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POWER AND LOAD PRIORITY CONTROL CONCEPT 

FOR A BRAYTON CYCLE POWER SYSTEM 

By Eugene L. Kelsey and Richard N. Young 
Langley Research Center 

SUMMARY 

The control systems that have evolved with Brayton cycle power systems have been 
directed at power-source control. The purpose of this study is to  develop a concept which 
will maintain this control while providing usable power for spacecraft loads. Studies of 
such end-use loads have been made, and some information concerning the type and num- 
ber of loads using conditioned power has been obtained. The effort described herein 
entails a control system that was oriented to  the needs of the power user while main- 
taining a tight control of power source parameters. 

The power conditioning and control concept is presented in general form as would 
be applied to any spacecraft power source and then tailored specifically to  the isotope 
Brayton turboalternator. Simulation of a load profile was provided in a laboratory model 
of the power conditioning equipment that was tested with the Brayton Cycle Demonstrator 
operating at the Manned Spacecraft Center , Houston, Texas. 

INTRODUCTION 

A number of studies over the last decade, such as Manned Orbiting Research 
Laboratory (MORL), Skylab, and Space Station/Space Base, have shown the basic NASA 
interest in long-term earth-orbital manned missions. Power requirements for  such 
missions range from 10 to  100 kW of electrical power and numerous power sources have 
been evaluated for  their ability t o  support these long-term missions. The Brayton power 
system, coupled with a nuclear reactor or  isotope heat source, is one candidate for  such 
missions; and considerable effort has been expended in the study, design, evaluation, and 
optimization of components and subsystems. The control systems which have evolved, 
however, have been oriented toward control of the power source (refs. 1 to 3). Con- 
sideration of the use r s  of the electrical power has been secondary on the basis that such 
design will be mission peculiar. 

The detailed technical decisions concerning the characteristics of user  electrical 
power to  be distributed have not been made. This has further contributed to neglect of 
the development of load-oriented control. It was the intent of the effort described herein 



to devise a method of control oriented toward user demands and to demonstrate the feasi- 
bility of the concept by building and testing a laboratory model. The concept, design, and 
testing are reported with recommendations toward future efforts. 

I 
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CONCEPT REQUIREMENTS 

control 
load Parametric 

sensor 

The power control system is the link between power source and load. Available 
electrical energy from any source is seldom in the desired form with respect t o  voltage, 
current, frequency, or  degree of regulation. In order  to obtain the desired characteris-  
t ics,  suitable conversion devices a r e  required. Also any given power source has critical 
parameters that require external control under the application of a load profile. Finally, 
loading priorities must be considered as to their  individual influence on the overall mis- 
sion power profile and on any emergency operation. 

All power sources proposed to  date have one or  two critical parameters that must 
be controlled. A suitable sensing device is required to recognize direction and magnitude 
of deviations of these critical parameters. The parametric sensor,  which is a part  of the 
adaptive load control system shown in figure 1, represents such a sensing device and may 
take the form of a voltage, current, frequency, o r  speed sensor to match the requirements 
of the power source to  the requirements of the end load. 

The power and load controller block shown in figure 1 provides the adaptive control 
logic to  program power to the connected loads, to select conditioning equipment appropri- 
ate to  system status, and, in conjunction with the parametric sensor,  to  provide for 
closed-loop operation of the system. Loop closure may be obtained either directly or  
indirectly, depending on system design. Examples of direct -loop closure would be 
alternator-field-current control, isotope-heater heat -dump control, and nuclear -reactor 
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P a r a s i t i c  
load 

Figure 1.- Block diagram of adapt ive  load  control system. 
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control-drum control. A more probable method of normal operation would use the 
indirect loop closure afforded by adjusting load to match average generated power. 

Load adjustment in such a system is provided by controlling connected parasitic 
load, real  load, and real load operated parasitically. 

