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ELECTRICAL SUBSYSTEM FOR A 2-TO 15-KILOWATT

BRAYTON POWER CONVERSION SYSTEM

by James Nestor, Pierre A. Thollot, and Richard C. Bainbridge

Lewis Research Center

SUMMARY

The electrical subsystem of the 2- to 15-kilowatt-electric Brayton power conversion
system includes the engine control system, the electrical control package, the dc power
supply, the parasitic load resistor, the inverters, and required instrumentation. This
subsystem is undergoing extensive experimental evaluation both on an individual compo-
nent basis and as part of the complete flight-configured power system. Tests were per-
formed under a variety of conditions including high and low ambient temperatures, vac-
uum and atmospheric pressures, steady-state and transient operating modes, and de-
sign as well as off-design conditions. To date, the Brayton system has accumulated
over 2560 hours of operation. Performance confirms earlier theoretical and test data.
For vehicle (user) loads in the 0- to 10-kilowatt range, the housekeeping power neces-
sary for engine control and monitoring is approximately constant at 1. 0 kilowatt, subject
to intermittent additional loads of from 0 to about 0. 6 kilowatt during battery charging.
Line-to-neutral rms voltage is steady within ±1. 5 volts. Frequency depends upon user
load and ranges from about 1230 hertz at zero load to 1200 hertz at maximum load.

INTRODUCTION

The NASA Lewis Research Center Brayton cycle technology program, initiated in
1963, has advanced through the design and fabrication stages to the component and sys-
tem testing phases currently in progress. A description of the system under develop-
ment was presented by Klann (ref. 1) in 1968. A subsequent paper by Brown (ref. 2) in
1969 reported progress and outlined some of the testing to be carried out at the Space
Power Facility. Reference 3 describes the performance of the complete Brayton power
conversion system (hereinafter for brevity called the engine) and compares the test re-
sults with those predicted analytically in reference 4. A description of the electrical



subsystem and its performance as an integral part of the engine as it then existed was
presented in reference 5. In 1971 Klann and Wintucky (ref. 6) reported current status
of the engine and discussed recent design improvements.

A number of new concepts and designs have been incorporated into the electrical
subsystem as part of the continuing effort to advance the technology and improve the
system. Recent modifications include (1) the addition of a motor-start inverter which
simplifies engine startup and eliminates the open-loop operation required by the gas
injection procedure during startups; (2) the addition of solid-state heater control logic
to automatically control the temperature of the gas storage bottle and thus prevent par-
tial liquefaction and/or separation of the helium-xenon gas mixture; (3) the replacement
of the low-level signal conditioner power supplies with a new improved design to elimi-
nate interference resulting from high noise level and at the same time reduce power
requirements; and (4) the replacement of the silver-cadmium batteries by nickel-
cadmium types when the original batteries reached the end of their useful life.

This report briefly describes the complete electrical subsystem and its major com-
ponents with emphasis on recent changes and improvements and presents engine per-
formance with these improvements.

DESCRIPTION OF THE BRAYTON SYSTEM

The Brayton power system discussed in this report is a self-contained 2- to 15-
kilowatt electrical power system suitable for space applications. Figure 1 is a sche-
matic representation showing the major subsystems which compose the power system.
The heat source subsystem, which adds heat to an inert working gas, may consist of any
energy source that can provide heat at the proper temperature. For space applications
two energy sources of interest are radioisotopes and solar mirrors.

The hot gas leaving the heat-source heat exchanger drives the turbine to produce
useful work, part of which is absorbed by the compressor, and the remainder of which
is converted to electrical energy by the alternator. The turbine, compressor, and al-
ternator make up the Brayton rotating unit (BRU). The recuperator serves the dual
function of removing the excess heat from the gas as it leaves the turbine and preheating
the gas returning to the heat-source heat exchanger. The heat-rejection subsystem
disposes of the waste heat by means of the waste heat exchanger, redundant liquid cool-
ant loops, and a radiator. This subsystem also provides for cooling of the alternator
jacket and the four cold plates on which the electronic components are mounted. The
gas management subsystem maintains the proper gas inventory in the primary loop and
provides the jacking gas required for startup. And finally, the electrical subsystem
regulates and controls operation of the power system. This subsystem is discussed in
detail in the remainder of this report.



In figure 2, an electrically heated Brayton system is shown in the vacuum chamber
of the NASA Space Power Facility. In this configuration, an electric heat source and a
facility-cooled heat-rejection system are used to test the basic power conversion system
which includes the electrical subsystem.

