 7.14, 7.15, 7.20 \I/ O— jg !
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u”_—K
O
[]
[

7.15 For the power system given in Problem 7.14, a three-phase short circuit occurs at bus
4, where the prefault voltage is 138 kV. Prefault load current is neglected. Determine
(a) the Thévenin equivalent at the fault, (b) the subtransient fault current in per-unit
and in kA rms, and (c) contributions to the fault from transformer T2 and from
line 3—4.
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7.16 In the system shown in Figure 7.16, a three-phase short circuit occurs at point F.
Assume that prefault currents are zero and that the generators are operating at rated
voltage. Determine the fault current.

FIGURE 7.16 11kV C) o
20 MVA 15% 30 M;’;A‘r’/" (3+/5) O

Problem 7.16 3<

11kV 13 33KV F
10 MVA10%@

7.17 A three-phase short circuit occurs at the generator bus (bus 1) for the system shown in
Figure 7.17. Neglecting prefault currents and assuming that the generator is operating
at its rated voltage, determine the subtransient fault current using superposition.

FIGURE 7.17 bus 1 bus 2

Problem 7.17 - ’ 65 0 ’ »
IngOs: j% f%i a2l

25 MVA 25 MVA 25 MVA 15 MVA
13.8 kV 13.2/69 kV 69/13.2 kV 13 kV
15% 1% 1% 15%

SECTION 7.4

7.18 (a) The bus impedance matrix for a three-bus power system is
0.12 0.08 0.04
Zys=j|0.08 0.12 0.06| per unit
0.04 0.06 0.08
where subtransient reactances were used to compute Zy,s. Prefault voltage is 1.0 per
unit and prefault current is neglected. (a) Draw the bus impedance matrix equivalent
circuit (rake equivalent). Identify the per-unit self- and mutual impedances as well as the
prefault voltage in the circuit. (b) A three-phase short circuit occurs at bus 2. Determine

the subtransient fault current and the voltages at buses 1, 2, and 3 during the fault.
(b) For 7.18 Repeat for the case of

04 0.1 03
Zps=j|0.1 0.8 0.5| per unit
0.3 05 1.2
7.19 Determine Yy, in per-unit for the circuit in Problem 7.12. Then invert Y5 to obtain

Zbus-

7.20 Determine Yy, in per-unit for the circuit in Problem 7.14. Then invert Y5 to obtain
VA bus-

7.21 Figure 7.18 shows a system reactance diagram. (a) Draw the admittance diagram for
the system by using source transformations. (b) Find the bus admittance matrix Y.
(c) Find the bus impedance Zy,,s matrix by inverting ¥pys.
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FIGURE 7.18 B 2 4 o2
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7.22 For the network shown in Figure 7.19, impedances labeled 1 through 6 are in per-unit.
(a) Determine Yyy. Preserve all buses. (b) Using MATLAB or a similar computer
program, invert Yy,s to obtain Zy,s.

FIGURE 7.19 @ _ jo.2
Problem 7.22 ®)
j0.125
(6)
j0.25 jo.4
(2 — ) —
@ ® ®
j1.25 j1.25
(1) (4)

! ©

Reference

7.23 A single-line diagram of a four-bus system is shown in Figure 7.20, for which Zgys is
given below:

025 02 016 0.14
02 023 0.15 0.151

0.16 0.15 0.196 0.1
0.14 0.151 0.1 0.195

Zgus = J per unit

Let a three-phase fault occur at bus 2 of the network.

(a) Calculate the initial symmetrical RMS current in the fault.

(b) Determine the voltages during the fault at buses 1, 3, and 4.

(c) Compute the fault currents contributed to bus 2 by the adjacent unfaulted buses 1,
3, and 4.