Manned missions, in general, will require an emergency power source to  provide 
power for critical loads and to  permit a planned abort in the event of loss of the overall 
power system. Such an emergency system can be used for power storage and, conse- 
quently, for  load leveling. Design of most power systems is enhanced by designing the 
power source to provide for average load conditions. Peak-power requirements and 
absorption of surplus power are managed by a secondary system such as a battery o r  
rechargeable fuel cell. Such a device is shown on the block diagram of figure 1 as power 
storage. 

Load priority cannot be presented by a system block. It must be determined by the 
particular mission and be programed into the power and load controller. 

Generally, this system concept is applicable to a variety of sources and mission 
requirements. In order to demonstrate the application process,  a Brayton cycle power 
source was  selected - more specifically the Brayton Cycle Demonstrator constructed by 
AiResearch Manufacturing Co. of Arizona and on loan to Manned Spacecraft Center. It 
is a reasonable choice as the Brayton engine is an attractive candidate for the missions 
under consideration and has undergone considerable development by the Lewis Research 
Center. 

I n e r t  gas 
loop 

BRAYTON-CYCLE -SYSTEM CHARACTERISTICS 

Liquid 
coolant 

The Brayton cycle power system is a closed-loop, inert-gas cycle power genera- 
tion system. A schematic representation is shown in figure 2. The combined rotating 

Elec t r ica l  
f output 

exchanger 

I 

Compre sso r 

- 
& 

n 
i a t o r  

Figure 2.- Brayton cycle power system. 
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unit consists of a turbine, alternator, and compressor mounted on a single shaft. Three 
separate heat exchangers are contained within the gas loop. Heat from an external source 
such as an isotope or a reactor is transferred to the working gas through the heat-source 
heat exchanger and waste heat is rejected to  a liquid-coolant loop through the waste-heat 
exchanger. 

The high conversion efficiency of the Brayton conversion system (25 to  30 percent) 
is obtained by use of the recuperator which reclaims a large portion of the waste-heat 
energy within the gas loop. Although the Brayton power system under development by 
Lewis Research Center is capable of 15 kW output, the Brayton Cycle Demonstrator has 
a maximum output of 3.0 kW. The Brayton Cycle Demonstrator was assembled by 
AiResearch Manufacturing Co. from off -the-shelf components and provides a conversion 
efficiency of approximately 18 percent. Automatic controls are provided for working gas 
pressure and various critical temperatures. Rotational speed of the alternator consti- 
tutes the control parameter. 

The design speed must be held constant in order to achieve design efficiency. If 
the load were to be held at a constant value, speed could be maintained by variations in 
field current. For test  purposes this is adequate, but for a real  system a constant real 
load is highly improbable. 

Rotating speeds above o r  below the design value reduce the efficiency of the heat- 
power-conversion process. Variations of approximately *5 percent from design speed 
will  result in a corresponding 1 percent decrease in available output power. Thus, the 
speed control must provide a capability for operation within a k5-percent speed variation 
under even the most stringent transient load conditions. 

APPLICATION CONSIDEFtATIONS 

In a flight system it is paramount that maximum utilization be made of available 
electrical energy. Hence, the parasitic control must maximize energy-storage capabil- 
ity and determine both underload and overload priorities. Only when excess power can- 
not be used at all, should it be dumped. 

Speed Control 

Due to the small  range of allowable speed er ror ,  a concept based on the relatively 
slow control of heat input from a reactor or isotope would, by itself, be inadequate. This 
does not rule out heat control entirely to cope with emergencies or  long-term variables. 
Electrical parasitic loading, however, can be designed for rapid response t imes and will 
present the constant load that the alternator demands. 

4 



Should the alternator be loaded too heavily, its speed-torque (speed-power) curve 
dictates that it will  slow down, and, conversely, for underload conditions the alternator 
will speed up. Thus, a speed sensing device will yield information about the loading 
conditions imposed on the alternator. The parametric sensor of figure 1 should, there- 
fore, have signal input proportional to frequency o r  rotational speed and an output propor- 
tional to power change. Since linear speed control allows operation off the design speed, 
it was  decided that for this study another, more accurate, method would be investigated. 

