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FOREWORD

This technical report describes the effort conducted by Vought Corporation,
Electronics Design Group, Dallas, Texas, under Contract F33615-78-C-2018. The
effort was sponsored by Duane Fox (AFWAL/POOS) of the Air Force RAero
Propulsion lLaboratory, Air Force Wright Aeronautical Laboratories,
Wright-Patterson Air Force Base, Ohio.

The work reported herein was performed during the period 15 June 1978 to 15
September 1980 under the technical direction of J.R. Perkins (Vought
Corporation}, Project Engineer. The report was prepared by A.J. Marek, D.E.
Lautner, and D.F. Sellers; and submitted in March 1981.

Sundstrand, General Electric and Westinghouse were retained under subcontract
to provide pertinent data, information and consultations on the program
primarily in the areas of power generation and control, and syitem computer
modeling.

This report covers Phase I and Phase II of a planned two phase program
concerning power system control technology. Phase I scope was directed toward
evolving power system configurations for single and multi-engine aircraft for
the 1980 to 1990 time period. Phase IX addresses developing de:ail designs,
preparing analytical models and performing stability analysis on the single
and multi-engine electrical systems.
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) SECTION I

' INTRODUCTION

‘ 1.1 BACKGROUND |

. As aircraft capabilities continue to expand and the cost of manned aircraft

systems rapidly escalate, the electrical system is called upon to provide
higher quality and more reliable power at lower cost. This has arisen because
more flight critical equipments are implemented with electronic systems. In ;
addition, the number of electrical/electronic systems and the total power
requirements have increased. Additionally, the aircraft sophistication
requires controls which tax the capabilities of crew members. To alleviate
the crew workload problem, the trend has been toward automation of control
‘ functions. Consequently, the electrical system has become highly advanced and
complex with the use of solid state switching components in conjunction with
computer control technology. A computer controlled solid state distribution
system known as EMUX (Electrical Multiplexing) has been developed and
implemented on a large aircraft (B-1). This system does not, however, control
the generators or main bus contactors. Integration of these control functions
can become complex and the total system may have instabilities which could
lead to failures and even total loss of electrical power if not applied

correctly.

. Solid state power controllers have been developed and this technology is now
considered off-the-shelf. However, additional efforts3 are being made to

. improve performance and to lower the life cycle cost of these components.

Advanced electrical power generator/starter systems have been developed. One

starter/generator concept utilizes rare earth permanent magnet solid rotors

along with solid state electronics to generate three-phase 400 Hz power and
1




provide engine start capability. Another concept known as Integrated Starter
Drive (ISD) utilizes a modified CSD configuration to provide a hydrostatic

drive capability.

Other advanced technologies include microprocessor implementation of genera‘or
control functions, automatic load management via EMUX, hybrid bus controllers
and static inverters which enhance the capability for providing an

uninterrupted power bus.

1.2 PROGRAM OBJECTIVES

The objective of this program was to evolve a reliable, fault tolerant
electrical system through the integration of advanced generator control,
regulation and protection functions; and through the application of advanced
power distribution, bus control and protection techniques. More specifically,
the objective was to evolve and apply technology for yielding a cost effective
electrical generation and control system which will not sustain cascading type
faults that might lead to complete loss of electrical power. This objective
was to be accomplished with emphasis placed on utilizing advanced technologies
such as the electrical multiplex system (EMUX) for control functions, the
permanent magnet VSCF and advanced IDG starter/generators, microprocessor
control of generator and buses, and solid state power control and protection

components.

1.3 METHOD OF APPROACH

The study is divided into two phases. 1In general, during Phase I various
integrated control techniques which have application in aircraft electrical

power systems were studied, and an assessment of their stability and cost




effectiveness was made. Electrical control system performance requirements
were established, design philosophies for the application of these systems in
advanced technology aircraft were established, and a conceptual design of an
integrated control system was made. During Phase 1I, this conceptual design
was formulated for a single engine and multi-engine aircraft to add sufficient
detail for systems performance analysis. Finally, a stability analysis was

conducted on each of the two designs to verify their performance capability.

More specifically, the approach that was taken in each phase to meet the
program objectives are as follows:
Phase I

o Conduct Technology Survey - This included a review of existing

reports, specifications, etc., and to a greater extent a review
of data furnished by manufacturers of advanced technology
electric systems.

o Establish Electric System Requirements - Performance

requirements were established for a single engine and a
multi~engine aircraft. These reguirements are based on known
and projected missions for the 1990 operational time period.

o Conduct Trade Studies - Various trade studies were conducted.

These include power denerating concepts (VSCF, CFG, IDG, CSD).
generator control concept (Microprocessor, EMUX), electric
engine start concepts, EMUX processor redundancy requirements
and power bus arrangements.

o Develop Conceptual Designs - A conceptual design was developed

for a single engine and a multi-engine (4) electrical systems.
The designs were based on results of the trade studies, data
supplied by electric power system manufacturers and evaluatea

control concepts which were determined to be the best for

meeting the established system requirements.

3
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Phase II

Perform Detail Design - The conceptual designs developed during

Phase I were advanced in detail to include power distribution
component characteristics and feeder sizes.

Obtain Data for Analytical Modeling - Data required to perform

system modeling and stability analysis was obtained from
equipment manufacturers.

Perform Computer Modeling and Stability Analysis - Computer

programs were prepared for electrical system models encompassing
the IDG and VSCF generating concepts. System stability of the

two designs was analyzed for normal and abnormal operation.
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SECTION I1I

SUMMARY

In this study, advanced system concepts were examined. Such concepts include
the use of (1) solid state switching in areas of power generation and control,
bus and load switching, and signal sensing; (2) engine electric start
implementation; (3) smart terminal (microprocessor controllers) applications
in the areas of the GCU, Universal Multiplex Terminal, and integrated load
management center designs; (4) dynamic load management and generator control
via the EMUX sensory and data processing capabilities, (5) distributed load
management; (6) automated and continuous Built-In-Test; and (7) MIL-STD-1553
compatible multiplexing using TSP (Twisted-Shielded Pair) data busing
techniques. In addition, fundamental electrical system considerations as
governed by MIL-S5TD-704 and AFSC DH 2-3 were examined. Emphasis was placed on
utilizing new technologies in deriving an advanced electrical system which
provides improved performance and higher quality power primarily in the areas
of reduced voltage transients and power interruptions, than is presently

achievable in conventional systems as defined by MIL-STD-704.

Two power denerating concepts (cycloconverter VSCF and IDG) were determined to

be the best for the 1980-~1990 time period electric systems. Electric engine
start provides advantages over the more conventional self start concepts under
certain conditions. The EMUX controlled power distribution system offers
definite advantages over the conventionally implementéd distribution system.
Providing a true "gapless power" AC bus is not practical although the power
interruption time can be significantly reduced over that allowed by
MIL-STD-704. Solid state and hybrid bus controllers are practical for certain

applications. A
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Computer programs were developed to model electrical systems applicable to
single and multi-engine aircraft. The programs are structured in sufficient
detail to allow simulation of various operating and fault conditions. The
programs are written for a specified system rating (60 KVA), however, systems
with other ratings can be modeled by simply ratiuing the system constants up
or down as needed. The models address the power generation and distribution

systems including parallel operation.