DESCRIPTION OF THE ELECTRICAL SUBSYSTEM

The electrical subsystem of the Brayton power system is a flight-configured, func-
tional part of the power system. It is engine-mounted, self-powered, and totally inte-
grated with the remaining subsystems which compose the basic power system. Table I
is a reference listing of the electrical subsystem components, contractor, and contract
number. In summary form, the electrical subsystem performs the following functions:

(1) It controls and regulates alternator output voltage.
(2) It maintains line frequency (1200 Hz) within design tolerances by controlling

alternator shaft speed with an electrical parasitic loading technique.
(3) It distributes and provides switching of all electrical power used for housekeep-

ing and supplied to the user bus.
(4) It supplies its own internal source of dc power during periods of engine startup,

normal steady-state operation, and shutdown.
(5) It supplies a source of 400-hertz, 45-volt rms three-phase power for heat-

rejection-loop pump operation.
(6) It provides signal conditioning for all engine instrumentation.
(7) It provides automatic engine operation with manual overrides for all control

functions.
(8) It provides automatic shutdown of the engine in the event of an overspeed.
(9) It contains visual and telemetry-compatible data monitoring capabilities.
Figure 3 is a pictorial representation showing each of the items of hardware which

compose the electrical subsystem. Functions (1), (2), and (3) are performed by the
electrical control package (ECP). The parasitic load resistor (PLR) in conjunction with
the ECP accommodates function (2). The dc power supply and batteries provide function
(4). For reliability, two identical liquid coolant loops are provided, each requiring an
inverter to provide ac power for the heat-rejection pumps used in function (5). The sig-
nal conditioner contains all required circuitry to accommodate functions (6) and (8).
Finally, the control and monitoring panel provides for functions (7) and (9). Some of
these components and the interconnecting harness can be seen mounted on the engine in
figure 2.

Figure 4 is a block diagram of the electrical subsystem showing the interconnection
of 120/208-volt, 1200-hertz three-phase power, 28/56-volt dc power, and low-level



instrumentation and control signals. The interconnection of approximately 3000 termi-
nal points is represented in figure 4. Details of each of these components are presented
in later sections. However, to assist the reader, a brief discussion describing the in-
terfunctional relation of each unit is presented here.

The signal conditioner has an interface with nearly all other subsystem components.
All command signals originating from the control console as well as all instrumentation
and monitoring signals, including those controlling the gas management subsystem
(CMS), are channeled through the signal conditioner. Temperature, pressure, flow,
voltage, current, and frequency are examples of instrumented variables which are con-
verted to standard 0- to 5-volt data in the signal conditioner. All control signals for
valves, relays or electronic switches pass through the signal conditioner. The control
and monitoring functions of the console are so closely related to the signal conditioner
that these two units were designed and fabricated under one contract and are designated
the Brayton control system (BCS).

Engine dc power is provided by an electronic dc power supply package (PSP) during
normal operation and by two 28-volt batteries during engine startup and shutdown. Ex-
citation of most of the control and logic functions and power for all electrical devices
are derived from this dc source. A voltage of ±28 volts is converted into the 400-hertz
power used to drive the pump-motor assemblies of the liquid heat-rejection loop by
static inverters.

Finally, control, distribution, and regulation of the 1200-hertz, three-phase power
of the alternator is accomplished by the ECP, which contains the alternator voltage
regulator, distribution contactors, current transformers, and speed control circuits.
The PLR dissipates excess power as commanded by the speed control to maintain alter-
nator speed within specified limits.

Each of the electrical components which compose the electrical subsystem has
undergone extensive testing both on an individual component basis and as part of a com-
plete subsystem. Table n presents a summary of test hours accumulated and singles
out the unit presently on test with the maximum accumulated hours.

COMPONENT CHARACTERISTICS

In this section, each of the components of the electrical subsystem is described.
Inasmuch as alternator speed control and voltage regulation and the design and perform-
ance of the control system are subjects of separate reports (refs. 7 and 8), these items
are not covered in as much detail as the remainder of the subsystem.



Alternator

The alternator is a four-pole, solid-rotor, modified Lunde 11 type, three-phase
machine whose line-to-line output is 208 volts. A turbine and compressor are attached
at each end of the alternator rotor to form a single-shaft BRU. Gas-lubricated thrust
and journal bearings support the BRU shaft, which rotates at 36 000 rpm. Alternator
cooling is by conduction to dual liquid passages containing the heat-rejection system
coolant, looped around the alternator housing.

Two field windings are provided, a series field whose excitation is proportional to
alternator line current and a shunt field excited by the voltage regulator as required to
maintain alternator line voltage within specified limits. A more detailed discussion of
the alternator is given in references 9 and 10.

Brayton Control System

The BCS provides all control and monitoring functions necessary to operate the
engine. It consists of two items, an engine-mounted signal conditioner and a control
and monitoring console. The signal conditioner is an electronic unit which has inter-
faces with all of the engine instrumentation and electrical control devices and the control
and monitoring console. The composite photograph of the electrical subsystem, fig-
ure 3, shows both parts of the BCS. The signal conditioner accepts all engine instru-
ment and logic signals and converts them to a common 0- to 5-volt dc value. It also
acts as the interface for the returning command and control functions originating from
the control console. The link between the two elements of the BCS consists of 11 multi-
conductor cables. This hard wire link contains 186 sensing signals, 46 return com-
mands, 34±28-volt dc power leads, 46 shields, and 57 spare conductors.