The speed-error-integration technique is an adaption of the speed-error-feedback 
method. (See fig. 3.) In this type sensor, normal-speed-error information is summed 
with the time integration of e r ro r  and the resulting signal is used for speed control. 
With proper application of this method, 
technique a r e  retained, but a relatively 
tem to zero speed error .  

all the normal characteristics of the speed-error 
slow signal is added to eventually bring the sys- 

Momstable 
m u l t  iv ib  r a t  o r 

In tegra tor  

rr, 
I .. 

Figure 3.-  Block diagram of i n t e g r a l  speed sensor .  

Computer Power 

On board a manned spacecraft there are certain logic functions that must be carried 
out even if there is a mission power-system failure. Such logic functions require power 
even if the prime power source has failed. To this end it was  decided that the power for 
these functions would be taken directly from the spacecraft main batteries with no inter- 
mediate step. Such a method should minimize the chance that system perturbations or 
actual power failures would endanger the input power to critical functions. 

Loads 

The loading of a power source by a system as complex as a space station must, by 
necessity, result in a rather complex load-time relationship. Until specific needs are 
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determined, only estimates can be made as to the general shape of the load profile. Cer- 
tainly the average demand cannot exceed the output of the source; and, if power output is 
to be maintained, provision must be made for  energy storage or  dissipation during times 
of underload and for additional power during overload. These functions are accomplished 
by the battery charge and parasitic load in the first case and by the battery discharge to 
the load in the second case. 

A typical profile as indicated by the MORL studies (ref. 4) is shown in figure 4. 
The peak demand is 50 percent above the average and the minimum demand is 50 percent 
below the average. To implement this profile, ac and dc load divisions were determined. 
Each division was then apportioned into essential, nonessential, experimental, and emer - 
gency subdivisions. Provision was also made for critical situations under which the 
priority of loads will limit power usage in emergencies o r  critical power-drain periods. 

1.5 
a 
N 

- .. - I 

3600 7200 
t . .  

lOSO0 
. . 1- 
14400 

Time, seconds 

Figure 4 . -  Typical power p r o f i l e  fox extended missions.  

Power Conditioning 

The electrical power from existing Brayton system alternators is delivered at a 
frequency from 0.9 to 1.2 H z ,  three phase. The output voltage can be 115 volts rms ,  o r  
less. Both of these values a r e  subject to design specifications. For a given machine, 
the optimum frequency is fixed, but the output voltage could be provided at nearly any 
desired level. The selection of conditioning circuitry is somewhat dependent upon the 
desired bus levels, quality and quantity. It has been assumed that both an ac bus and a 
dc bus will be provided. 

In any large space -station configuration, distribution of power over considerable 
distances dictates the use of high voltage to minimize line losses. 
alternator output will be assumed to be at least 115 volts. There is the possibility of 

For this reason, the 
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using the alternator power directly, but two basic problems exist at this time. The 
first is the lack of end-use devices, particularly motors, that are designed for 1000 to  
1200 hertz. The second involves the synchronization of two or  more alternators. Since 
these problems have not been resolved to  date, frequency changers must be included. 

Frequency changers can be narrowed to two classes,  the cycloconverter and the 
dc-link inverter. The cycloconverter principle would present a poor power factor to the 
alternator and result in an increase in design weight. The device is a step-down f r e -  
quency changer with a minimum reduction ratio of 2.5 or 3.0 to  1.0. Its use would make 
multiple alternator synchronization necessary. The use of a dc -link inverter arrange - 
ment would allow multiple alternator outputs to  be joined at the dc linkage. This dc link- 
age would be the directly rectified alternator output and would be a high voltage (A30 to  
440 volts) suitable for  distribution. 

At this point it is sufficient to  state that ac  power can be provided at some frequency 
at o r  above 400 hertz, but actual conversion was  not provided for the demonstrator sys- 
tem. The end system will most likely provide a c  from a dc-link inverter arrangement. 
This arrangement offers additional buffering to the alternator and works directly from 
the high-voltage dc bus. 