In modeling the system, both functional block diagrams and analytical transfer
functions are developed. Sample computer runs are included for various
operating conditions and compared with hardware test results to verify the

validity of the developed programs.
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SECTION III

ELECTRIC SYSTEM REQUIREMENTS

This section establishes che electric system performance requirements for a
single and a multi-engine electric system. The requirements establish a
framework or baseline for subsequent analysis of control concepts and
candidate systems. The rationale was to first establish system requirements
and then update or modify the requirements for a specific mission. It is
intended that this modification can be implemented without changing the basic
power system control philosophy established for either the single engine or

the multi-engine aircraft electric system.

3.1 SINGLE ENGINE AIRCRAFT

The single engine aircraft in the 1990 time frame is visualized as a
multi-mission vehicle which can be reconfigured to meet a mission of
reconnaissance, ground support, electronic-warfare, or fighter. The basic
equipment complement includes data processors, navigation and flight controls
(fly-by-wire), actuators, communication and weapon systems. The approximate
power source requirement is 60 KVA. Performance requirements established for

the electrical system are categorized as follows:

a. No single failure shall cause the loss of all electric power or !
be hazardous to flight safety.

b. The electric system shall provide sufficient power to permit
safe recovery of the aircraft with the main power source
inoperative.

c. The auxiliary power source shall operate independent of the

engine.

- - RN
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d. Physical and electrical isolation shall be maintained between
major power management centers.

e. No single feeder fault shall cause the complete loss of power to
any power management/distribution center.

f. A "gapless" power bus with sufficient capacity to supply power
to loads which are sensitive to power interruptions shall be
provided (power interruptions, if present, shall not exceed 20
milliseconds) .

g. The electric system shall provide sufficient continuous ground
power independent of the engines to operate all maintenance
and/or ground related loads.

h. An engine self-start capability shall be provided.

i. The electric system shall contain provisions for the automatic
application and removal of loads in groups not exceeding 25
percent of main power source rating.

J. The predicted reliability of the electric power system in
providing power to the bus and to all utilization equipment
required for the safe return of the aircraft shall not be less
than 0.9998 and 0.998 respectively.

! k. The predicted reliability of the electric power system in
providing power to the bus and to all utilization equipment
required for completion of a specified mission shall not be less

4 than 0.995 and 0.990 respectively.

3.2 MULTI-ENGINE AIRCRAFT

«t -

The multi-engine aircraft is a four-engine vehicle with a multi-mission

camability for use in the 1990 time period. The basic equipment complement

includes data processors, navigation and flight controls (fly~by-wire),




actuators, motors, communication equipment and weapon systemsg. The
approximate power source requirement is 90 KVA. The performance requirements
are categorized as follows:

E a. No single failure shall cause the permanent loss of more than
one generating channel nor prevent the aircraft from completing
its mission.

b. Any combination of two failures shall not cause complete loss of
power.

c. The electric system shall support safe recovery of the aircratt
with all main generating channels inoperative. The auxiliary

; power source shall operate independent of the engines.

d. Physical and electrical isolation shall be maintained between
major power management centers.

e. A single feeder fault shall not cause the loss of rated power to
any power distribution center.

£. Any combination ot two feeder faults shall not cause the loss of
all power to any power distribution center.

g. The normal mode of operation shall be "synchronized and
isolated". Parallel operation capability may be required for
specific missions.

h. A "gapless" power bus with capacity sufficient to support
continuously those loads which are sensitive to power
interruptions shall be provided (power interruptions, if

.o present, shall not exceed 20 milliseconds).

i. The electric system shall provide sufficient continuous ground
power independent of the engines to operate all maintenance

2. and/or ground related loads.

j. An engine self start capability shall be provided.




The electric system shall contain provisions for the application
and removal of loads in groups not exceeding 25 percent of one
denerating channel rating.

The predicted reliability of the electric power system in
providing power to the bus and to all utilization equipment
required for the safe return of the aircraft shall not be less
than 0.99995 and 0.991 respectively.

The predicted reliability of the electric power system in
providing power to the bus and to all utilization egquipment
required for completion of a specified mission shall not be less

than 0.9998 and 0.980 respectively.
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SECTION IV

SYSTEM DESIGN

The following paragraphs define "baseline" electric system concepts for a
single engine aircraft and a multi-engine aircraft. These concepts were
established to meet the study objectives and proposed system reguirements
given in Sections I and II1, and were derived from trade studies and data
supplied by generator system manufacturers. This section also discusses a
macro-design for each of the electrical system building blocks and presents
component/subsystem details applicable to the computer modeling effort
discussed in Section VI. It should be noted that the defined concepts may or
may not apply for all aircraft weapon systems. Definition and evaluation of
specific weapon system mission and performance requirements will dictate which

of the electric system features are to be implemented.

4.1 SINGLE ENGINE AIRCRAFT

The electric system for a single engine aircraft is defined to consist of the
following:

a. One main AC generating channel rated for 60 KVA with a
microprocessor implemented GCU for improved logic control and
self test capability.

b. Engine electric self start capability.

C. One APU rated for total essential AC load, maintenance AC load
or engine start load, whichever is greater.

d. One static inverter rated for total "gapless power" load.

e, One battery rated to provide gapless power to all loads
requiring no power interruption. The battery powers loads

during the time after main generator shutdown and prior to ApPU

start-up.

11
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. £. Five Load Management Centers (LMC's), each center supplied power

with a main AC (30) feeder and an auxiliary AC (30) feeder.

g. Normal mode of operation of inverter is "standby" and
synchronized to the main AC bus. Time required to switch to
"standby" bus is 20 milliseconds maximum.

h. Solid state load controllers are used to controlrgnd protect
load power circuits.

i. Control of power to individual loads is by EMUX. The EMUX
system consists of the following:

[o] TwOo Processors
o Approximately 11 MUX/DEMUX (Universal) Terminals of 64

channel capacity each

‘ o One Maintenance Panel
i
' o One Control Panel

o A Redundant Data Bus

j. System contains capability of sequentially removing individual

loads in accordance with a preset priority for load management.

A block diagram of the single engine power control system is shown in Figure 1.

The system consists essentially of a main and emergency power source

interlocked through the bus management subsystem. A limited capacity battery

powered inverter provides power during transition from the main to the

H auxiliary source. Additionally, an external power source provision
(receptacle) is available for ground maintenance and engine starting power.

. The auxiliary generator is rated at the same capacity (60 KVA) as the main

generator for two reasons: (1) To utilize common generator hardware and (2)

to provide sufficient capacity for engine starting. Both the main and the

auxiliary generator utilize dedicated generator control units with multiplex

bus ports for communication with EMUX.

12
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A power feeder network consisting of EMUX controlled Remote Control Circuit
Breakers (RCCBs) and power wiring routes electrical power to six distributed
LMC's through redundant paths. The EMUX link to the feeder RCCBS monitor the
trip status at the circuit breaker and automatically resets the breaker (one

reset attempt) after tripping.

Each of the six distributed LMC's contain one three phase power bus connected
to two independent power sources. All load controllers within a LMC are
connected to this one three phase power bus. EMUX then establishes the
priority for powering the various aircraft utilization equipments. Load
management trade-off for single vs. dual internal power buses is discussed in
4.1.4. In order to establish a worst-case stability condition, the total
power demand of the utilization equipment was adjusted to equal the power
source capacity (60 KvA) under steady conditions. Real world aircraft would

not, however, fully locad the generator.