Of all the electrical components, the signal conditioner and control and monitoring
console contain more circuitry with interfaces with the remainder of the engine than any
other item of engine hardware. For reliability, critical engine parameters (those on
which control action is dependent), are triply redundant. All circuits associated with
conditioning these parameters are triply redundant. To assure continued safe engine
operation following any single part failure, agreement of two out of three logic circuits
is required to initiate a command that will affect engine operation. The requirements,
design, and performance of the BCS are discussed in more detail in reference 8.



Electrical Control Package

The ECP contains the alternator speed control circuit and the alternator voltage
regulator (VR). In addition to these prime functions, the package contains a number of
contactors, including the vehicle load breaker and current transformers for measuring
alternator and parasitic load resistor currents. All of these components and/or func-
tions are schematically represented in figure 5.

The VR supplies current to the series and shunt fields of the alternator as required
for the generation of the correct line voltage. It consists of two current supplies, one
for each field. The series field current supply consists of a current transformer on
each phase of the alternator output and a bridge rectifier circuit. The current trans-
formers are sized to provide a total series field current that is approximately 0. 09
times the average alternator line current.

The shunt field section of the voltage regulator senses the peak line voltage and
compares it with a reference set point to determine the amount of additional field exci-
tation required to provide the required 120-volt rms line to neutral voltage. The output
of the shunt field regulator is a pulse-width modulated voltage which, when applied to
the alternator field, results in the required average shunt field current. Phase to neu-
tral voltage regulation at from 0- to 10-kilowatt output is approximately ±1. 5 percent at
a power factor of 0. 85.

The BRU is designed to operate at a constant speed of 36 000 rpm, which results in
an alternator frequency of 1200 hertz. Since user load requirements are not necessarily
constant and small variations in thermal input power must be accommodated, the engine
requires a speed control. The form of control utilized by the Brayton engine is electric
parasitic loading, whereby the speed control diverts excess alternator power to a para-
sitic load resistor. Specifically, the control is composed of three separate 6-kilowatt-
electric parasitic load control channels that operate over a predetermined band of fre-
quencies. Speed is controlled to within 2 percent of design by using two of the channels;
the third channel was included to serve as a backup should one of the other two fail to
operate.

The three channels of the speed control are identical; therefore the following dis-
cussion describes only one. A single channel of the speed controller comprises a fre-
quency detector, a preamplifier, an amplifier, and a phase-controlled silicon-controlled
rectifier (SCR) output stage. The output of the frequency detector is a dc error signal
proportional to the frequency error. Amplification of this signal is provided by a two-
stage push-pull magnetic amplifier. Firing of the SCR output stage is controlled by a
saturable reactor. When this method is used firing angle is directly proportional to the
output of the final stage of amplification, which in turn is proportional to the frequency
error. The output of each channel uses phase-controlled SCR's as power switches for



loading the fixed parasitic load resistor. Additional information related to the ECP is
provided in reference 7.

Direct-Current Power Supply

The dc power supply is a solid-state, flight-configured unit, whose main function is
to supply the dc internal power requirements of the Brayton power system. The prime
source of dc power is conversion of alternator ac to dc power by means of transformers
and diode rectifiers. There are times when alternator ac power is not available, for
example, prior to and during a startup condition and during shutdown. During these
periods, dc power is still required and is supplied by a pair of batteries, one for 28
volts and one for -28 volts.

The dc power supply also has as secondary functions the requirements to recharge
the batteries, provide all the control functions necessary for its operation, and provide
monitoring instrumentation for the dc power system parameters. The power supply is
represented in block diagram form in figure 6. Input to the dc power supply is from the
three-phase, 1200-hertz, 208/120-volt ac alternator to the primary winding of two
three-phase stepdown transformers. One of these transformers has a wye-connected
primary and the other a delta-connected primary. The secondary windings of both of
these transformers have identical six-phase star connections to supply the battery char-
ger circuits with ±42 volts and the engine dc bus with ±28 volts; thus, the three-phase
input voltage is transformed into a 12-phase voltage and then rectified. The result is
an output with low ripple voltage which is acceptable for engine operation without filter-
ing.

The remainder of the dc power supply is in two functional halves, each with several
duties. One half of the supply is for the positive 28-volt bus and 42-volt positive battery
charger, while the other half is for the negative complement of these voltages. The two
sections are basically identical, and therefore only the positive section is described in
detail. This discussion follows the block diagram of figure 6. The rectifier section of
the supply is actually three separate circuits made up of fused diodes. One circuit sup-
plies the rectified 28 volts for the dc buses. Another circuit rectifies 42 volts for the
charger circuit. A third circuit rectifies voltage to provide a 24-volt reference signal.

