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Electric Circuits
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Kirchhoff’s Laws

( Kirchhoff’s Voltage Law ) : Jol o518
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{A) — Lines of magnetic flux leave the north polie of 2a magnet at right
angles to its surface and travel to the south pole, where theyenter
right angles to its surface.

{B) — The flux lines alvways seek the path of ieast resistance, even if it
mean travelinglonger distances.
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Magnetic Devices
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Transformers
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Ignition System (Magneto)
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TERMINAL
CONNECTIONS

. INTERPOLE

MAIN POLE

This generator has four poles and four interpoles. The nt.
erpoles are used to counter the effect of armature reaction.
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Brushless Alternator
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Among the advantage of a brushless generator are the following :
1- Lower maintenance cost since There is no brush or slip ring wear.

2- High stability and consistency of output because variation of resistance and
conductivity at the brushless and slip rings are eliminated.

3- Better performance at high altitudes because arcing at the brushes is eliminated .
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Current Limiter
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Three Unit Control-panel Circuit.

Equalizer Circuit
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Cell element for a lead-acid cell.
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A full-wave rectifier circuit. Curve for full-wave rectified current.
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Nickel-Cadmium Battery
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POSITIVE TERMINAL

’1— _—CONNECTING STRIP
L
*!

| _—~INSULATING INSERT

L POSITIVE PLATES

F———NEGATIVE PLATES

-t INSULATING CASE

L NYLON SEPARATOR

~—— NEGATIVE TERMINAL

Nickel-cadmium cell cut away

Advantage of nickel-cadmium cells :

They have lol;g life-about 5 times as long as for lead acid batteries.
Batteries will not freeze, even at -60° F . |

Little or no gas is emitted during operation. -

There is no need for frequent addition of water .

Batteries can withstand shock and abuse well.

o A o R . A

no deterioration occur if they are left in discharge state.
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Simplified aircraft charging system.
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Ground Power Supplies
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| Power Distribution

Generators @
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Bus-tie breaker

—

No.2ac.bushar {
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Externol  External
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£ L consumers inverter
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Split busbar system (primary a.c. power source)

Vital services are those which would
be required after .an emergency
P wheels-up landing, e.g. emergency
lighting and crash switch operation of
fire  extinguishers.  Those are
connected directly to the battery.
Essential _services are those
required to ensure safe flight in an in-
flight emergency situation. They’re
connected to d.c. and a.c. busbars, as
appropriate and in such a way that
they can always be supplied from a
generator or from batteries.

Non-_ essential services are those
which can be isolated in an in-flight
emergency for load shedding purpose,
and are connected to d.c and a.c.
busbars, as appropriate, supplied
from generator.
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Auxiliary Power Units (A.P.U.)
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Shunt-Wound Motor
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AC Motors
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Electric Measuring Instruments
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calibrated in percentage of maximum TRU rating, AC and DC bus isolation switches, a generator
paralleling switch, a battery power or external power selector switch, and a external power
available light. In addition, a voltage and frequency selector switch is provided for measuring
various AC and DC voltages and frequencies present throughout the electrical system. These
indications are presented on the three gauges directly above the selector switch.
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Figure 4.6  Aircraft Electrical Control Panel.
CONCLUSION

Modern day transports have replaced the flight engineer’s station and his electrical control panel
with a computerized system that automatically monitors and ccntrols the aircraft's electrical
system. In addition, constant speed drives are being replaced with solid-state variable-speed,
constant-frequency power systems. However, the preceeding discussion on CSDs and
electrical control panels is valid since the majonity of aifiners are still flying with this equipment.
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and power distribution system. A typical control panel for a four-engine turbine jet aircraft, such
as the one for the Boeing 747 illustrated in Figure4-6, has four CSD oil temperature gauges;
four generator drive low oil pressure lights; four AC loadmeters calibrated in percentage of
maximum generator rating; one generator over-load indicator light, which is annunciated when
any one generator exceeds its maximum load; four generator on off switches with a reset
position for “flashing” the field; four generator unparalleled lights. which annunciate if a bus-tie
relay opens; and four emergency electrical control switches for Icac-shedding a particular bus.

The control panel also has included four bus power failure indicator lights, four DC load meters
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Modern aircraft also use computerized Bus Power Control Units (BPCU) for power distribution
and control. Current transformers installed on the various electrical buses monitor the load
continuously and send this information to the BPCU. The BPCU also receives information from
the GCU on available power output from the generators. By knowing the power available and
the power required, the BPCU automatically distributes the power from the various generators
as evenly as possible to the various buses demanding power from the system.