Figure 2 is a functional schematic of the defined electrical system for a
single engine aircraft. Figure 3 addresses in expanded block diagram form,
the major construction elements of the single engine electrical power system
computer model. Refer to Appendix A and section VI for additional details of

the electrical power system modeling.

4.1.1 POWER GENERATION

The primary power system consists of an advanced technology generating system

which employs either the IDG or VSCF (cycloconverter) concepts to provide high

quality AC power. Table 1 and Figure 4 delineate the basic performance

requirements for the generators. Generator control consists of an advanced
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! TABLE 1

GENERATOR CHARACTERISTICS

. Technology Type IDG VSCF

; System Rating (KVA) 60 60
Voltage at Point of Regulation (VAC) 115/200 115/200

{ Rated Current -~ Continuous (Amps/Phase) 174 174

Overload Rating

5 Minutes (Amps/Phase) 174 174

2 Minutes (Amps/Phase) 295 -

5 Seconds (Amps/Phase) 305 350
Short Circuit Current 5 Seconds (Amps/Phase) 305 350
Voltage Regulation - Line-to-Neutral (Volts) 115+1 115+1
Voltage Transient Limits Figure 4 Figure 4

H Voltage Waveform

Crest Factor 1.41+.07 1.41+.07
Distortion (%) 2 4
DC Content (Volts) 0 .05
Frequency Regulation (%) +1.0 +0.1
Frequency Transients (Hz) +20 0
, Phase Displacement - Balanced Loads 120°i3.50 120012.50
' Speed Range (rpm) 12,000-24,030 22,000-27,000
. System Weight (Lbs) (Cooling not included) 80 124
}f System Efficiency (%)
. 24,000 rpm 78 80
. 18,000 rpm 81 81
d 12,000 rpm 80 82

PRECLRULNG FaGh EBLANK=NOL F1
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technology Generator Control Unit (GCU) which contains all the circuitry
necessary to perform the voltage regulation, control, and protection functions

' of the generating system. In addition, Built-In-Test circuitry is included to

aid in on-aircraft fault isolation. Identical GCU's are employed for the
engine and APU driven systems. A microprocessor is used within the GCU to
provide extensive BIT capability with minimal increase in hardware

complexity. In this application area the software element is also minimal as

(1) it will reside as firmware and (2) it should undergo very few revisions.
The microprocessor implemented GCU interfaces with the EMUX system via the
MIL-STD-1553 data bus. This EMUX interface allows corrective action to be
taken by the automatic load shedding system when the GCU shows such action
will prevent a system shutdown. No pilot action is required. The GCU also
interfaces with a maintenance panel via the data bus where data is stored to
assist maintenance personnel. This may be either a panel dedicated for EMUX

or a CITS (Central Integration Test System) interface.

The line bus controller function is implemented with an electromechanical
contactor. Similarly, external power switching and bus tie functions are
implemented with electromechanical devices. Contactor details are discussed

in Paragraph 4.1.3.

The emergency AC power system consists of an advanced technology generator,

GCU and an electromechanical bus controller. The generator is driven by an

APU and is interfaced with EMUX similar to the primary AC system to provide

automatic corrective action in the event of imminent generator failure. The
data is also stored to assist maintenance personnel in accomplishing ]
corrective maintenance actions. The APU driven generator is rated for total

maintenance load, total essential load or engine start load, whichever is }

greater; and operates as a generator only (no motoring capability).

21




A battery powered static inverter is used to supply power to loads in the
event of momentary power loss and is rated to supply power to those loads
which are sensitive to power interruptions. The capacity of the
battery/inverter source is sufficient to power flight essential loads for a
duration needed to recover the aircraft if both t™e main and auxiliary power
sources become inoperative. The inverter and battery characteristics are
given in Tables 2 and 3, and Figures 5 and 6. The inverter is gwitched to the
bus by a solid state or hybrid bus controller to limit the power interruption

time to less than 20 milliseconds.

Feeder voltage drop limits are shown in Figure 7. These limits were set to
mee+ MIL-STD-704 requirements and to be compatible with available power

distribution hardware.

The impedance of power feeders between the generator and point of regqulation
is defined by a 3 X 3 impedance matrix. This matrix defines the impedance

associated with each power phase and the mutual reactance coupling between

phases. A
Z MM
Z = | MZM
abc
MMZ
Z = (2Zl + zo)/3
M =

(Zo and Zl)/J
where ZO and Z1 are the

zero and positive sequence impedances

The positive and zero sequence equations were calculated for the single-engine
feeder requirements using the technique defined in Reference 7. Table 4

identifies the generator feeder parameters and resulting impedance matrix

elements. 22




TABLE 2

INVERTER CHARACTERISTICS

Technology Type Solid State (static)

Input Power

Voltage 2448 volts dc

Current (at 24 VDC) 245 amperes

Output Power

Rating 5 KVA
Voltage at point of regulation 115/200 VAC
Current ratings - continuous 14.5 Amps/Phase

Overload rating

2 Minutes 22 Amps,/Thase

2 Seconds 28 Amps/Phase
Short circuit - 5 Seconds 28 Amps/Phase
Voltage regulation 11541 volt ac
Frequency regulation 43041 Hz
Voltage modulation 1 Volt {(p-p)
Frequency modulation 2.0 Hz

Voltage waveform

Crest factor Cot 1.4140.07
Harmonic content 4%
DC content 0.05 Volts
Extraneous frequency +10 db from 1 vrms
Phase displacement - balance load 1200 ilo
Reactive load unbalance 5%
System efficiency at rated output 85%
Voltage transients See Figure 5
23




TABLE 3

BATTERY CHARACTERISTICS

Technology Type

Electrical Characteristics

Rating

Voltage-rated load

Rated current - 15 minutes

Voltage - Current - Time characteristics

Weight

24

Nickel-Cadmium

66 Amps-Hours
28 Volts dc
250 Amps

See Figure 6

175 Lbs.
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DC power is not generated or distributed by the power system. A goal was set
to standardize on one power characte:istic for the entire aircraft. This
simplifies the power bus management system and reduces the number of types of
power switching hardware. Conventional aircraft typically generate and
distribute 28 volts dc and 26 volts ac in addition to 115/200 VAC. The low
voltage distributed power is a carry-over from pre-jet engine aircraft designs

and is maintained simply because of existing utilization egquipment.

There are only a few applications where 28 volts dc may be preferable to 115
VAC and no applications where 26 VAC is preferable. Distributed dc has
advantages when used for supplying low power level buses from batteries during
emergency or peculiar ground operations. Batteries are a good baZk~up power
storage meaium. Utilizing this power directly is more efficient than
converting the dc to an ac ~haracteristic. The other advantage of dc appears
when a two-state electromechanical component is required. DC powered
electromagnetic devices are simpler and/or more reliable than ac energized

devices.

When analyzing the trade-offs at the system level of the number of power
types, the advantages of selecting one power source characteristic outweighs
the disadvantages. Whether the selected power type is ac or dc becomes a
complicated issue dating back to the Tom Edison/fReorge Westinghouse debate.
Both ac and dc have advantages and disadvantages. It is felt that for the
short term, a high voltage dc system would have more impact on utilization
hardware and power switching hardware than an ac system. The primary
disadvantages of the ac system are:

a. Lack of feasibility for providing a no-gap power system.




b. Three phases of power are required to furnish the same relative
amount of power/unit weight as a high voltage dc system. The
three power phases therefore requires three times the number of
switching devices as the single "phase" dc system.

c. Paralleling aC systems is more complicated than dc systems.