(d) Find the current flow in the line from bus 3 to bus 1. Assume the prefault voltage
Vy at bus 2 to be 1/0° pu, and neglect all prefault currents.
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FIGURE 7.20 BUS 2

Single-line diagram for
Problem 7.23

BUS 3 BUS 4

jo.1

j0.2 j0.2
j0 (ground is the reference node) /0

7.24 PowerWorld Simulator case Problem 7_24 models the system shown in Figure 7.14
with all data on a 1000-MVA base. Using PowerWorld Simulator, determine the cur-
rent supplied by each generator and the per-unit bus voltage magnitudes at each bus
for a fault at bus 2.

7.25 Repeat Problem 7.24, except place the fault at bus 1.

7.26 Repeat Problem 7.24, except place the fault midway between buses 2 and 4. Deter-
mining the values for line faults requires that the line be split, with a fictitious bus
added at the point of the fault. The original line’s impedance is then allocated to the
two new lines based on the fault location, 50% each for this problem. Fault calcu-
lations are then the same as for a bus fault. This is done automatically in PowerWorld
Simulator by first right-clicking on a line, and then selecting “Fault.” The Fault
dialog appears as before, except now the fault type is changed to “In-Line Fault.” Set
the location percentage field to 50% to model a fault midway between buses 2 and 4.

7.27 One technique for limiting fault current is to place reactance in series with the
generators. Such reactance can be modeled in Simulator by increasing the value of the
generator’s positive sequence internal impedance. For the Problem 7.24 case, how much
per-unit reactance must be added to G3 to limit its maximum fault current to 2.5 per unit
for all 3 phase bus faults? Where is the location of the most severe bus fault?

7.28 Using PowerWorld Simulator case Example 6.13, determine the per-unit current and
actual current in amps supplied by each of the generators for a fault at the PETE69
bus. During the fault, what percentage of the system buses have voltage magnitudes
below 0.75 per unit?

7.29 Repeat Problem 7.28, except place the fault at the BOB69 bus.
7.30 Redo Example 7.5, except first open the generator at bus 3.

SECTION 7.5

7.31 A three-phase circuit breaker has a 15.5-kV rated maximum voltage, 9.0-kA rated
short-circuit current, and a 2.67-rated voltage range factor. (a) Determine the sym-
metrical interrupting capability at 10-kV and 5-kV operating voltages. (b) Can this
breaker be safely installed at a three-phase bus where the symmetrical fault current is
10 kA, the operating voltage is 13.8 kV, and the (X/R) ratio is 12?

Copyright 2010 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



CASE STUDY QUESTIONS 417

7.32 A 500-kV three-phase transmission line has a 2.2-kA continuous current rating and
a 2.5-kA maximum short-time overload rating, with a 525-kV maximum operating
voltage. Maximum symmetrical fault current on the line is 30 kA. Select a circuit
breaker for this line from Table 7.10.

7.33 A 69-kV circuit breaker has a voltage range factor K = 1.21, a continuous current
rating of 1200 A, and a rated short-circuit current of 19,000 A at the maximum rated
voltage of 72.5 kV. Determine the maximum symmetrical interrupting capability of
the breaker. Also, explain its significance at lower operating voltages.

7.34 As shown in Figure 7.21, a 25-MVA, 13.8-kV, 60-Hz synchronous generator with
X," =0.15 per unit is connected through a transformer to a bus that supplies four
identical motors. The rating of the three-phase transformer is 25 MVA, 13.8/6.9 kV,
with a leakage reactance of 0.1 per unit. Each motor has a subtransient reactance
X," = 0.2 per unit on a base of 5 MVA and 6.9 kV. A three-phase fault occurs at
point P, when the bus voltage at the motors is 6.9 kV. Determine: (a) the subtransient
fault current, (b) the subtransient current through breaker A, (c) the symmetrical
short-circuit interrupting current (as defined for circuit breaker applications) in the
fault and in breaker A.