The low-voltage dc bus will provide power to all electronic circuits, computer 
equipment, and some lighting. A positive and negative bus separation allows operation 
from one or both buses yielding two operating voltages. Existing devices and equipment 
lead to 28 volts as a logical choice. This value is applicable to wide selection of tran- 
s is tors ,  relays, and lamps. 

Two choices exist concerning the source of the low-voltage dc. Since a high- 
voltage dc bus has been established, dc-to-dc conversion is a reasonable method that 
offers high efficiency and excellent regulation. The other, simpler method, would be to  
transform the alternator output to a lower voltage before rectification. The decision 
for the dc-to-dc direct conversion was  based primarily on the use of the high-voltage dc 
bus and the desirability of regulated low-voltage dc. 

Voltage control was accomplished by sensing the high-voltage dc bus, which is 
directly proportional to  alternator voltage, and regulating it by means of the alternator 
field. This method of regulation also provides a regulated source for both the inverter- 
supplied ac bus and the converter-supplied low-voltage dc bus. 

Energy Storage 

Nickel-cadmium batteries offer advantages for an experimental system due to their  
availability and long cycle life. A flight system would no doubt be influenced by the higher 
energy density of the silver-cadmium cell. The principle of power storage and bus sup- 
port can be demonstrated sufficiently with a less efficient, longer lived cell. 
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During conditions of underload, the battery becomes part  of the parasitic load, 
accepting power in order to maintain constant alternator speed. When the load demands 
are in excess of alternator output, the battery must be called upon to support the dc bus. 
This dual operation requires both charge and discharge regulators programed by the 
speed sensing device. Since the battery should not be overcharged or overdischarged, 
some means must be provided to determine the condition of the battery. In order to 
demonstrate the ability of the batteries to support the entire electrical system by sup- 
porting only the low-voltage dc bus, it was necessary to build the low-voltage dc-to-dc 
converter. This battery support of the whole system is indirect by reflecting reduced 
load demand by the low-voltage converter. 

Experiment a1 Hardware 

The system diagram can now be completed as shown in figure 5. It is essentially 
a more detailed diagram of the general concept shown in figure 1. It contains the para- 
metric sensing, power control, conditioning, energy storage, and real  and parasitic loads. 
In order to demonstrate adequately the principles of this concept, all principal blocks 

Alternator 
n 

I 

I 
Field 
regulator  1 

__ %-)- - - - - - -- 
Rect i f ie rs  

cont ro l le r  
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-1 

inver te r  converters 

Cmputer 1 
power I 

I 
converters supply, 

I 
I 
I 
I 

. 
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dc 
loads 

I I r - -+ 
I 
I 

I I !  

I 
I !  Power flow 

- - - - - - -  Signal f l o w  
programer 

Figure 5 . -  Block diagram of load c o n t r o l  system. 
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except the inverter were designed and breadboarded. Detailed description of circuitry 
(experimental hardware design) is presented in the appendix. The breadboard was housed 
in three consoles and tested with the Brayton Cycle Demonstrator at the Manned Space- 
craft Center. 

TEST RESULTS 

The testing was aimed at evaluation of the feasibility of the concept rather than the 
gathering of numbers. It was realized that there were many areas that would require 
improvement and that gain factors and time constants would differ in larger  or more 
complex systems. Improvements in converters and inverters brought about by special- 
case design procedures would greatly affect the reaction time and consequent effective - 
ness of this type of control system. However, if this breadboard model could perform 
within its constraints, a feasible concept would be validated and problem areas  could be 
identified. 

Two separate test  periods were completed. The first, in conjunction with the 
Brayton Cycle Demonstrator, was at the Manned Spacecraft Center; the second, a dynamic 
simulator consisting of a three-phase alternator powered by a dc motor, was  at the 
Langley Research Center. 