4.1.2 ENGINE ELECTRIC START

Engine electric start is a viable option with either :he 'SCF and IDG
dgenerating system concepts. In the cycloconverter VSCi system, motor action
is accomplished with either a wound rotor or permanent magnet rotor machine.
However, it is more difficult with a wound rotor machine since excitation
power must be transferred to the rotor even at zero speed. To overcome this
problem, a control concept is employed which allows the machine to operate as
a wound rotor induction motor in the start mode and as a synchronous machine
in the generate mode. This problem is non-existent with the Permament Magnet
Rotor Machine (PMG) since it supplies its own excitation. The PMG system can
provide start torque with the machine operating either as a synchronous motor
Or a brushless DC motor. The DC motor equivalent is preferred because of

better torque characteristics.

Electric engine start in an IDG system is implemented by initially operating
the machine as an induction motor. This is done with very little load on the
motor by maintaining the variable displacement pump of the drive at
approximately zero stroke. When the motor is near rated speed, motor
operation is electrically changed to that of a synchronous motor. The drive
hydraulic pump units are controlled by a servo-valve to provide sufficient
engine cranking torque needed to overcome the engine inertia. Once ignition

occurs, the engine becomes self-sustaining but cranking torque is maintained
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until starter cut-out speed is reached to minimize the acceleration time.
When the engine reaches the underspeed point, the servo-valve returns to the
denerating system mode of governing the speed of rotation and the machine

operates as a generator.

4.1.3 POWER BUS MANAGEMENT

The power bus management subsystem is designed at two levels. The first
addresses the switching and proctection necessary to establish the "point of
regulation" for each generator system. This portion of the bus management
system is referred to as the Main and Auxiliary Bus Management Centers. These

centers are located in general proximity to the associated power source.

The second level consists of the interface between the bus management and
power distribution systems. This interface is established by the number of
Load Management Centers (LMCs) optimum (from a weight and vulnerability
criteria) for the power distribution system. The bus management circuitry
routes (and protects) power to the LMCs from the main and auxiliary bus

centers. Figure 8 depicts these two levels of bus management.

The power contactors at the top level of bus management (i.e., contactors
which establish the point of regulation buses) are controlled by the dedicated
generator control units based on logic inputs from the aircrew. For example,
the Main Line Contactor (MLCl) is energized by the main generator's control
electronics if the cockpit main generator switch is positioned to "ON", and
generator characteristics are within specification limits. Current
transformers are interconnected in the generator feeder network as illustrated
in Figure 9 to feed differential current information to the control

electronics for feeder and generator protection. Contactors are commanded
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DIFFERENTIAL CURRENT PROTECTION
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"opened"” if a fault condition appears. The current transformer
interconnection scheme affords protection during normal operation (power
through main contactor to 3 phase bus), engine starting mode (BTC and MLC
opened and ESC closed) and bus tie mode (MLC and BTC closed and ESC opened).
When power is routed from a second source to the main bus, the current
transformers shown in Figure 9 are no longer operational. During this
operating mode, current transformers associated with the second power source

(not shown) provide fault protection.

The main and auxiliary buses are interconnected by a redundant bus tie
network. Figure 10 (an expansion of Figure 8) defines the major components of
this network. The bus tie network utilizes a common scheme for providing a
redundant bus tie while assuring isolation of faults on any one of the bus tie
feeders. Each of the Remote Controlled Circuit Breakers (RCCBs) are rated at
approximately 1/2 the bus rating (in this case - 1/2 of 174 = 87 amps). In

the single engine design, 100 ampere rated 3 phase RCCBs are selected.

If a fault occurs on the feeder shown in Figure 10, the currents will flow in
the directions shown by the arrows {(assuming auxiliary bus is being fed power
from the main bus). In the fault condition shown, RCCB13 will typically trip
first. The full fault current will then flow through RCCB23, but only 1/2 the
fault current will flow through the other circuit breakers. This splitting of
the fault current guarantees that RCCB23 will trip next, thereby totally
isolating the faulted feeder. Current flow will then continue to the

auxiliary bus through the top two sets of remaining bus tie feeders.

It should be noted that the bus switching and interconnection selected uses a
common bus tie network for both engine starting and "normal®™ bus tie

operations. This dual function may result in selecting higher rated RCCB's

34




WMOMIEN 411 snd 01 TNOId

=
r1nva |
v —t—1Y
v - Y
v = s
o9 AT} £1900%
e—
= — A
0 ? y W < Y |
P JAIp - o p )
Vo ‘' - Y
e——— -t £24004 71004 ¢
“« e
snd Xav e
2014 W/ - v
v P >4
1\ - (
179004 17900%

35

o'

4 =< =
&« >

o H =2

L —

t = >
1

Vo

-+ — -
— -

1 sng NIVH

1019




for engine starting than would be selected for an inflight bus tie function
alone. The reduction in bus tie hardware is, however, worth this non-optimum

rating selection.

As illustrated in Figure 8, the auxiliary bus is also powered by a battery
powered inverter. This arrangement is expanded in Figure 11l. Since the bus
tie link will normally be closed in the single engine aircraft, the phase loss
detector shown in the figure will be monitoring power from either the main or
the auxiliary generators (or external power). If the three power phases are
intact, the Inverter Line Contactor (ILC), will be energized, thereby
connecting the generators to the auxiliary bus. Simultaneously the battery

line contactor will open, unloading the battery and de-energizing the

inverter. Loss of any phase from the generators will result in de-energizing
the inverter line contactor and closing the battery contactor. An operating
inverter will then be connected to the auxiliary power bus. The pilot can
override this automatic sequence if desired. This transfer operation will
result in power gaps at the auxiliary bus level for approximately 20
milliseconds maximum. Shorter duration power gaps are feasible but reducing
the gap time could result in source transfer into a fault before the fault
condition is cleared or nuisance transfers could occur during voltage
transient conditions. Sufficient time must transpire to assure that the bus
manadement system is responding to a fault condition as opposed to a voltage
transient. Due to the oscillating nature of ac power, several cycles (at 2.5
milliseconds each) must be averaged to discriminate between these two
conditions. However, several hundred milliseconds may be required for an RCCB
to clear a feeder fault. While delaying power transfer until all faulted
RCCB's have tripped would be desirable. the resulting gap time (22400
milliseconds) may be unacceptable. In many cases, the fault can be partially

isolated by the power source transfer relays in the LMCs within the 20
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millisecond gap period. For this reason, a 20 millisecond maximum power gap

goal was establishea.

Under worst case conditions, meeting the 20 millisecond gap goal requires
switching at two levels. The auxiliary bus must be connected to the inverter
(the inverter must be energized) and the LMC must transfer to the auxiliary
bus feeder. The LMC transfer should ideally occur during the auxiliary bus
transfer operation. This simultaneous transfer is feasible since similar but
fewer actions are required to complete LMC transfer as are required for

auxiliary bus transfer to the inverter.