FIGURE 7.21
Problem 7.34
Gen.
A tP

CASE STUDY QUESTIONS

Motors

A. Why are arcing (high-impedance) faults more difficult to detect than low-impedance
faults?

B. What methods are available to prevent the destructive effects of arcing faults from
occurring?

DESIGN PROJECT 4 (CONTINUED):
POWER FLOW/SHORT CIRCUITS

Additional time given: 3 weeks
Additional time required: 10 hours

This is a continuation of Design Project 4. Assignments 1 and 2 are given in
Chapter 6.
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418 CHAPTER 7 SYMMETRICAL FAULTS

Assignment 3: Symmetrical Short Circuits

For the single-line diagram that you have been assigned (Figure 6.13 or 6.14),
convert the positive-sequence reactance data to per-unit using the given base
quantities. For synchronous machines, use subtransient reactance. Then using
PowerWorld Simulator, create the machine, transmission line, and trans-
former input data files. Next, run the program to compute subtransient fault
currents for a bolted three-phase-to-ground fault at bus I, then at bus 2,
then at bus 3, and so on. Also compute bus voltages during the faults and the
positive-sequence bus impedance matrix. Assume 1.0 per-unit prefault volt-
age. Neglect prefault load currents and all losses.

Your output for this assignment consists of three input data files and
three output data (fault currents, bus voltages, and the bus impedance ma-
trix) files.

This project continues in Chapter 9.
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Generator stator showing
completed windings for a
757-MVA, 3600-RPM,
60-Hz synchronous
generator (Courtesy of
General Electric)

SYMMETRICAL COMPONENTS

The method of symmetrical components, first developed by C. L. Fortescue
in 1918, is a powerful technique for analyzing unbalanced three-phase sys-
tems. Fortescue defined a linear transformation from phase components to a
new set of components called symmetrical components. The advantage of this
transformation is that for balanced three-phase networks the equivalent cir-
cuits obtained for the symmetrical components, called sequence networks, are
separated into three uncoupled networks. Furthermore, for unbalanced three-
phase systems, the three sequence networks are connected only at points of
unbalance. As a result, sequence networks for many cases of unbalanced
three-phase systems are relatively easy to analyze.

The symmetrical component method is basically a modeling technique
that permits systematic analysis and design of three-phase systems. Decou-
pling a detailed three-phase network into three simpler sequence networks
reveals complicated phenomena in more simplistic terms. Sequence network

419
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420 CHAPTER 8 SYMMETRICAL COMPONENTS

results can then be superposed to obtain three-phase network results. As
an example, the application of symmetrical components to unsymmetrical
short-circuit studies (see Chapter 9) is indispensable.

The objective of this chapter is to introduce the concept of symmetrical
components in order to lay a foundation and provide a framework for later
chapters covering both equipment models as well as power system analysis
and design methods. In Section 8.1, we define symmetrical components. In
Sections 8.2-8.7, we present sequence networks of loads, series impedances,
transmission lines, rotating machines, and transformers. We discuss complex
power in sequence networks in Section 8.8. Although Fortescue’s original
work 1is valid for polyphase systems with n phases, we will consider only
three-phase systems here.

CASE STUDY The following article provides an overview of circuit breakers with high voltage ratings

at or above 72.5 kV [4]. Circuit breakers are broadly classified by the medium used to
extinguish the arc: bulk oil, minimum oil, air-blast, vacuum, and sulfur hexafluoride (SFy).
For high voltages, oil circuit breakers dominated in the early 1900s through the 1950s for
applications up to 362 kV, with minimum oil circuit breakers developed up to 380 kV.
The development of air-blast circuit breakers started in Europe in the 1920s and became
prevalent in the 1950s. Air-blast circuit breakers, which use air under high pressure that
is blown between the circuit breaker contacts to extinguish the arc, have been used at
voltages up to 800 kV and many are still in operation today. Air-blast circuit breakers
were manufactured until the 1980s when they were supplanted by lower cost and simpler
SF¢ puffer-type circuit breakers. SF¢ gas possesses exceptional arc-interrupting properties
that have led to a worldwide change to SF¢ high-voltage circuit breakers, which are more
reliable, more efficient and more compact than other types of circuit breakers. Vacuum
circuit breakers are commonly used at medium voltages between | and 72.5 kV.