BOEING 747 ELECTRICAL SYSTEM OPERATION

A simplified schematic diagram of the electrical system for a Boeing 747 commercial transport
is shown in Figure4-5 During ground handling and servicing, electrical power may be obtained
from either the onboard 90 KiloVolt-Ampere (KVA) Auxiliary Power Unit (APU), which is an AC
denerator driven from a separate small gas-turbine engine, or from an external ground power
unit (GPU). This power may be ccnnected to any aircraft AC bus through use of the APU circuit
breaker (APB) or extemal power contactor (XPC), when used in conjunction with the bus-tie
breakers (BTB). In flight, electrical power is obtained from four engine-driven, three-phase,
60-KVA, 400-Hz generators. Each of the generators are connected to their respective AC bus

through the generator circuit breakers (GCB). These AC buses may be paralleled or isolated
through the BTBs.

All 115-volt AC loads, except essential, standby, ground service, ground handling, and galley
loads, are connected to one of the four main AC buses. Essential power, which is that
considered necessary for safety of flight, is normally supplied from the No. 4 main AC bus.
However, the essential bus can be connected to the generator side of GCBs 1, 2, or 3 by means
of the essential power select relay. The standby AC bus supplies 115-volt AC power to the most
important equipment needed for safe flight. During normal operation, the standby bus is
supplied power from the essential AC bus; however, in the event that all AC power is lost, the
standby AC can be provided by a battery-powered inverter.

A 28-volt DC system is provided to supply those loads requiring DC power. This power is
supplied by four 75-amp TRUs, which are energized from the No. 1, 2, 3, and essential 115-volt
AC buses, respectively. Each TRU powers an associated 28-volt DC bus. The TRUs are
normally operated in parallel; however, a blocking diode prevents the essential TRU from
feeding any bus other than the essential DC bus. A 20-amp TRU energized by the AC
ground-handling bus supplies DC power required during ground operation.

In addition to the TRUs, a 24-volt nickel-cadmium battery permits starting the electrical system
without an external source, supplies back-up power, and can be used as a standby source for
minimum communication, navigation, and instrumentation systems should all other sources fail. A
battery charger, energized by the ground service bus, maintains full capacity in the battery. The “hot”
battery bus, for those loads requiring uninterrupted power, is always connected to the battery. The
battery bus is normally energized by the essential DC bus. However, in the event of loss of essential
DC bus power, it is automatically transferred to the hot battery bus. Similarly, the standby bus is
normally energized by the essential bus, but can be transferred to the battery bus.

Control and Indication

The electrical control panel consists of the necessary gauges, annunciator lights, and switches
to provide the flight engineer a visual indication and manual control of the electrical generation
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frequency output, its speed of rotation must be kept constant regardless of the engine RPM. This
is usually accomplished by means of a generator drive transmission, known as a CSD. A typical
CSD will tum the generator rotor at a constant speed of 8,000 plus or minus 80 RPM.

The CSD assembly is basically an engine-driven, variable-ratio transmission which drives the
input shaft of a variable-displacement hydraulic pump. The fluid pressure of the hydraulic pump
is then applied to a hydraulic motor which drives the output spline connected to the AC
generator. Ameans is usually provided to disengage the transmission from the generator at the
flight engineer’s contwol panel. However, once the transmission has been dis-engaged, it can
not be re-engaged until the engine has been shut down and comes to a complete stop.

A speed governor, containing a flywheel assembly, is contained within the CSD that senses
variation from the “on-speed” condition and ports fluid to or from the hydraulic pump to regulate
the generator speed so that its outputis 400 plus or minus 4 Hz. Amagnetic trim head is installed

on the speed governor to electrically change the position of the flyweights to provide fine
frequency control, within plus or minus 1 Hz.

VARIABLE-SPEED, CONSTANT-FREQUENCY (VSCF)
POWER SYSTEMS

In order to reduce the weight and reliability problems associated with using hydraulic CSDs to
regulate generator frequency, solid-state systems have recently been developed using
high-power transistors and generator control units. Not only does the Variable-Speed,
Constant-Frequency power system eliminate all moving parts, except for the generator rotof

3—Phase Variable Filtered 3-Phase, 400 Hz
Frequency AC oC AC
| |
Ajrcraft N AC Bridge o T To Axrcraft Power
Engne } Generator 1 Rectifier ks o VR Distribution
1 . ] System
[ :
P Converter ————
To Exciter
Field
Generator
Control Unit

Figure 4-4  Typical Variable-Speed, Constant-Frequency Power System.

and possibly an oil pump for cooling and lubrication, but the electronic subassemblies can be

remotely mounted in the fuselage, whereas the CSD must be mounted on the generator in the
engine nacelle.