In order to meet the 20 millisecond maximum power gap, fast response power
contactors are necessary. Figure 12 illustrates typical operate and release
times of aerospace contactors as a function of contact rating for nominal coil
voltages. The time diagram of Figure 13 concludes that contactor response

times should be:

Device Operate Release
LMC Transfer Relay 12.5ms 12.5ms
Battery Line Contactor 4 ms 15 ms
Inverter S Line Contactor 12.5ms 12.5ms

These response times are faster than conventional contactors. In addition,
hybrid contactors (electromechanical relay with solid state contact shunt)
could meet the operate time as long as the contact configuration is "single
throw". The operate time for a "double throw" hybrid configuration (normally
closed and normally opened contacts) is the same as the operate time of the
embedded electromechanical relay, and therefore no response time improvement
results from selecting the hybrid configuration. The LMC Transfer Relay and

Inverter Line Contactor require the double throw function, therefore an
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electromechanical contactor is used for these two functions. The battery line
contactor requires a single throw, normally opened switching function and a

hybrid device is used to accelerate power up of the inverter.

Short of designing a special purpose relay to serve the LMC transfer and
inverter contactor functions, another option is available to improve response
time of conventional relays. This option requires that the phase loss
detector produce a variable voltage output to drive the two relays. Figure 14
depicts the general waveshape of this relay driver output. Figures 15 and 16
illustrate typical operate and release time characteristics as a function of
the ratio of applied coil voltage to coil operate and release voltage

ratings. The figures define the general shape of the operate/release time
function and should not be used as actual ¢ sign curves since each relay will

have different specific voltage and time v 2s.

It is assumed for this study that an approprinte walue for the Figure 14
voltages can be determined from experimental tests of the specific power
contactor to be used. The phase bus dete:tor c.rcuit is then designed to

produce those voltage values.

The steady-state generated power is divided among the six LMCs as defined in
Table 5 for nominal levels. Due to transient load conditions, the actual
design rating may be different as is noted in the table. Tables 6 and 7 lists
the power switching and protection hardware required to implement the bus
management subsystem. The 3 phase remote controlled circuit breakers listed
in Table 7 are controlled automatically via EMUX. The control interface of
the MIL-C-83383 RCCB is modified slightly for compatibility with EMUX remote
terminal and is designed such that a "normally closed" function is provided.

The trip characteristics of these RCCB's are illustrated in Figure 17. The

EMUX interface provides three functions:
41
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TABLE 7

FEEDER PROTECTOR HARDWARE

' DEVICE FUNCTION PART NUMBER (*SIMILAR TO)
Main Bus to Cockpit LMC Feeder MIL-C-83383/4A-09%
! Aux Bus to Cockpit LMC Feeder MIL-C-83383/4A-09%
Main Bus to RH Electr LMC Feeder MIL-C-83383/4A-10%
Aux Bus to RH Elect LMC Feeder MIL-C-83383/4A-10%
Main Bus to LH Electr LMC Feeder MIL-C-83383/4A-08%
Aux Bus to LH Electr LMC Feeder MIL-C-83383/4A-08%
Main Bus to RH Wing LMC MIL-C-83383/4A-08*
Aux Bus to RH Wing LMC ! MIL-C-83383/4A-08%
Main Bus to LH Wing Bus ! MIL-C-83383/4A-08%
! Aux Bus to LH Wing Bus ! MIL-C-83383/4A-08%
l

Main Bus to Aft LMC i MIL-C-83383/4A-04%
Aux Bus to Aft LMC E MIL-C-83383/4A-04%
{

LH Bus Tie - Section 1, 2 & 3 MIL-C-83383/4A-13* (150 Amp)

RH Bus Tie - Section 1, 2 & 3 ; MIL-C-83383/4A-13*% (15C Amp)
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a. RCCB status monitoring
b. Auto-reset of RCCB trips via EMUX subroutines

c. Manual override of RCCB state by aircrew

The impedance of the bus management system power feeders is defined by a 3 x 3

impedance matrix zabc similar to the generator system feeder impedances.

Table 8 identifies these feeder characteristics.

Each LMC is supplied power from both the main and auxiliary power buses
through dedicated feeders and feeder protectors (RCCBs). Inside the LMC,
power transfer circuitry selects the power input from the main bus for
connection to the LMC bus if the power available is within allowable voltage
limits. Fiqure 18 illustrates these LMC internal functions. The phase loss .
detector circuitry functions similar to that discussed for the inverter line
contactor control. If 3 phase power is available from the main power bus
feeders and each phase voltage is above a minimum value, the transfer relay

will be energized by the phase loss detector's relay driver.

Within 20 milliseconds of loss of any phase (or abnormally low voltage), the
transfer relay will de-energize and connect the auxiliary bus feeders to the
LMC bus. The EMUX terminal shown in Figure 18 monitors the status of power
from the main bus via the phase loss detector. This monitor function provides
an input to the load management routine resident in the EMUX processor. In
addition, the EMUX terminal interfaces with the load controllers for
utilization equipment power control. The load controller, load management and

EMUX systems are discussed in more detail in Section 4.1.4.

Finally, Figures 19A through 19E illustrate power flow from sources to the

various buges for the various aircraft operating modes.

49




*TeuoTlelado I SHUIT 913 SNQ ¢ 24yl JO 7 ATUO 1Py SIUNSSE EBIEP I9IPIaj 913 SNQ JULPUNPII BYL

i H
ST 9%* 19200 (+£000" amoo.ﬁ+m_c.|h A M w1 1€ S OW1 9313 H1 sng xny o1
! * \
v g%° | %200 [+£000° ! ££00" [+£600° _ “ A S ) S OW1 9213 Hd sng xny 6
+ 4 ! +
8¢ 65° | 5800 f+£700° | €10°f+€510" ! oY 8 0¢ oW1 31d¥20) sng xny 8
z°0 6C° | L200"F+£000" | 700" f+5zE0" | n 8T 6 S OWl dinbg 33y sng urey L
-4 ; : :
{ 5 H
LS £ | 210 T+%200° | 5810 C+vgz0” | * i 8 m 92 0¢ OW1 3uiM H1  sng utey 9
; ] N
1 ]
LS (s | z10 T+9z00* | s810° [+%€z0” m g | 92 0¢  DWI 3uUTM HY  snd UTeR S
_, %
L0 65 8700 [+£9000° | €200 (+%6T0" A M 1€ 0T | OWI 329713 H1 sng urey Y
L N
—T )
1 16" L%00° T+£9000° L00" f+2T0°" 01 oY 0T OW1 39973 HY  sng ulep €
8y 9L | T10° (49100 | €9T0°f+610° Ap$w 8 0% 194 OW1 3Td320) | sng urey z
0°¢ ev* | 2900°[+Z200* | 800" £+4%900" 8 L8 01 sng xny = sng utey o1
02 ey | 2900°(+z00" | $800° [+%900" 8 L8 0T | Sng XNy  sng UTER qT
0°¢ €9 | 2900°f+z00" | S800"f+%900" H 4 8 L8 oT | sng Xny & sng UTER el
0°9 - - S USRI 7.1 , \ »41L snd 1
(sd71) (s110A) W Z 91IN0D | (OMV) Amm\mmz<q«‘ (131)
IHOTAM d0¥d ¥xCITT AONYCT ST 4718 ONIIVY HIONAT: 0l MO ES WA1I
ge NI RENERE] BEGERE]