Circuit Breakers Go High Voltage:
The Low Operating Energy of SFg
Circuit Breakers Improves Reliability
and Reduces Wear and Tear

DENIS DUFOURNET

The first sulfur hexafluoride (SF¢) gas industrial de-
velopments were in the medium voltage range. This
equipment confirmed the advantages of a technique
that uses SF¢ at a low-pressure level concurrently
with the auto-pneumatic blast system to interrupt
the arc that was called later puffer.

(“Circuit Breakers Go High Voltage” by Denis Dufournet.
© 2009 IEEE. Reprinted, with permission, from IEEE
Power & Energy Magazine, January/February 2009)
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High-voltage SF4 circuit breakers with self-blast
interrupters have found worldwide acceptance
because their high current interrupting capability is
obtained with a low operating energy that can be
provided by low-cost, spring-operated mechanisms.
The low-operating energy required reduces the
stress and wear of the mechanical components and
significantly improves the overall reliability of the
circuit breaker. This switching principle was first
introduced in the high-voltage area about 20 years
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ago, starting with the voltage level of 72.5 kV. Today
this technique is available up to 800 kV. Furthermore
it is used for generator circuit breaker applications
with short circuit currents of 63 kA and above.

Service experience shows that when the SFq¢
circuit breakers of the self-blast technology were
first designed, the expectations of the designers had
been fulfilled completely with respect to reliability
and day-to-day operation.

A HISTORY OF CIRCUIT BREAKERS

Bulk oil circuit breakers dominated in the early 1900s
and remained in use throughout the 1950s, for appli-
cations up to 362 kV for which they had eight breaks
in series. They were replaced by minimum oil and air-
blast circuit breakers for high-voltage applications.

Minimum oil circuit breakers, as shown in
Figure I, have arc control structures that improve
the arc cooling process and significantly reduce the
volume of oil. They were developed up to 380 kV, in
particular for the first 380 kV network in the world
(Harspranget—Halsberg line in Sweden in 1952).
There were tentative extensions to 765 kV, 50 kA,
but minimum oil circuit breakers were supplanted
in the EHV range by air-blast circuit breakers that
were the first to be applied in 525, 735, and 765 kV
networks, respectively in Russia (1960), Canada
(1965), and the United States (1969).

Air-blast circuit breakers, as shown in Figure 2,
use air under high pressure that is blown through
the arc space between the opening contacts to ex-
tinguish the arc. The development of air-blast circuit
breakers started in Europe in the 1920s, with fur-
ther development in 1930s and 1940s, and became
prevalent in the 1950s.

Air-blast circuit breakers were very successful in
North America and Europe. They had an inter-
rupting capability of 63 kA, later increased to 90 kA
in the 1970s. Many circuit breakers of this type are
still in operation today, in particular in North
America, at 550 and 800 kV.

Air-blast circuit breakers were manufactured
until the 1980s when they were supplanted by the

Figure |
Minimum oil circuit breaker 145 kV type orthojector
(Courtesy of Alstom Grid)

s Figure 2
lower cost and less complex SF¢ puffer-type circuit  Ajrplast circuit breaker type PK12 applied to 765 kV
breakers. in North America (Courtesy of Alstom Grid)
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The first industrial application of SF¢ dates from
1937 when it was used in the United States as an
insulating medium for cables (patent by FS. Cooper
of General Electric). With the advent of the nuclear
power industry in the 1950s, SF¢ was produced in
large quantities and its use extended to circuit
breakers as a quenching medium.