Testing at the Manned Spacecraft Center demonstrated the concept to be a valid one. 
Several profile cycles were completed. The weak points proved to be the time constants 
of the various converters and the relative gains of the parallel channels in the frequency 
sensor. Each test  run was followed by changes to variaus control circuits. 
extreme overload application (50 percent) the maximum deviation in alternator speed was 
recorded as 0.5 percent of nominal. This is well within the design goal. One particular 
run, shown in figure 6,  w a s  of interest. During an accelerated profile run, a faulty pres -  
sure  sensor caused a gradual bleeding of the Brayton gas loop pressure.  The result was 
a steady decrease in the alternator power output from 1.5 kW to zero. The control s y s -  
tem was noticed to drop out all parasitic and battery charge functions and initiate load 
drops. Only after all primary and secondary loads had been disconnected and only the 
essential loads remained did the speed of the alternator decrease. The battery supported 
these essential loads, and emergency shutdown procedures were initiated for the Brayton 
machinery. Included on the curve of alternator speed is the effect of a 300-watt 
(20-percent) load drop. 

Under an 

Another set of test  runs was made at the Langley Research Center using the simu- 
lator described previously. The reactions of the control system to loading transients 
were nearly identical. 
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+ I t  
1 second 

Figure 6 . -  System cont ro l  during l o s s  of  a l t e r n a t o r  power output.  

CONCLUDING REMARKS 

A power and load priority control concept for a Brayton cycle power system was 
conceived and tested. The concept was proven to be an acceptable one, and performance 
was well within the constraints of the Brayton machinery and reasonable loading require- 
ments. The system provides: 

(1) A load priority control scheme which can be altered to meet the requirements 
of any spacecraft 

(2) A tight control of alternator speed under all reasonable transient conditions 

(3) A means to provide energy when load demands a r e  in excess of source capability 

(4) A means to s tore  electrical energy during low consumption periods 

(5) A transport voltage level (high-voltage dc) suitable for power transfer over long 
distances with minimum loss and weight 

(6) A point (high-voltage dc) to which parallel alternators or  other sources can be 
easily integrated 

(7) A regulated bus (high-voltage dc) from which all power at various frequencies 
and voltages can be converted 

The shortcomings which may not be acceptable to future systems a r e  few but real. 
Any system time delays prove to  be detrimental. One source of delay is inherent. A 
change in loading cannot initiate control until the speed sensor  output changes. This, of 
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course, cannot occur until the alternator changes speed. Hence, the alternator torque- 
speed curve is not only in the control loop, but is the principal factor. All system per- 
turbations are controlled through the alternator. This is not a desirable feature. A 
control loop that did not rely on speed change as the control factor would be inherently 
more stable and introduce far less transients. Other concepts need to be tested and 
evaluated before a considered recommendation can be made for reliable, efficient load- 
oriented control. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., September 13, 1971. 
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APPENDIX 

EXPERIMENTAL HARDWARE DESIGN 

Speed Control 

The block diagram of the frequency sensor used is shown in figure 3. This circuit 
receives its signals directly from the alternator. 

One of the phases is fed into a waveform shaper, which is a zero-crossing detector. 
The output is fed into a one-shot (monostable) multivibrator. The set time (or unstable 
time) is adjustable and is set  to about 500 pF. The output of this circuit is a perfect 
square wave when the set time exactly equals the reset  time. This occurs only when the 
shaped frequency sample is exactly on the frequency set  point of the multivibrator. Both 
the frequency sample and the multivibrator outputs are fed to a comparator. For zero 
frequency e r ro r ,  the signals cancel and the output is zero. If the sample frequency is 
high, the output is a train of positive going pulses, the width of which is proportional to 
power change about the original set  point. 