(ISVHd ¥3d) VIVd ¥3q3ITd INIWIOVNVK Snd

8 d19VL

50




_ Z WK [oqe
"WMZ KT Z ¥
"mwz| ,
1A 8¢° | $00°[+9000° | €800°f+590° 7 81 6 0T |OoW1 d1nb3 33V sng xny €1
LS L6 1L110° T+%200" | $8T0" E+%€20" & 8 9¢ 0t oW1 SuIM H1 sng xny At
]
LS (s" L1107 £4+%200° | S8T0 " f+%£20° A%_“ 8 97 0€ OW1 3ulM HY sng xny 11
N
(s€1) | (S110M) W 3 914N0D | (oMV) [(Hd/SdNV) (13)
IHOTAM doyd *¥¥SIAL IDNVATINT 4718 INILVd | HIONTT 0l noud WAl
@c MNIT PEGEEE] REREER

51

(QIANTINOD) (ASVHd ¥3Id) VIVA ¥IQIAd INAWIOVNVW Snd

8 dT4Vl

-




FROM

MAIN

aUS FROM AUX BUS
\
\ t |

]
PHASE |
LOSS LOAD
DETECTOR MANAGEMENT
CNETER
9B

I
I LMC BUS |

' pC
EMUX l::[ -1 |--- -?LOAD CONTROLLEKS
1
e = -
Y

Y ¥
@: TO UTILIZATION EQUIPMENT
DATA BUS

FIGURE 18

LOAD MANAGEMENT CENTER POWER 1TRANSFER




MALN
GEN

EXT
PWKR

STANDBY
POWER

S o
O AVAILABLE

LMC BUS (TYP) ® NOT AVAILABLE

; FIGURE 19A EXTERNAL POWER




-t

paiie ot

.

EXT
PWR

STANDBY

POWER l
L
4B
va —

T

AUX MAIN
BUS BUS

© o
O AVAILABLE

LMC BUS (TYP) ® NOT AVAILABLE

FIGURE 19B ENGINE START

54



LMC BUS (LMC)

FIGURE 19C NORMAL FLIGHT

® NOT AVAILABLE




EXT
PWR

T T
Ml 1L —s
R T PN s i r N
AUX MAIN
BUS BUS

LMC BUS (TYP) ® NOT AVAILABLE

FIGURE 19D STANDBY POWER

56




EXT
PWR

MAIN
GEN

LMC BUS (TYP) ® NOT AVAILABLE

FIGURE 19E APU GENERATOR




Figure 19A represents power flow during ground operation from external power.
The standby system (inverter) is available as a power source bus is
de~energized. Likewise, the APU and main generators can be brought on line in
a parallel synchronized operation if desired (providing APU and engine are

operating).

Power flow during engine starting is illustrated in Figure 198. 1In this mode,
the limited set of utilization equipment required during starting is powered
by the inverter while the APU (or external) power source energizes the starter
mode of the main generator. After engine start and the main generator comes
on line, the power flow is established as shown in Figure 19C. This flow is
maintained for normal flight. The bus tie link is utilized during normal
operation to minimize power interruption in the event of faults on one of the
feeders between the main bus and a LMC. When this occurs, the LMC transfer

function will select the auxiliary bus feeder.

In the event of loss of the main generator, the inverter will be connected to
the auxiliary bus and hence to each LMC through the LMC transfer relay (see
Figure 19D). At the same time, the EMUX system will switch into a load
management mode and shed non~essential loads until the APU generator can be
brought on line. It should be noted that start-up of the APU requires a
source of power - electrical, hydraulic, pneumatic, etc. If the electrical
power is used for APU start-up, it will likely require a battery separate from
the battery which powers the inverter. As long as electrical power necessary
for APU starting is limited to control functions (i.e., low power) the standby

power source can be shared between essential equipment and APU starting. This

study assumes the latter condition.




' With the APU generator operating, power is routed to LMC buses as indicated in
Figure 19E. An alternate path (not shown) to the LMC is through the bus tie

, link to the main bus and down the associated feeder to the LMC.

4.1.4 POWER DISTRIBUTION AND CONTROL

The Power Distribution System (PDS) controls the allocation of power from the
remote LMCs to the utilization equipment. In addition to controlling and
rationing (when required) the electrical power, the PDS provides
self-protection against smoke, fire and shock hazards to limit damage from
component failures, maintenance errors and pattle damage. Various levels of
control and protection can be established, but manned military aircraft are
generally (if not always) designed such that all circuitry is fault protected #

and flight essential circuits are redundant. These design requirements are

imposed for aircrew safety and to increase the probability of returning a

vehicle which is more expensive than a missile or RPV for example.

Additionally, the protection function is typically implemented such that any
fault in the distribution system will be limited to one circuit or system.
This goal results in individual circuit protection devices dedicated to
individual systems. Related to this design goal is the desire to be able to
reset the fault clearing device in~flight in the event of a "nuissance trip"
or an intermittent fault. Protective devices are located in the cockpit in
conventional aircraft to enable manual resetting the circuit protectors.
Single engine and especially single crewman vehicles have insufficient cockpit
space to implement the reset capability, plus the increased weight of the

distribution system detracts from its feasibility.
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! With the advent of electromechanical remote controlled circuit breakers, the
feasibility of adding a reset capability improved but the weight of the
. control function is still difficult to justify for a severely space restricted

aircraft. This is especially true when one considers that additional

switching hardware for on/off control must be added.

Due to these issues (and others), it is apparent that an integrated approach

to the control/protection function is desirable.

By installing a logic box which computes the control functions and reset
logic, the RCCB could implement the on/off control as well as protection
function. This approach reduces the power switching hardware (large
components) to a minimum while implementing all logic manipulations at very

} low power levels (and hence small components).

When considering the hundreds of circuits/systems on a typical military
aircraft, the number of inputs and outputs interfacing with the hypothetical
"logic box" would be so large as to be unmanageable especially when one
considers redundancy aspects. To alleviate the I/0 handling problem, the 1/0
interface can be physically separated from the logic computation box and 1/0
. data transmitted between the interface and logic units by a multiplexed data
. bus. In addition, the interface unit can be split into multiple units, each
of which are installed in the vicinity of a group of 1/0's being serviced. To
- provide redundancy at the logic calculation level, multiple logic processors

can be connected to the data bus. This PDS implementation scheme is referred

to as the Electrical Multiplex (EMUX) system.




The EMUX implemented system consists of signal sources (solid-~state
transducers), 3MUX control and solid-state power controllers. This minimizes
both the signal and power wire lengths needed to interconnect the system. The
! signal source provides input stimulus to a MUX/DEMUX terminal of the EMUX
system in response to a mechanical movement (toggle switch action), pressure

change, temperature change, etc. Signal adapters are used to convert "black

box" signals for compatibility with the input requirements of the MUX/DEMUX
terminal. The signal source configuration which offers certain advantages in i

terms of being all solid~state, not requiring supplemental power and providing

a level of built-in-test is a "switched impedance" type shown in Figure 20.
The output characteristics are defined in terms of impedance levels. A fixed
impedance value is assigned for a NORMAL ON state and another value is given
for a NORMAL OFF state. Fault modes exist when the impedance value is either
above or below the normal values. To detect the impedance values, the
MUX/DEMUX terminal provides a constant current (10 ma) to the impedance
resulting in voltage levels across the input to the MUX/DEMUX unit which are

proportional to the impedance levels.