A typical VSCF system, as shown in Figure4-4, consists of three units: an AC generator, a
convertef, and a Generator Control Unit (GCU). The three-phase, variable-frequency AC from
the generator is first rectified and filtered into pure DC, which is fed to a multi-vibrator oscillator
(such as in a static inverter) to produce three-phase 400-Hz AC. The GCU monitors the 400-Hz
output of the converter and adjusts the current flow to the exciter field of the generator to
maintain the voltage output within specified limits.
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phase buses, instead of between one bus andsground. As shown in Figure 4-3, each
wye-connected generator has a brushless exciter which supplies a DC excitation voltage to the
generator during start-up. The exciter field and rotor assembly is actually a DC generator without
a commutator to convert the resultant AC to DC. Instead, a rectifier assembly, which rotates
with the armature, provides the DC excitation for the main field of the AC generator. When the
generator output has reached approximately 50% of its operating voltage, a start relay opens
which causes the voltage regulator to take control of the field excitation in order to for the
generator to maintain a constant voltage output.
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Figure 4.3  Wye-Connected Brushless AC Generator.

Aircraft that have more than one generator use a paralleling circuit, whereby all operating generators
are connected to the AC bus through bus-tie relays. When the generators are paralleled, the
equalizing circuits in the voltage regulators monitor the outputs of the other generators on the bus
and adjust the voltage of the generators so that each shares the same load.

Constant Speed Drives (CSD)

The frequency of the AC generator is dependent on the number of poles it has and its speed
of rotation, as given in the following formula:

Frequency (cycles per second) = (Revolutions per minute x Pairs of Poles)/60

It can be seen from the preceding formula that in order for the AC generator to have a steady 400-Hz
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HEAVY AIRCRAFT AC ELECTRICAL CIRCUIT THEORY

Light aircraft electrical systems typically only use 14-volt or 28-volt DC as the primary power
source since the power requirements are moderate (perhaps no more than 10 amps) for the
limited amount of onboard electrical and avionic equipments. However, since large commercial
aircraft require many times more power (typically 1,500 to 3,000 amps per generator), 115-volt
or 200-voit AC, three-phase, 400-Hz power is used as the primary source. '

Phase Relationships

The term phase is used to relate to the number of separate voltage waves in an alternating
current supply. The phase angle is the difference in degrees of rotation between two alternating
currents or voltages. In a three-phase system, each phase differs from the other by 120°. The
phase sequence, as shown in Figure4-2, begins when phase one increases in amplitude from
zero volts at time zero. When phase one has completed 120° of its 360° cycle, phase two begins
to increase from zero volts. When phase one is at 240° and phase two is at 120°, phase three
begins its sine-wave cycle.
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Figure 4.7 Combined Sine Waves of a 3-Phase System.

AC Generators

As previously mentioned, the AC generators used on heavy aircraft provide 115-volt or 200-volt
AC, three-phase power at a frequency of 400 Hz. The three-phase generator may be considered
as three single-phase generators in one machine. It requires a minimum of three wires to deliver
three-phase service. The output terminals of a three-phase generator are marked to indicate
the phase sequence. These terminals are connected to individual buses labeled A, B, or C,
which indicate either phase 1, 2, or 3. Equipment that requires 115-volt AC three-phase power
will have one wire connected to each of the three buses and one to ground, while single-phase
equipment will have one wire connected to a single bus and one to ground. For maximum
efficiency, the loads should be distributed as evenly as possible across all three buses on
three-phase systems.

Three-phase generators may have either delta (D) or wye (Y) connected windings; however,
those used for aircraft are typically wye-connected with the neutral lead attached to ground.
The phase-to-phase voltage of a wye-connected generator is the vector sum of the voltage of
two of the windings, which can be calculated by multiplying the square root of three by the
phase-to-neutral voltage. For example, a typical wye-connected generator with a 115-volt AC
phase-to-neutral voltage will have an approximate 200-volt AC phase-to-phase voltdge. For
this reason, 200-volt AC power can be obtained by connecting the load between two different
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a “generator fail” warning light will illuminate in the cockpit. A switch or overvoltage relay is also
provided which either opens the generator field circuit or prevents the RCR from closing should
an overvoltage condition occur.

e generator output from the RCR is routed through the ammeter shunt and on to the DC bus
~ar. The current flowing through the very small resistance of the shunt develops a voltage drop
~hich is applied to the ammeter in the cockpit to indicate the amount of current being drawn
from the generator. The ammeter shunt is sometimes inserted in series with the battery to
indicate the amount of charging current demanded by the battery.

The DC bus distributes the power to the thermal circuit breakers, which will automatically open
i the current from the connected load exceeds the circuit breaker rating. If AC power is required,
a circuit breaker from the DC bus will feed the input of either a rotary or static inverter, which
will convert the DC input to an AC output. Rotary inverters consists of a constant-speed DC
motor, which is mechanically coupled to drive an AC generator.

Rotary inverters have since been replaced with solid-state static inverters which have an
internal multi-vibrator oscillator that produces an AC voltage at the desired frequency (60 or
400 Hz). The output of the oscillator is passed through a transformer and filter circuits to produce
a sine-wave output at the proper voltage (26- or 115-volt AC). The AC from the inverter is then
applied to an AC bus bar for load distribution.