Load Controller 

The task of the load controller is to connect o r  disconnect loads as required to 
maintain alternator speed and minimum battery charge. Since this tes t  system was rela- 
tively simple in te rms  of number and priority of loads, an analog logic system was used 
as the fastest and most direct approach to maintaining essential loads and proper alter-  
nator speed. Four main levels of control were designed into the circuit: 

(1) Parasit ic load 

(2) Battery charge 

(3) Battery support 

(4) Load drop 

The first three levels of control a r e  continuously variable, whereas the fourth is a 
bulk switching. A graph of the functions to be performed is shown in figure 7. As the 
speed sensor indicates a positive voltage (overspeed), battery charge current is pro- 
gramed until equilibrium is reached. Full battery charging rate  occurs at a speed- 
sensor voltage of +2.5 volts. This value represents approximately 10 amperes into two 
batteries operating at approximately 40 volts each, or  800 watts. If the batteries are 
fully charged, this function is bypassed and a trickle charge of about 2 amperes is 
maintained. 
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APPENDIX - Continued 
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Figure 7.- Logic c o n t r o l .  

As the speed-sensor voltage increases to +2.5 volts, a low priority o r  optional load 
is switched in. The load may take the form of a noncritical experiment load or  may take 
advantage of real load operated parasitically. An example of the latter would be use of 
the life support and environmental control system as an energy storage system. Use of 
dead-band control of oxygen partial pressure constitutes one such method. If oxygen 
partial pressure is below maximum and excess power is available, electrolysis cells 
could be programed to  consume the available power in preference to dumping parasitically. 
If inadequate power is available and oxygen partial pressure is above minimum, the elec- 
trolysis cells could be programed to  reduce power in preference to obtaining support 
from the battery bus or dropping other loads. The power level selected for this load was 
100 watts. For further increases in speed-sensor voltages, the parasitic load is switched 
in, and 100 percent of alternator load is applied at about +7.5 volts. As the speed sensor 
re t races  this path, the parasitic load is linearly decreased to zero at +2.5 volts, the low 
priority load is switched out at +1.5 volts, and the battery charge is decreased to zero at 
0 volts. For an underspeed condition, the output voltage from the speed sensor goes 
negative, causing the batteries to support the 28-volt buses. At a speed-sensor output of 
-2.5 volts, full support is applied, about 10 amperes on each bus or  560 watts. For more 
negative sensor output voltages, bulk-load drops occur, load drop I at -3.0 volts of about 
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APPENDIX - Continued 

400 watts and load drop 11 at -4.5 volts of about 600 watts. Incorporated in these load 
drops are dead bands, such that the voltage can become less negative without the loads 
being reenergized. Load drop 11 releases at -1.0 volts and load drop I releases at 0 volts; 
this operation prevents the system from going through severe load-drop cycling during a 
heavy overload. 

Another portion of the load controller is the battery condition monitor. The pur- 
pose of this circuit is to sense the state of the charge of the battery and apply this signal 
to the load priority controller. When the battery is fully charged, this circuit defeats the 
charge signal and limits it to a maximum of 2 amperes as a trickle charge. Should the 
battery drop to 75 percent of capacity, this circuit removes the battery from the support 
converter and simultaneously drops loads to compensate. The battery will  not be brought 
back "on the line" and loads reenergized until the battery-charge condition is brought 
back to 85 percent of capacity. This circuit prevents the battery from dropping below 
75 percent capacity under normal use; however, under an emergency condition - that is, 
loss of alternator power - the battery wil l  be allowed to discharge with no limit. It should 
be realized that these capacity levels were selected as nominal for test purposes only. 

Since the load controller is so  involved, a separate circuit was used to perform 
each of the logic functions required. Figure 8 is the schematic diagram of the battery- 
charge gate circuit. Since the battery-charger circuit is insensitive to negative voltages, 
such signals were permitted to go through the device. Amplifier A2 is connected so  that 
input signals from the speed sensor greater than the set point (+2.5 volts) would make the 
amplifier output go negative, causing the diode to conduct. This action has the effect of 
clamping the maximum positive voltage into amplifier A1 to +2.5 volts. For speed sensor 
inputs of less  than +2.5 volts, the output of amplifier A2 is positive, which reverse biases 
the diode and removes the clamp from amplifier Al. Thus, the circuit has a transfer 
function as shown in the graph of figure 8. 