Power switching between the power bus and the load is performed by solid-state
load controllers. For a single engine aircraft, approximately 350 controllers
are installed in five IMCs. The trip characteristics for ac power controllers
are shown in Figure 21. Typical ac load controller distribution by current

ratine. - 4 given in Table 9.

Tne built-in~test technique described for the signal source is also included
in the controller (Figure 20). This greatly enhances maintainability while
minimizing the interconnect wiring needed between the multiplex/demultiplex

terminals and controllers. Fault data is provided when the following

conditions exist.
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a. An ON command signal is present and no load current is present.
b. An OFF command signal is present and load current is upplied to

the load.

TABLE 9

LOAD CONTROLLER QUANTITIES

DEVICE RATING NUMBER REQUIRED

(AMPS RMS)

0.5A 196
1 A 65
2.5A 50
5 A 21
10 A 18

This signifies a faulted controller and permits a fault sensing circuit
internal to the controller to indicate:
a. An open load controller (power switch or fusible 1link).
b. An open circuit between the controller and load.
Ce. A dead bus.
d. A shorted controller.

e. A faulted control circuit (open or shorted).

All load controllers are installed within six IMCs. The allocation of device
ratings among the six IMCs is shown in Table 10. In addition to the SSPC's,
each center contains heatsinks, bus tie switch gear, mounting hardware,
connectors, EMUX multiplex/demultiplex (Universal) terminals and an
enclosure. The LMC is enclosed to protect against physical damage. The SSPC

mounting structure also serves as the heatsink. The IMC is a critical area
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TABLE 10

LOAD CONTROLLER ALLOCATION TO LMC

{ CONTROLLER RATING (AC)
: LMC LOCATION 1/2A 1A 2.5A S5A 10A TOTAL
E Cockpit* 78 26 13 3 0 120
E RH Electronics Bay 37 13 5 3 0 58
\ LH Electronics Bay a, 41 6 8 6 0 61
é RH Wing Stations } 10 6 9 0 9 34
i LH Wing Stations ? 10 6 9 0 9 34
; Aft Equipment Compartment ? 20 8 6 9 0 43
{
; TOTALS ? 196 65 50 21 18 350
i J )

* Function of the type of display hardware incorporated in the cockpit.
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(somewhat similar to that of the EMUX processor) because it is a focal point
where a single "hit" or battle damage can result in significant loss of

' capability. From this viewpoint, the LMC is even more critical than the

' processor since it does not have the “"complete and separate” level of
redundancy. At the same time, it is burdened with the operational and

implementation requirements of high heat dissipation and large quantities of

signal-power interface points for the distribution and control of power to the
many loads within the aircraft. These requirements dictate that the LMC
hardware (load controllers, demultiplex terminals and the interconnect-wire
system) be very small so that the LMC can be placed behind the avionic
equipment. Although placing the LMC behind the utilization equipment is not
an essential requirement, it is very desirable because of the survivability
criteria. Consequently, the areas usually selected for the LMC's are

i typically very space limited. For this reason, it is a high priority
requirement to minimize the size of the LMC equipment. However, the
operational and implementation methods used for the load control and
protection functions impose limits on the level of miniaturization that can be
achieved. These reside primarily in: (1) The number of wire interfaces
(signal and power), (2) the intelligence level of the individual controllers,
and (3) the power dissipation per controller module combined with the

electronic components needed in the controller to achieve its control

‘. functions.

The load requirements for the aircraft utilization equipment can vary
v considerably as a function of the aircraft mission and complexity. Table 11l
depicts this range of power requirements. The top portion of the table
represents a reasonable set of core systems required for most single engine

military aircraft. This core load is approximately 10.3 KVA.
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TABLE 11

UTILIZATION EQUIPMENT POWER REQUIREMENTS
CONFIGURATION SYSTEM LOAD (KVA)
s Comm/Nav/Platform 2.15
StoresAManagement 0.35
Flight Control/Displav 1.5
Propulsion Control/Display 0.3
BASIC CORE < Environmental 2.1
Fuel Control 0.3
Lighting 0.6
Utilities 0.5
. Radar 2.5
Subtotal 10.3
e
ECM 3.0 to 30.0
MISSION Weapons 0.3 to 15.0
SENSITIVE <
Radar* 0.0 to 2.0
‘ Target Acquisition 0.0 to 8.4
) .
Subtotal 3.3 to 56.4
) TOTAL 13.6 to 66.7

* Addn. requirements above core system

N3
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The bottom half of Table 11 presents the range of loads expected for most

single engine aircraft.

Since these loads vary with the aircraft's mission configuration, the total
! load requirements cover a broad range (i.e., 13.6 to 66.7 KVA) as the

equipment mix varies. The ECM equipment complement can range from on-board
jammer and Radar Homing Warning (RHAW) systems to external mounted (on wing
pylons) jammer pods. Weapons mix can vary from dumb bombs to active guidance
"smart® missiles. More sophisticated (or longer range) radars may be required
to support more complex weapons. In addition, target acquisition systems such
as infrared TV may be required. From a practical standpoint, simultaneous
installation of the mission sensitive equipments at each maximum rating would

! not occur. For example, installation of the pylon mounted high power ECM
jammers would reduce the number of weapons which could be carried and thus

reduce the power requirements for weapons.

For purposes of PDS design, the mission sensitive equipment mix was assumed to
be that shown in Table 12. This loading (39 KVA) results in reasonable growth
capacity for the 60 KVA system rating. (Normal design goal for new aircraft

‘ is to size the generator system for approximately 150 percent of the initial
design power requirements). It should be noted, however, that for purposes of
the power system computer modeling, the PDS load is set near 60 KVA to
represent a worst case generator loading. This worst case loading is more

v representative of an aircraft which has been in service for several years and

has been retrofitted with new or additional systems.

v

In order for EMUX to compute conditions for control of the load controllers,

input signals must be routed to the EMUX processor. These input commands are

intercepted by EMUX remote terminals distributed throughout the aircraft or
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TABLE 12

ASSUMED MISSION SENSITIVE LOAD MIX

{COMBAT 'CONTINUOQUS' LOAD)

SYSTEM LOAD (XVa)
Basic Core 10.3
ECM 15.6
o 1 jammer pod
0 Internal RHAW
Weapons 4.7
o 6 IR Maverick missiles
o 2 Sidewinders
o 1 30 MM gun pcd
Target Acquisiticn 8.4
o TForward Looking IR
TOTAL 39
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enter the EMJX processor through an avionics multiplex interface such as

DAIS. Based on early studies,3'4

approximately two output signals (average)
are generated by each input signal. This ratio is to some extent determined
by the fact that three output signals are generated in order to energize a

three phase load. This ratio yields approximately 175 inputs from manually

activated signal sources, from black boxes, or from mechanical transducers.

Most of the manually activated signals originate from the cockpit through EMUX
terminals, while the signals eminating from black boxes reach the EMUX
processor through a DAIS (or similar) data bus interface. The mechanical
transducers {pressure, temperature, etc.) are distributed throughout the

aircraft and also enter EMUX at an EMUX remote terminal.

The EMUX system basically consists of hardware similar to that defined for the
B-1 airplane. The main difference is the configuration of the multiplexer and
demultiplexer terminals. An advanced design uses a common terminal to perform
both the multiplex and demultiplex functions, i.e., a "universal terminal”.