The first application of SF¢ for current interrup-
tion was done in 1953 when I5-161 kV switches
were developed by Westinghouse. The first high-
voltage SF¢ circuit breakers were built also by
Westinghouse in 1956, the interrupting capability
was then limited to 5 kA under |15 kV, with each
pole having six interrupting units in series. In 1959,
Westinghouse produced the first SF¢ circuit break-
ers with high current interrupting capabilities:
41.8 kA under 138 kV (10,000 MVA) and 37.8 kA
under 230 kV (15,000 MVA). These circuit breakers
were of the dual pressure type based on the axial
blast principles used in air-blast circuit breakers.
They were supplanted by the SFq puffer circuit
breakers.

In 1967, the puffer-type technique was in-
troduced for high-voltage circuit breakers where
the relative movement of a piston and a cylinder
linked to the moving contact produced the pressure
build-up necessary to blast the arc. The puffer
technique, shown in Figure 3, was applied in the
first 245 kV metal-enclosed gas insulated circuit
breaker installed in France in 1969.

The excellent properties of SF¢ lead to the fast
extension of this technique in the 1970s and to

Figure 3
Puffer-type circuit breaker
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its use for the development of circuit breakers
with high current interrupting capability, up to
800 kV.

The achievement, around 1983, of the first
single-break 245 kV and the corresponding 420 kV,
550 kV, and 800 kV, with, respectively, two, three,
and four chambers per pole, lead to the domi-
nance of SFy circuit breakers in the complete high-
voltage range.

Several characteristics of SF¢ puffer circuit breakers
can explain their success:

« simplicity of the interrupting chamber which
does not need an auxiliary chamber for breaking

+ autonomy provided by the puffer technique

+ the possibility to obtain the highest perform-
ances, up to 63 kA, with a reduced number of
interrupting chambers (Figure 4)

Figure 4
800 kV 50 kA circuit breaker type FX with closing
resistors (Courtesy of Alstom Grid)



short interrupting time of 2-2. 5 cycles at 60 Hz
high electrical endurance, allowing at least
25 years of operation without reconditioning
possible compact solutions when used for gas-
insulated switchgear (GIS) or hybrid switchgears
integrated closing resistors or synchronized
operations to reduce switching over voltages
reliability and availability

low noise level

* no compressor for SFg gas.

The reduction in the number of interrupting
chambers per pole has led to a considerable sim-
plification of circuit breakers as the number of parts
as well as the number of seals was decreased. As
a direct consequence, the reliability of circuit
breakers was improved, as verified later by CIGRE
surveys.

SELF-BLAST TECHNOLOGY

The last 20 years have seen the development of
the self-blast technique for SF¢ interrupting
chambers. This technique has proven to be very
efficient and has been widely applied for high-
voltage circuit breakers up to 800 kV. It has al-
lowed the development of new ranges of circuit
breakers operated by low energy spring-operated
mechanisms.

Another aim of this evolution was to further in-
crease the reliability by reducing dynamic forces in
the pole and its mechanism.

These developments have been facilitated by the
progress made in digital simulations that were
widely used to optimize the geometry of the inter-
rupting chamber and the mechanics between the
poles and the mechanism.

The reduction of operating energy was achieved
by lowering energy used for gas compression and
by making a larger use of arc energy to produce the
pressure necessary to quench the arc and obtain
current interruption.

Low-current interruption, up to about 30% of
rated short-circuit current, is obtained by a puffer
blast where the overpressure necessary to quench

CASE STUDY 423

Figure 5
Self blast (or double volume) interrupting chamber

the arc is produced by gas compression in a
volume limited by a fixed piston and a moving
cylinder.

Figure 5 shows the self-blast interruption princi-
ple where a valve (V) was introduced between the
expansion and the compression volume.

When interrupting low currents, the valve (V)
opens under the effect of the overpressure gen-
erated in the compression volume. The interrup-
tion of the arc is made as in a puffer circuit breaker
thanks to the compression of the gas obtained by
the piston action.