The battery support logic is very similar to the charge logic except that the output 
cannot go positive and must clamp at -2.5 volts. Amplifier A2 of figure 9 performs the 
negative clamping function and the diode in the output of amplifier A2 limits the output 
signals from going positive. Connecting the diodes within the amplifier loop as has been 
done here reduces the e r ro r  that the diodes would normally introduce into the logic func- 
tions by the amount of the loop gain - in the case of these amplifiers, about 90 dB. 

The parasitic load gate is shown in figure 10. This is a differential input amplifier 
which amplifies only the difference between its two inputs. The output from the speed 
sensor feeds into the noninverting input, and the output from the battery charge logic 
feeds the inverting input. Since for sensor voltages below +2.5 volts both voltages a re  
the same, the amplifier output is zero; above +2.5 volts the output rises linearly. The 
gain is so set that when the speed-sensor input is +lo volts and the battery charge input 
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APPENDIX - Continued 
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Figure 8.- Bat tery charge gate  and t r a n s f e r  funct ion.  
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- 

Figure 9.- Bat te ry  support gate  and t r a n s f e r  funct ion.  
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APPENDIX - Continued 
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Figure 10.- P a r a s i t i c  load ga te  and t r a n s f e r  funct ion.  

is limited to +2.5 volts, the output is +10 volts. This voltage is sufficient to turn the 
parasitic load full-on with a dissipation capacity of 150 percent of the alternator output. 

The rest  of the load controller switches loads in or out, depending on the output 
from the speed sensor. But, it is through the linear control of power provided by these 
circuits that the actual alternator speed is maintained. The switched load levels are 
provided simply to insure that under all operating conditions the output from the speed 
sensor returns to one of the three analog voltage ranges mentioned previously. A sche- 
matic diagram of each of the two load-drop circuits is shown in figures 11 and 12. They 
are Schmidt trigger-type circuits which use operational amplifiers and externally adjust- 
able set points. Figure 13 is a schematic diagram of the add load circuit. It, too, is an 
adjustable Schmidt trigger-type circuit. 

+15 v 
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Speed 
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Reset: ov 

Figure 11.- Load drop I con t ro l l e r .  
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Figure 12 . -  Load drop I1 con t ro l l e r .  
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Figure 13.- Add load con t ro l l e r .  
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APPENDIX - Continued 

An integral portion of the load control circuit is the battery condition monitor. In 
this system, nickel-cadmium batteries were used because of their availability; but, since 
a method for accurately determining their state of charge was  not available, a charge 
integrator was used to monitor the net charge and discharge currents. These circuits 
are shown in figure 14. They consist of a shunt in series with each battery, a differential 

Shunt 

Battery 

f 5kn 
l2v 

Figure 14.- Battery condition monitor. 

amplifier to raise the voltage of the shunt reading and reference it to the logic ground, a 
nonlinear amplifier to correct for battery charge-discharge inefficiencies, and a high- 
quality integrator. The integrator is connected to drive a contactless meter relay with 
variable set points. In this manner the meter relays could be connected to perform the 
desired function and the set points adjusted to set the maximum depth of discharge and 
reset points. In this case the maximum normal depth of discharge is to 75 percent; when 
the battery has been recharged to 85 percent, the circuit is reset. It was assumed that 
both batteries would track fairly well so that it was necessary to monitor only one battery 
to perform this function. There is, however, an identical monitor circuit on the other 
battery, the purpose of which is to establish the 100-percent charge condition and readjust 
the battery charge to a trickle level only. 

Load Profile 

The total real load profile of figure 15 was divided into ac  and dc divisions. The 
divisions were approximately 40 to 60 percent, respectively. The load profile average 
was  1340 watts, whereas the alternator output was maintained at 1500 watts. Maximum 
loads were 750 watts ac  and 1550 watts dc which represented a 50-percent overload. 
Figures 16 and 17 present the breakdown of the ac and dc loads into essential, nonessen- 
tial, and one o r  more cyclic loads. A motor-driven t imer was incorporated to provide 
automatic switching of cyclic loads to establish the total load-time profile. Each load 
was simulated by a resistor that could be actuated either automatically with the t imer 

Meter 
re lay  
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Figure 15.- T o t a l  r ea l  load profile. 
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APPENDIX - Continued 

or  manually through override switches. The monitoring of individual loads was provided 
by lights across  each resistor assembly. Equal loading was maintained on the positive 
and negative buses. One unbalance load was provided by manual means only. All manual 
switches and lights were placed on a central monitor panel with metering of all critical 
functions. 