Power distribution for the battery and engine start circuits requires the use of heavy gauge
wiring due to the high current demand of the starter motor. The power distribution wiring for the
generator circuit is also of a heavy gauge, but not quite as heavy as the battery/starter circuit
since the generator does not power the starter motor. The control wiring from the switches to
the relays, from the shunt to the ammeter, and from the voltage regulator to the generator is of
a much lighter gauge. The circuit breaker ratings and wiring sizes from the bus bar are
determined by the individual equipment loads. Refer to the FAA Airframie and Powerplant
Handbook AC 65-15 for determining circuit breaker ratings and wire sizes.

4-52



LIGHT AIRCRAFT ELECTRICAL SYSTEM OPERATION

A typical electrical system for a light, single-engine aircraft as shown in Figure 4-1, consists of
a battery circuit, generator circuit, engine-start circuit, ammeter, control switches, and a bus bar
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Figure 4.1 _ Typical Light Aircraft Electrical System Schematic.

with circuit breakers to distribute the electrical power to the various loads. The voltage supplied
by the battery is applied through the battery relay, which is activated by the master switch, to
the bus bar and starter relay. Depressing the engine-start button, activates the starter relay and

applies the battery voltage to the starter motor mounted on the engine. The aircraft structure
serves as the ground return for all electrical signals.

Once the engine is started, the generator develops an output voltage which is applied to the
voltage regulator and reverse current relay. Since the generator output voltage will vary with
ihe engine speed and the applied load, a voltage regulator is used to control the voltage output
of the generator by regulating the amount of current flow through the generator field circuit.

The RCR opens whenever the generator output falls below the battery voltage, thereby
preventing the battery from discharging through the generator windings. Should the RCR open,
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Aircraft Electrical Systems

INTRODUCTION

The aircraft electrical system provides electrical power to the onboard aircraft electrical and
avionic equipment. The configuration of the electrical system and the type of power it provides
is dependent on the size and category of the aircraft. The electrical power source for a light,
single-engine aircraft typically consists of an engine-driven direct current (DC) generator or
alternator. For purposes of discussion, a DC generator derives a DC voltage from the rotating
armature through the use of a commutator and brushes; an alternator converts the étternating
current (AC) output from the stator to a DC output through the use of rectifiers. The generator
or alternator, whose output is controlled by a voltage regulator to approximately 14 volts,
supplies power to the aircraft electrical distribution bus and, in addition, provides a charging

current for the 12-volt storage battery. The storage battery also acts as a filter capacitor to
smooth the ripple voltage from the generator.

The output of the generator must be in excess of the voltage supplied by the battery in order
for the charging current to flow. if the generator output falls below the battery voltage, a reverse
current relay (RCR) will disconnect the generator from the electrical bus to prevent the battery
from discharging through the generator windings. The lead-acid or nickel-cadmium storage
battery is intended only for starting the engine or for providing emergency power when the
generator is inoperative. Normally, all load currents are supplied by the generator during flight.

Since larger aircraft have a much greater electrical load than smaller aircraft, they employ
28-volt instead of 14-volt systems. This higher voltage results in a lower current requirement
for a given load. With less current required, the wire sizes used in the power distribution circuits
can be appreciably smaller, which results in less weight, and thus greater payload capacity. In
larger, multi-engine aircraft, DC generators are replaced with AC generators, which are more
efficient and lighter in weight. These generators supply 115-volt power at 400 Hz (cycles per
second) to the AC electrical buses. This high-frequency AC results in the requirement for less
iron, and thus less weight, in transformer cores and armatures. This is due to the fact that
inductive reactance increases Eiirectly with frequency. If the AC generator s driven directly from
the engine shaft, the frequency will vary with the engine speed and the generator will output
what is termed “wild” AC. Wild AC can be used for purely resistive loads, such as heating
elements; however this frequency variation induces power factor problems when reactive
(capacitive or inductive) loads are introduced. For this reason, a constant speed drive (CSD)
is normally used to hydraulically drive the AC generator at a constant speed to supply a stable
400-Hz output. If a CSD is not used, the frequency of the variable-speed generator is controlled
by a solid-state frequency converter.

Transformer-rectifier units (TRU) convert the 115-volt AC input to a 28-volt DC output which ts
fed to the DC electrical buses and to the battery charging circuits for the 24-volt storage
batteries. The 115-volt AC power from the generator is also applied to step-down transformers
to supply a 26-volt AC output for the reference voltage required by the various synchro circuits
used in the flight instruments. In the event there is a loss of AC power, the batteries supply
emergency DC power to the essential DC bus, and also to a standby inverter which supplies
emergency AC power. Only equipment that is considered essential for safety of flight is proviced
power during an emergency power condition.
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