In the case of high-current interruption, the arc
energy produces a high overpressure in the expan-
sion volume, which leads to the closure of the valve
(V) and thus isolating the expansion volume from
the compression volume. The overpressure neces-
sary for breaking is obtained by the optimal use of
the thermal effect and of the nozzle clogging
effect produced whenever the cross-section of the
arc significantly reduces the exhaust of gas in the
nozzle.

This technique, known as self-blast, has been
used extensively for more than |5 years for the
development of many types of interrupting cham-
bers and circuit breakers (Figure 6).

The better knowledge of arc interruption ob-
tained by digital simulations and validation of
performances by interrupting tests has con-
tributed to a higher reliability of these self-blast
circuit breakers. In addition, the reduction in
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Figure 6

Dead tank circuit breaker 145 kV with spring-operating
mechanism and double motion self blast interrupting
chambers (Courtesy of Alstom Grid)

operating energy, allowed by the self-blast tech-
nique, leads to a higher mechanical endurance.

DOUBLE MOTION PRINCIPLE

The self-blast technology was further optimized by
using the double-motion principle. This leads to
further reduction of the operating energy by re-
ducing the kinetic energy consumed during opening.
The method consists of displacing the two arcing
contacts in opposite directions. With such a sys-
tem, it was possible to reduce the necessary open-
ing energy for circuit breakers drastically.

Figure 7 shows the arcing chamber of a circuit
breaker with the double motion principle. The pole
columns are equipped with helical springs mounted
in the crankcase.

These springs contain the necessary energy for an
opening operation. The energy of the spring is trans-
mitted to the arcing chamber via an insulating rod.

To interrupt an arc, the contact system must
have sufficient velocity to avoid reignitions. Fur-
thermore, a pressure rise must be generated to
establish a gas flow in the chamber.

The movable upper contact system is connected
to the nozzle of the arcing chamber via a linkage
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1. Fixed Upper
Contact

2. Movable Upper
Contact System

3. Pressure Chamber

4. Piston

5. Lower Contact System
Vt Expansion Volume

V¢ Compression Volume

Figure 7
Double motion interrupting chamber

system. This allows the movement of both arcing
contacts in opposite directions. Therefore the ve-
locity of one contact can be reduced by 50% be-
cause the relative velocity of both contacts is still
100%. The necessary kinetic energy scales with the
square of the velocity, allowing—theoretically—an
energy reduction in the opening spring by a factor
of 4. In reality, this value can’t be achieved because
the moving mass has to be increased. As in the self-
blast technique described previously, the arc itself
mostly generates the pressure rise.

Because the pressure generation depends on
the level of the short-circuit current, an additional
small piston is necessary to interrupt small cur-
rents (i.e., less than 30% of the rated short-circuit
current). Smaller pistons mean less operating
energy.

The combination of both double motion of con-
tacts and self-blast technique allows for the signifi-
cant reduction of opening energy.

GENERATOR CIRCUIT BREAKERS

Generator circuit breakers are connected between
a generator and the step-up voltage transformer.
They are generally used at the outlet of high-power
generators (100—1,800 MVA) to protect them in a



sure, quick, and economical manner. Such circuit
breakers must be able to allow the passage of high
permanent currents under continuous service
(6,300—40,000 A), and have a high breaking capacity
(63-275 kA).

They belong to the medium voltage range, but
the transient recovery voltage (TRV) withstand ca-
pability is such that the interrupting principles de-
veloped for the high-voltage range has been used.
Two particular embodiments of the thermal blast
and self-blast techniques have been developed and
applied to generator circuit breakers.

Thermal Blast Chamber

with Arc-Assisted Opening

In this interruption principle arc energy is used, on
the one hand to generate the blast by thermal ex-
pansion and, on the other hand, to accelerate the
moving part of the circuit breaker when interrupt-
ing high currents (Figure 8).

The overpressure produced by the arc energy
downstream of the interruption zone is applied on
an auxiliary piston linked with the moving part. The
resulting force accelerates the moving part, thus
increasing the energy available for tripping.

It is possible with this interrupting principle to
increase the t