Power Conditioning Circuitry s 

The field regulator was designed to sense the +130-volt bus and maintain this volt- 

pulse frequency and simply varies the duty cycle. The circuit operation is very similar 
to  that of the dc-to-dc converter, which will be discussed subsequently. 

age through a pulse control method. (See fig. 18.) This circuit maintains a constant r’ 

+28v 

P 
L Alternator  

f i e l d  

F igure  18.- Pulse modulated f i e l d  r e g u l a t o r .  

The alternator output was fed into a half-wave rectifier bridge to develop *130 volts 
dc. The rectifier outputs were fed into a capacitor input filter with no additional filtering. 
This established the -+130-volt dc buses from which all other power is derived. 

It was decided that k28-volt buses would be provided with regulation to *1 percent 
so that other subsystems would not be subjected to wide voltage variations. It was felt 
that this philosophy would result in an overall increase in efficiency since the subsys- 
tems using this power would not all have to provide their own regulators. Thus, a ser ies-  
pass, pulse-width-modulated converter was designed. The schematic diagram of this 
circuit is in figure 19. On the left is a voltage reference source. This voltage is fed to 
a high-grain amplifier and compared with the *28-volt buses through a voltage divider, 
The amplified output is compared with an input ramp function generated by a master gen- 
erator operating at about 1 kHz. As the 28-volt output increases, the output pulse width 
from the comparator decreases and conversely increases for an under -voltage condition. 
The varying pulse width modulates the current through a ser ies  choke and results in 
increasing or decreasing the voltage as required to maintain 28 volts. This type circuit 
is the basic type used for all the power converters in this system. The battery charge 
converter, figure 20, and the battery support converter, figure 21, are nearly identical 
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Figure 19.- Pulse-width-modulated de-to-de converter  
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F igure  20.- B a t t e r y  charge conver te r .  
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Figure 21.- Ba t t e ry  support  conve r t e r .  

n t  bus 

in operation to the dc-to-dc converter. They differ in that they a r e  current programed 
rather  than voltage programed. 

The parasitic load circuit, shown in figure 22, consists of pulse-modulated res i s -  
tive loading on the A30-volt-dc buses. 
of the frequently used phase control for the following reasons: (1) It has better power- 
factor characteristics, (2) it does not distort the output voltage waveform from the alter-  
nator, (3) it does not require accurate control of the relative phases of the various loads, 
(4) it does not have severe effects on the alternator neutral currents,  and (5) it provides 
equal loading if parallel alternators a r e  necessary. 

This method of parasitic loading was used instead 

The program input is from the load controller in the form of an analog signal. The 
parasitic load circuit converts the analog signal to a 1-kHz pulse, the duty cycle of which 
is directly proportional to input voltage, that is, zero duty cycle at 0 volts and 100-percent 
duty cycle at +10 volts. The load resis tors  were sized to allow a 50-percent overload 
capacity on the alternator so that the parasitic load could absorb approximately 2.8 kW. 
With all other systems off, the parasitic load could hold the alternator speed to the desired 
level. Under startup conditions, the parasitic load will be the only operational load. 
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Figure 22.- Parasitic load circuit. 

Operation and Monitoring 

Voltage and current monitoring of all buses and converter outputs were provided 
on a central control panel by selector switching and digital readout. Constant monitoring 
of key parameters was provided by an additional a r r ay  of panel meters. 

Control power for relays and switching was  provided by means of an external 
28-volt dc supply. Activation of the battery switch applies power to all logic and the 
parasitic load control circuits. After the rotating equipment (Brayton) has been stabi- 
lized, the converters a r e  activated serially. 
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