In the universal terminal, any channel can be used for interfacing either a
signal source or a power controller. EMUX as generally defined, uses separate
terminals to perform the multiplex and demultiplex functions. The common

. configuration improves design flexibility and reduces logistic support

o2 requirements.

The processor, multiplex/demultiplex terminal and maintenance panel hardware

and functions are briefly described in the following paragraphs for a single
engine aircraft implementation. Also discussed are che Built-In-Test (BIT)

capability and criteria or methods for powering-up the EMUX system.
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! 4.1.4.1 PROCESSOR

1 Two processors are provided for redundancy, i.e., either processor controls

' the entire data handling process. One processor operates in stand-by
(passively receiving data on the data bus and solving system control

‘ equations) and is automatically switched into operation upon failure of the
operating unit. Each processor contains a nondestruct memory in which are

stored all control instructions and the switching equations associated with

the control of power to each individual load. The control instructions and
equations are programmed into the processor through a software program. Thus,
Cchanges in control logic can be accomplished by reprogramming the processor
with a paper or magnetic tape, thereby minimizing wiring changes which need to
be made in the airplane up9n incorporation of a modification. Parity check

7
and monitor circuits witliin the processor provide a continuous BIT capability.

4.1.4.2 MULTIPLEX/DEMULTIPLEX TERMINALS

Typically eleven multiplex/demultiplex universal terminals are located
throughout the airplane to collect control data, and to operate load
controllers and special solid-state power switches (signal buffers). The
multiplex/demultiplex terminal is internally redundant and can perform both
the multiplex and demultiplex functions. Each terminal has a control capacity
of 63 inputs or 63 outputs or combinations of 63 inputs and outputs plus one
channel for BIT. The terminals are connected to the processor by a data bus
transmission line. The data line is redundant, consisting of a
twisted-shielded pair of wires, and operates in a half-duplex mode at a
nominal one megabit rate. The data bus can also be implemented with fiber

optics. The multiplex subsystem configuration/operation is in accordance with

MIL-STD-1553.
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4.1.4.3 EMUX MAINTENANCE PROVISIONS

Maintenance provisions on a large airplane will typically consist of CITS
(Central Integration Test System). In absence of CITS, a maintenance panel
might be provided; especially for a smaller, single engine aivplane. The
dedicated maintenance panel will typically consist of a printer and associated
electronics to print BIT information required by maintenance personnel. A
simplified maintenance panel provides inhibit-reset and input-~output data
display. All failures detected by the EMUX are recorded in the maintenance
panel. Each failure is identified by LRU (Line Replaceable Unit) equipment,
its location in the aircraft and time of failure. The quantity of data
printed is a compromise between the quantity of data required by the
maintenance personnel and the ability of the airborne unit to store and print

the data in real time.

The displays on the panel consist of a lamp which is illuminated when a
channel is inhibited and turned off when the inhibit is reset. A second lamp
is provided for data display. Selecting a terminal and channel on the
thumbwheel switches causes the lamp to be illuminated if the channel is ON
{Logic 1). The lamp remains OFF if the channel is a Logic "O". A switch is
included to test the two lamps. Two switches on the panel are associated with
the printer control. The ON-OFF switch controls input power. A three

position switch provides for tape advance and tape set.

4.1.4.4 BUILT-IN-TEST (BIT)

BIT is a significant capability, although it does not constitute a subsystem

or even identifiable added equipment with the EMUX system. The area covered by
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BIT includes all of the EMUX, the signal sources and the power controllers
including the interconnecting wiring. An important factor contributing to the
signal source and power controller BIT is the switched impedance control
signal interface illustrated in Figure 20. The BIT includes both circuit
functional checks and data monitoring. An example of a circuit test is the
power supply voltage tolerance, i.e., an out of tolerance condition results in
automatic switch-over to the redundant power supply circuit. Other basic test
techniques used with the data handling syctem are command and response,

parity, digital intergration and circulating test bit.

4.1.4.5 EMUX SYSTEM POWER-UP

All the EMUX system components (processors, multiplex/demultiplex terminals
maintenance panel) are supplied power from the AC bus. The EMUX system is
effectively "hardwired" to the bus and is powered automatically whenever the
bus is powered. The primary processor is redundantly powered from AC buses
located in separated ILMCs to enhance reliability and invulnerability.

Similarly, the secondary processor is powered from separate AC buses.

4.1.5 FLY-BY-WIRE SYSTEM

Critical electrical systems, such as fly-by-wire systems, can only be tailored
after aircraft system performance characteristics have been defined.
Additional levels of redundancy in the areas of power sources, feeders, power
distribution circuits, sensory circuits and EMUX hardware to obtain additional
levels of reliability and vulnerability must be designed into the basic
system. A second engine driven generator may be required on a single engine
aircraft., Zero power interruptions can only be accomplished in DC systems

with batteries used as back-Jup power sources. Power interruptions in AC
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) systems can be reduced as discussed in paragraph 5.7 but never completely

eliminated upon loss of the primary system.

4.2 MULTI-ENGINE AIRCRAFT

¢ The multi-engine aircraft electric system is defined to consist of the
following:

o FPour main AC generating channels, each rated for 90 KVA. Each

generator is controlled by a dedicated microprocessor
implemented GCU and includes extensive self-test capability.

o Engine electric self-start capability.

o One APU driven generator rated for 90 KVA.

o Two static inverters, each rated for total "gapless power" load.

o Two batteries, each rated for total "gapless power" load. The
battéry powers loads through the static inverters.

o Nine LMCs for final distribution of power to utilization
equipment. Each center is supplied three phase ac power from
two of the four main power buses and from one of the two
inverter buses.

. o The inverter normally operates in a standby mode, synchronized
to the main AC buses. Time required to switch to the "standby"
or inverter bus is 20 milliseconds maximum.

[ o Control and protection of power flow to utilization equipment is
pProvided by solid state load controllers.

o The load controllers are controlled by an EMUX system consisting
of .

Four Processors

- 32 Universal (Multiplex/Demultiplex) EMJUX Terminals
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- One Maintenance Panel {shared with other on-board
maintenance systems)

- One EMUX Control Panel (cockpit)

- A Split Dual Data Bus System
() Control signals to EMUX utilize the "switched impedance" concept.
o The power generation system normally operates in a split bus
mode with all channels isolated but synchronized.
o All power generating channels are capable of parallel operation.
o The EMUX system can sequentially remove individual loads as

determined by an established load management priority.

A block diagram of the multi-engine power control system is shown in Figure 22.
The power generation portion of this system consists essentially of four main
90 KVA power sources, one emerdgency (auxiliary) 90 KVA power source and two 5
KVA battery powered inverters interlocked through the bus management
subsystem. The 5 KVA standby inverter system supplies power to essential or
gapless power sensitive equipments during transition between power sources.

In addition to the sources listed above, provisions for external power
connection is available for ground maintenance and engine starting power. A
90 KVA rated generator was selected for the APU driven auxiliary power source
for hardware commonality with the four main generators. This rating selection
is also required to allow engine start from an APU electric power source. As
in the single engine design, each generator system contains a dedicated
Generator Control Unit (GCU) with an internal MIL-STD-1553 multiplex port for

data communication with EMUX.

A power feeder network is implemented with Remote Controlled Circuit Breakers
(RCCBs) to supply power to the nine LMCs. An EMUX link to these RCCBs permits

monitoring of RCCB status 