The battery charger circuits utilize the 42-volt dc from the rectifier circuits
through a series current regulator to maintain a constant 4-ampere battery charging
current. A charger for one battery is made up of two paralleled 4-ampere constant-
current sources. Each one is individually controlled on and off by the logic circuitry to
provide either a 4-ampere or an 8-ampere charge rate depending on the state of charge
of the battery. Charger on-off command conditions are discussed as part of the logic



circuit description.
The position of the power relay determines the source of 28 volts supplied to the

43us. During normal operation the 28-volt bus is supplied from the internal transformer-
rectifier circuits, which are directly connected to the bus as shown. If the bus voltage
reference signal drops below a given preset level, and during startup and shutdown, the
relay logic places the batteries on the bus as an additional source of power. The relay
is also manually controllable to remove the batteries from the bus during extended
periods of shutdown to prevent a needless drain of battery charge.

Figure 7 is a block diagram representation of the logic circuits of the Brayton dc
power supply. The control logic associated with the battery charger senses terminal
voltage and governs when the chargers turn on and off depending on the battery terminal
voltage, which is in part a function of the state of charge. The set points are indicated
in the block diagram. There is also a manual control switch to command the chargers
full on or full off as required. When the output of the ampere-hour-metering circuit
indicates a battery less than 90 percent charged, an additional input is provided to the
.charger logic circuits to turn the charger full on.

Automatic control of the dc power relay is provided by logic circuitry which senses
the dc bus voltage and compares it to a 24-volt set point. If the voltage on either bus
drops below 24 volts, the relay closes automatically to connect the batteries and
remains closed until commanded open by the manual control, as shown in figure 7.

The two batteries are required to provide positive and negative 28-volt dc power
during startup and shutdown and for backup in the event of power supply failure. The
originally installed silver-cadmium batteries reached the end of their usefull life in
May 1970, shortly before the first series engine tests were scheduled for completion.

These batteries each had a nominal capacity of 85 ampere-hours at a 40-ampere
discharge rate and could deliver up to 100 amperes continuously for 1 minute. The 25
cells in each battery were hermetically sealed and enclosed in a stainless-steel case
which included a built-in shunt to monitor charge and discharge rates and two thermis-
tors to monitor cell temperature. Wet-stand life of the eight batteries used for Brayton
engine and electrical subsystem tests averaged approximately 20 months. The two long-
est lived batteries showed a wet-stand life of 23 months. Engine tests at the Space
Power Facility were completed by replacement of the batteries with facility ±28-volt dc
power.

In preparation for the second series of tests, the engine silver-cadmium batteries
will be replaced by a pair of nickel-cadmium batteries installed external to the test
chamber.



Inverter for Heat-Rejection-Loop Pumps

The inverter is a solid-state, flight-packaged unit designed to operate from a 56-
volt dc source as provided by the engine dc power supply. The output is a 400-hertz,
three-phase, quasi-square wave voltage with a zero dwell time of 60° and peaks of 120°
duration when measured phase to phase. Phase displacement is 120° between phases.
The inverter is capable of starting and continuously running the three-phase pump motor
at up to 200 percent of the rated 9-ampere pump motor requirement. Commands to
turn the inverter on or off are provided by the BCS.

The block diagram of figure 8 illustrates the operation of the inverter package. The
56-volt dc power is connected directly to the input terminals. The current passes
through a low-pass filter to provide low-radiofrequency impedance to the system neutral
and then passes through an audiofilter having a cutoff of approximately 150 hertz, which
reduces inverter-induced noise back to the dc bus. This filter also reduces any ripple
or modulation that may be present on the dc bus. The low-level series regulator sup-
plies voltage to the oscillators and the inverter overcurrent-protection circuit. The
regulator also includes the circuits to turn the inverter on or off by remote command.

The ripple regulator contains the voltage sensing and comparator, as well as the
trigger and amplifier circuits required to regulate the dc voltage to the higher level
required by driver stages, normally 40 to 45 volts.

The oscillator section consists of the phase A, B, and C oscillators, which gener-
ate the basic 400-hertz frequency for the inverter. The phase A oscillator contains a
precision L-C series resonant circuit in which oscillation is started by turnon and sus-
tained by regenerative feedback from the output transformer. This oscillator also con-
tains a frequency sensing winding on the coupling transformer, a second winding with a
full wave rectifier to provide a bias voltage for the overcurrent-protection circuit, and
a third winding, which in series with a saturable reactor provides synchronization volt-
age for phase C and B oscillators.

The driver stage contains three identical amplifiers, each of which amplifies the
output from its respective input coupling transformer to drive the power amplifier for
each phase. The output section consists of three identical power amplifiers whose out-
put is a square wave, each displaced by 240° from the others. The phase A and B output
currents pass through the primary of a sensing transformer for the overcurrent-
protection circuit before connection to the inverter output terminal, while phase C is
directly connected to its output terminal. Phase voltages AB, BC, and CA of the inver-
ter output are the difference of the wave shapes composing each pair of phase voltages
and result in the quasi-square wave output with 60° of zero dwell. Figure 8 includes
typical wave shapes generated at several points within the inverter.



Motor Start Inverter

Engine startup during the initial series of tests at the Space Power Facility was
accomplished by gas injection. The jacking gas valve was opened to "float" the BRU
rotor by the application of jacking gas at the bearings. Then the makeup and vent valves
were opened to generate a gas flow through the turbine and compressor which would
cause the BRU to rotate and accelerate to some value of self-sustaining speed dependent
upon the temperature and pressure in the gas loop. At this point, all the valves were
closed, and the BRU continued to accelerate to rated speed. During the interval that the
valves are open the engine operates "open loop, " that is, the vented gas is lost and
must be replenished through the makeup valve.

Subsequent experiments verified that the engine could be safely started with an ex-
ternal ac source to "motor" the alternator to self-sustaining speed, at which point input
power could be disconnected and the working gas would accelerate the BRU to rated
speed. With this method of startup, the engine is always in the closed-loop configura-
tion.

Early motor start feasibility testing was accomplished with a separate three-phase
variable-voltage, variable-frequency power source set at 400 hertz. These tests
showed that self-sustaining speed can be attained at rms voltages as low as 20 volts
when the gas temperature at the turbine inlet is more than 370° C (700° F) and system
pressure is 10 newtons per square centimeter (15 psia). Time required to motor the
alternator to 400 hertz synchronous speed (12 000 rpm) and to reach rated speed (36 000
rpm) can be markedly reduced as gas inlet temperature is increased. A discussion of
these tests with a graphical representation of the results is given in reference 11.

An inverter (ref. 12) has been designed to provide the necessary 400- hertz three-
phase power for motor starting. The output rating for this unit is 15 kilovolt-amperes
at 200-ampere peak current; the output has a square wave with three phases of 26 volts
per phase. It will be installed on the engine frame and will be powered directly from
the engine batteries.

DISCUSSION OF TEST RESULTS

The Brayton system shown in figure 2 had accumulated a total of over 2560 hours of
operation as of June 30, 1970.

As in the section COMPONENTS CHARACTERISTICS, information presented in
other reports is not covered in detail. The intent here is to present an overview of the
entire electrical subsystem performance with special emphasis on components not
covered in references 7 and 8.
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Alternator

Test results of the alternator are discussed in detail in references 7 and 9. Alter-
nator efficiency, as a function of power level, tends to be one to two percentage points
lower than originally predicted. It is believed this difference is the result of higher
than expected internal losses. Additional data (ref. 9) show that for unity power factor
loads, the peak efficiency is 93. 6 percent at 9. 5 kilowatts. Testing of the alternator
was performed to determine its electromagnetic performance limits. These tests, re-
ported in reference 10, indicate the maximum alternator electromagnetic capacity to be
in excess of 26 kilowatts at a power factor of unity.

Brayton Control System

The two units (signal conditioner and control/monitoring console) and the intercon-
necting cabling which compose the BCS were designed and fabricated under one contract.
This enabled acceptance testing of the two units operating together. Functional testing
at ambient temperature and pressure, nominal power, and maximum and minimum elec-
trical stress levels was accomplished by using a load simulator which supplied all in-
strument and control device interfaces, which normally are provided by the Brayton
engine. Additional testing with the signal conditioner mounted on a standard engine cold
plate and installed in a vacuum chamber was performed over a range of cold-plate cool-
ant temperatures. In this manner the adequacy of the electronic packaging design rela-
tive to conductive heat removal and basic circuit performance could be evaluated under

9

vacuum conditions. With the signal conditioner at 150x10 torr functional tests of the
BCS were performed at the following two conditions: (1) a cold-plate coolant tempera-
ture of 46° C (115° F) and the dc power input to the BCS set at ±32 volts, and (2) a cool-
ant temperature of -54° C (-65° F) and the input power set at ±24 volts dc. All instru-
ment conditioning circuits were checked for accuracy, and manual controls on the
console were used to operate the valves and contactors on the load simulator. The man-
ual and automatic Brayton engine control and protective logic, including those for emer-
gency shutdown, were verified.

Minor problems were uncovered which required the addition of some filter capaci-
tors; however, with one exception the delivered system met all specifications. The low-
level internal signal conditioner power supplies which convert the engine ±28-volt dc to
regulated ±10- and +5-volt power were too noisy and interfered with the proper operation
of the low-level circuitry. It was necessary to substitute laboratory-type supplies to
complete testing. New power supply boards were designed and were installed in the
signal conditioner shortly before this report was completed. Preliminary tests indicate

11



satisfactory performance, with a reduction in signal conditioner power demand of
approximately 120 watts.

The design, operation, and performance of the Brayton control system are de-
scribed in more detail in reference 8.

Electrical Control Package

The ECP was tested at the NASA Lewis Research Center in conjunction with the
alternator. All functions described in the COMPONENT CHARACTERISTICS section,
including certain dynamic characteristics, were investigated. The details of this test-
ing are reported in reference 5 and are only summarized in this section.

First the VR and speed control were calibrated, and initial functional checking was
accomplished by using a laboratory type, three-phase ac power supply. Following this
test, the package was incorporated into a test setup which included the Brayton alter-
nator driven by an air turbine, a variable vehicle load, an engine cold plate, and all of
the required control and instrumentation. Both the steady-state and dynamic character-
istics of the VR and the speed controller were studied in this test facility. Figure 9
shows the speed control characteristic in terms of alternator frequency plotted against
parasitic load power. Illustrated in the figure are each of the speed control ranges;
that is, channel A begins conducting at 1198 hertz, channel B at 1210 hertz, and channel
C at 1218 hertz. Each channel has a control range of approximately 14 hertz and over-
laps another by a small amount. The S-shaped characteristic of each curve is due to
the SCR firing angle being linearly proportional to frequency error.

Figure 10 shows the VR shunt field current response to variations in alternator line
voltage. Clearly illustrated is the effect of current regulation as the line voltage ap-
proaches 120 volts. Additional information relative to the testing of the ECP can be ob-
tained by referring to reference 7.

Direct-Current Power Supply

A number of tests at various test sites are being conducted on the dc power supply.
The contractor as part of the design and fabrication contract was required to place one
unit on endurance test. This life test began in September 1968 and as of June 18, 1971,
had accumulated nearly 17 000 hours of operation with only minor problems.

Of the three additional units fabricated, one is designated as a spare, one is part of
a complete electrical subsystem test under vacuum conditions, and the third is supply-
ing dc power for the engine presently under test at the NASA Lewis Research Center

12



(fig. 2). Prior to being incorporated into a larger system each supply is given a de-
tailed functional inspection and test. The functional test verifies that all circuits de-
scribed in the COMPONENT CHARACTERISTICS section are fully operational.

Recalling the earlier design discussion which described the origin of the 12-phase
ripple (relative to the 1200-Hz fundamental), the resultant output is now examined. The
dc output of the supply is shown in figure 11. Summation of the rectified, 12-phase,
transformer outputs results in a dc voltage having a 14 400-hertz ripple. Such a design
permits the exclusion of filter circuits which reduce conversion efficiency. Plotted in
figure 12 is supply conversion efficiency as a function of dc load. The dc supply, when
operating as a functional part of the Brayton engine, is required to deliver relatively
constant power for all steady-state operating conditions except battery charging. At the
nominal operation point the conversion efficiency is seen to be about 88 percent. A more
comprehensive account of operating parameters at other than nominal conditions is pre-
sented in table HI. Shown are the effects of the battery charger loads on supply perform-
ance. The lowest overall efficiency, 79. 5 percent, results when both battery chargers
are operating at a full 8-ampere charge rate.

Inverters

Testing of the inverters has proceeded along similar lines to that for the dc power
supply. The contractor is performing a combined inverter-pump motor assembly life
test which began on April 4, 1969, and had accumulated nearly 14 000 hours as of
June 15, 1971. Two units (normal engine complement due to redundant heat-rejection-
loop pumps) are being tested under vacuum conditions as part of a complete electrical
subsystem test. An additional two units are on the engine under test at the Space Power
Facility. As of June 30, 1970, 2560 hours of actual engine operation using the inverters
to drive the heat-rejection-loop pumps (usually only one operating at a time) had been
accumulated. Performance has been totally trouble free and within design specifica-
tions. Test results indicate that the total inverter power requirements range from 500
to 600 watts depending upon the dc bus line voltage and the flow rate being delivered by
the particular pump under excitation. A corresponding variation in conversion efficiency
occurs, which ranges from 0. 73 to 0. 80 for the pump load power factor of about 0. 65.
At greater loads and unity power factor, the efficiency approaches a value of 0. 90.

Table IV compares more detailed characteristics of three inverter tests, all with
the engine pump motor used as the load. Two of the tests were run at the vendor's
facility and one at the Lewis Research Center. The data associated with the test run at
Lewis are more representative of actual engine operating conditions and indicate the
input power to be 510 watts with a conversion efficiency of 0. 80 at a power factor of 0. 67.
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Complete Electrical Subsystem

Complete subsystem testing, as opposed to individual component acceptance and
performance testing, is being performed at two locations. One setup is totally oriented
toward an evaluation and endurance test of the electrical subsystem (as shown in figs. 3
and 4). All engine functions which have interfaces with the electrical subsystem are
simulated with external facility equipment. Electrical input (BRU-alternator simulator)
is provided by a three-phase, variable-frequency facility power supply. Additional
facility instrumentation has been included in the test to allow for cross checking the
engine instrumentation and to permit the evaluation of the behavior of each component
when operating as part of the total subsystem.

A second complete electrical subsystem is being tested as part of the Brayton en-
gine in the Space Power Facility vacuum chamber of the NASA Lewis Research Center.
Because of the complexity of total engine evaluation requirements, specific data dealing
with individual electrical component performance are not available in every case. How-
ever, sufficient information is recorded to permit an evaluation of overall electrical
subsystem behavior under vacuum conditions.

Several data points at various engine operating conditions in vacuum are presented
to illustrate electrical subsystem performance at several output power levels. The
pertinent data are listed in table V. The first grouping of data give typical values of gas
loop parameters. The second group, alternator data, is information which is either
measured or calculated directly from engine instrumentation. The next group, vehicle
user load, represents the electric power demand of a user. It should be noted that the
electrical load profile for a typical mission is seldom constant. The result in Brayton
engine performance is the controlled dissipation of more or less power through the para-
sitic load resistor by the speed control to maintain engine speed within design limits.
In order to illustrate this characteristic, data representative of a range of user loads
are listed. Within the limitation of instrument accuracies, the resultant value of para-
sitic load power listed varies in such a manner as to make the sum of vehicle load power,
total housekeeping power, and parasitic load power equal to the gross alternator output
power. The next group shows engine loads supplied from the ±28-volt dc bus. The
values shown for the engine control system are those which existed prior to replacement
of the series regulated low-level power supplies in the signal conditioner. More recent
tests show that power demand has been reduced by approximately 120 watts as a direct
result of replacement of these power supplies by the more efficient switching regulated
supplies. Except for periodic battery charging, the dc bus load remains relatively con-
stant regardless of alternator or user power level. The slight imbalance between posi-
tive and negative bus totals is due to the large number of signal conditioner circuits
which operate positive with respect to ground. The last group, housekeeping power,
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represents all electrical power used by the engine to operate the engine. The values
listed represent power supplied by the alternator to each of the components for their
operation. This includes all losses and conversion efficiency penalties.

From table V it can be concluded that a value of approximately 1000 watts is re-
quired for housekeeping and that the remainder minus some minimum PLR residual for
contingencies is available to the user.

Three significant modifications to the electrical subsystem have been made in pre-
paration for the second series of tests at the Space Power Facility:

(1) The engine batteries, discussed in the COMPONENT CHARACTERISTICS sec-
tion, had reached the end of their useful life and are being replaced by a pair of nickel-
cadmium batteries.

(2) An inverter for motor starting the engine will be added. This unit is discussed
in the section COMPONENT CHARACTERISTICS. Some modifications to the electrical
subsystem were required: a three-pole, single-throw, normally open relay was in-
stalled in the ECP to isolate the inverter output from the engine power output during
normal operation. This relay (see fig. 5) is held closed only during motor start. A
second relay, built into the inverter package, also normally open, connects the inverter
input to the batteries for motor start. Control of both relays is accomplished from the
Brayton control system. And finally, the series field is temporarily shorted for the
motor start sequence, and a loading resistor is connected across the shunt field to pro-
tect the control system from the high field voltages generated during motor start.

(3) The heater circuit that controls the temperature of the working gas in the CMS
bottle was modified to provide more adequate control. At low environmental tempera-
tures it is possible that the helium-xenon mixture may partially liquefy; separation of
the gases may result, or the volumetric proportion of the gas mixture may change.
Control logic circuits were installed within the ECP to provide automatic operation of
the CMS bottle heater (see fig. 5).

CONCLUDING REMARKS

Each of the components which compose the Brayton engine electrical subsystem
have been tested as individual packages, as smaller subsystems, and as part of the
complete engine system. In some cases individual components were tested both at at-
mospheric pressure and under vacuum conditions over a range of temperatures. In
addition, the integrated electrical subsystem has undergone testing as a complete pack-
age in a configuration where all external interfaces were simulated and also as part of a
complete Brayton engine. In both of these tests the subsystem was operated in a vacuum
environment over a range of cold-plate coolant temperatures.
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Table n is a compilation of accumulated test hours of individual components and of
total subsystem operation. In all but one case, component performance was satisfac-
tory, and no redesign was required. The one exception was noisy, low-level power
supplies internal to the signal conditioner. During the period required for redesign and
fabrication of new circuit boards, external supplies were used.

From the results of testing the complete Brayton engine in the NASA Lewis Re-
search Center Space Power Facility, it has been demonstrated that the electrical sub-
system fulfills all of its required functions related to control, distribution, regulation,
and monitoring of the power conversion system. Startup and shutdown of the engine by
the electrical subsystem has also been demonstrated. The total alternator power re-
quired to accomplish these functions is a relatively constant housekeeping load of approx-
imately 1000 watts, plus a small parasitic load residual to accommodate slight varia-
tions in the system operation point.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, November 16, 1971,
112-27.
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TABLE I. - SUMMARY OF BRAYTON ELECTRICAL

SUBSYSTEM HARDWARE CONTRACTS

Contract Description Contractor

NAS 3-10935

NAS 3-10935

NAS 3-10943

NAS 3-10936

NAS 3-10977

NAS 3-9427

NAS 3-11784

NAS 3-11898

NAS 3-11257

Brayton cycle cooling pumps

Brayton cycle inverters

Brayton cycle control
system

Brayton cycle dc power
supply

Brayton cycle parasitic
load resistor

Brayton cycle speed control
and voltage regulator

Brayton cycle electrical
control package

Brayton cycle cold plates

Brayton cycle contactors

Pesco Products
Cleveland, Ohio
Gulton Industries Inc.
E.M. Division,
Hawthorne, Californiaa

AiResearch Manufacturing Company
Phoenix, Arizona
Gulton Industries Inc.
E.M. Division
Hawthorne, California
Heat Engineering and Supply Company
San Gabriel, California
AiResearch Manufacturing Company
Phoenix, Arizona
Hayes International
Huntsville, Alabama
AVCO
Aerostructures Division
Nashville, Tennessee
Hartman Electric Manufacturing Company
Mansfield, Ohio

Subcontractor to Pesco Products

TABLE II. - BRAYTON ENGINE ELECTRICAL COMPONENT

AND SUBSYSTEM TEST RECORD AS OF JUNE 18, 1971

Component

Alternator (BRU)
Engine control system
Electrical control package
DC power supply package
Inverters
Electrical subsystem test

Complete engine

Number
of units
tested

4
2
2
4
7
1

1

Total hours
for all
units

9 306
1 645
7 671

24 115
23 672

4 084

2 561

Maximum hours
for single unit

5 730
4084
4 961

16 449
14 327

4 084

2 561
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TABLE III. - BRAYTON POWER SUPPLY

EFFICIENCY FOR ALL COMBINATIONS

OF CHARGING RATES

Operating parameter

Three-phase ac input
dc bus output
Charge output
Total output

Efficiency, (output/
input)xlOO, percent

Charging rate

0 1/4 1/2 3/4 Full

Power, W

1402
1244

0
1244

88.9

1661
1244
160

1404

84.5

1869
1244
320

1564

83.6

2110
1244
480

1724

81.7

2374
1244
640

1884

79.5

TABLE IV. - COMPARISON OF INVERTER OPERATING CHARACTERISTICS AT

VARIOUS VOLTAGE AND PUMP OPERATING CONDITIONS

Unit tested

Unit for SPF (at vendor)
Life test (at vendor)
Unit for CW-19 (at Lewis)

Input

dc voltage,
V

58.3
59.2
55.0

Current,
A

10.4
10.2
9.25

Power,
W

605
602

510

Flow rate

g/sec

204
204
177

Ib/sec

0.45
.45
.39

Output

V /phase

46.2
46.8
44.1

A/phase

8.90
8.85
8.00

VA

total

713
715

610

Total
power,

W

457

446
406

Power
factor

0.64
.63
.67

Efficiency,
percent

76

73
80
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MONITORING AND
CONTROL PANEL

ELECTR CAL CONTROL PACKAGE

ALTERNATOR (BRU)

PUMP MOTOR

Figure 3. - Brayton electrical subsystem components.
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—•— 25-V, THREE-PHASE, 400-Hz POWER

120/208-V, 1200-Hz POWER
28/56-V, DC POWER
INSTRUMENTATION AND

CONTROL CIRCUITS

VEHICLE LOAD

ELECTRICAL CONTROL

PACKAGE (ECP)

I I

_ 0- TO 5-V ENGINE
DATA SIGNALS

Figure 4. - Block diagram of Brayton electrical subsystem.

ELECTRICAL

CONTROL
PACKAGE

SHUNT FIELD RESISTOR

(ACROSS FIELD TERMINALSH

r SHUNT FIELD i
7 FLASHING RELAY .

VOLTAGE / | BATTERY
REGULATOR

Figure 5. - Block diagram of electrical control package.
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Figure 6. - Block diagram of dc power supply.
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POSITIVE
(OR NEGATIVE)
BATTERY
TERMINAL
VOLTS

MANUAL
CONTROL

A
BATTERY
CURRENT
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(OR NEGATIVE)
BATTERY

BUS
VOLTAGE 1

+28 V

-28V

II OPEN I
BATTERY

f POWER

||CLOSEDJRELAY

MANUAL
CONTROLICLOSED>

Figure 7. - Logic diagram for Brayton dc power supply. Charger turnon and turnoff voltages are for silver-
cadmium batteries.



OVERCURRENT-PROTECTION
PHASES "A"±"B" -i

56V DC

FROM SIGNAL
CONDITIONER

TURN ON PULSE

TURN OFF PULSE

cirru
(EGULATO 3 7

/

_LOW LEVEL ..
I SERIES

1 'REGULATOR |

E t
I

r

MASTER A h -0—fa—n
VOLTAGE
SENSING

. VCA

SLAVE B

if if V-240° PHASE DISPLACEMENT
'J ff~--.,\ "A" TO "C" AND "C"TO"B"

TURN OFF PULSE (OVERCURRENT)

^LAVECK

OSCILLATORS

^i P.-JTSATURABLE REACTORS

DRIVERS AMPLIFIERS

L-L OUTPUT VOLTAGES
120° PHASE DISPLACE-
MENT 60° ZERO DWELL -

360°

CA VW
Figure 8. - Inverter-block diagram.
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Figure 9. - Calibration curves for the Brayton system
speed controller.
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Figure 10. -Voltage regulator characteristics: shunt
field current as function of phase A voltage.
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Figure 11. - Photograph of 28-volt dc output of Brayton dc power supply at 5-ampere
load. Ripple voltage, 28 volts; bus to common.
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Figure 12. - Brayton dc power supply efficiency as func-
tion of load characteristics.
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