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ABSTRACT 

The e l e c t r i c a l  subsystem of the 1200 hertz,  
240-15 kilowatt Brayton Power Conversion System 
consists of the auxiliary e l e c t r i c a l  equipment 
required for  an integrated, self-contained power 
conversion system. All of the e l ec t r i ca l  compo- 
nents with the exception of valve operators, 
heaters, and the turbine-compreszor-alternator 
unit  are included. These components are the 
speed controller,  a l ternator  voltage regulator, 
ac power supply, bat ter ies ,  two inverters,  two 
coolant loops including the 400 hertz motor- 
driven pumps, and the Brayton Engine Control sys- 
tem. 

motor-driven alternator,  w a s  evaluated under var- 
ious system operating conditions in  a vacuum en- 
vironment i n  order t o  determine overall  perform- 
ance. A 10,000-hour endurance tes t  i n  vacuum i s  
underway t o  ver i fy  the a b i l i t y  of the subsystem 
t o  function properly during long-term operation 
i n  space. 

Overall operation of the e l e c t r i c a l  subsys- 
t e m  w a s  satisfactory.  Bvia t ions  of system 
waveforms from a t rue sine wave have a small but 
measurable e f f ec t  on the performance of indivi- 
dual. components. Operation of the speed con- 
t r o l l e r  has a dis tor t ing e f f ec t  on the 1200 hertz 
system voltage. The l i f e  of the or iginal ly  se- 
lected silver-cadmium ba t t e r i e s  was  inadequate 
for  long-term use i n  the Brayton power conversion 
system. 

- The e l e c t r i c a l  subsystem, powered by a 
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THE NASA, QWIS RESEARCH CENTER, i s  investigating 
Brayton cycle e l ec t r i c  power generating systems 
capable of operation in  a space environment. 
T h i s  development has resulted i n  the  design and 
construction of a complete power system capable 
of producing from 2-to-15 kilowatts, 1200 Hz, ac 
e l ec t r i ca l  power. The speed of the turbine- 
driven al ternator  and, thereby, the frequency of 
the generated ac power i s  maintained by a 
parasitic-loading speed controller which u t i l i z e s  
phase-delayed conduction i n  the power control 
stages. 

the e l e c t r i c a l  subsystem provides the  required 
regulation and control of the generated e l e c t r i -  
ca3 power as well as control of the overal l  sys- 
t e m .  It a l s o  provides e l ec t r i c  power f o r  aux- 
i l i a r y  system components such as the coolant 
pumps. Reference 1 describes the e l e c t r i c a l  sub- 
system and i t s  performance as determined from 
ea r ly  tests. 

In  this paper, we present the r e su l t s  of a 
program i n  which the performance of the overal l  
e l ec t r i ca l  subsystem w a s  experimentally evaluated 
under vaxious system power conditions within the 
2-to-15 kW range. Par t icular  emphasis w a s  placed 
on intercomponent compatibility-that is, how the 
performance of one component i s  affected by  t h e  
simultaneous operation of other subsystem compo- 
nents. Also, t h i s  program i s  demonstrating t h e ,  
,endurance of the Brayton e l e c t r i c a l  subsystem by 
a continuing l i f e  test  i n  a vacuum environment. I 

I These resul ts ,  &though obtained from the  i 
t e s t i n g  of a par t icular  set  of components, are 1 
indicative of the performance which might be 'exi I 
pected of similar systems. I I '  

DESCRIPTION OF ELECTRICAL SUBSYSTEM ' 1 '  

The Brayton e l e c t r i c a l  subsystem i s  designed' 
f o r  space operation and consists of t he  alternad 4 

t o r ,  the e l e c t r i c a l  control package (ECP), the : 
parasi t ic  load r e s i s to r s  (RB), the  dc power sup- 
ply, two bat ter ies ,  two inverters, and the Bray- 
ton control system (BCS). 

For t h i s  evaluation, the two coolant pump- 
motor assemblies (PMA's) together with the cold 
plates and other coolant loop i t e m s  required f o r  
the removal of heat from e l ec t r i ca l  subsystem 
components are considered par ts  of the e l e c t r i c a l  
subsystem. Figure 1 shows a block diagram of the 
e l e c t r i c a l  subsystem. 

rotor machine. Its output power i s  generated a t  
1200 Hz, 3-phaseJ 120/208 volts. 

As par t  of the overal l  Brayton-cycle system, 

! i  

The al ternator  i s  a turbine-driven, so l id  



The 5.CP contains the speed controller,  the 
a l ternaior  voltage regulator, main load contac- 
to r ,  and current transformers for  measurement of 
a l ternator  and load currents. It also contains 
:iic Fever conversion c i rcu i t s  for  the excitation 
of the al ternator  f i e lds  and several additional 
cant >-to.rz used for  system control. 

?Le  ai-azitic load r e s i s to r s  dissipate the 

. 

dei-eloped cy the turbine-driven a l -  

EI,I, i s  corlirollea t y  the ipeed controller i n  the 
ECF zo tha t  the t o t a l  l oau  on the al ternator  is 
maintained re la t ive ly  constant regardless of user 
(vehicle) load. The speed controller,  together 
with the PLR, has three three-phase channels. 
Each channel i s  rated a t  6 kW. The control of 
the power i n  these channels i s  by means of phase- 
delayed conduction of s i l i con  controlled r ec t i -  
f i e r s  i n  a b i l a t e ra l  connection. The channels 
are energized sequentially with increasing f re -  
quency. 
the speed controller,  PLR, and voltage regulator 
i n  more de ta i l .  

the a l ternator  t o  + and -30 vol t s  dc t o  supply 
the e l ec t r i ca l  subsystem components. It i s  a 
polyphase, unregulated, transformer-rectifier 
type device without output f i l ters.  The dc power 
supply also contains bat tery chargers and 
stepping-motor, ampere-hour type c i r cu i t s  for .  
measuring and indicating bat tery s t a t e  of charge.' 
Changeover of the dc busses from al ternator-  
supplied power t o  ba t te ry  power i s  automatic on 
loss  of a l ternator  power or  fa i lure  of the trans- 
former r ec t i f i e r .  Manual override controls are  
a lso provided. 

The two ba t te r ies  are  included i n  the sub- 
system-to provide dc power for  subsystem oper- 
ation during Brayton system star tup and shut- 
down, and for  short  term backup power i n  the 
event of transformer-rectifier or  a l ternator  
malfunction. 

loops t o  provide redundancy fo r  component cool- 
ing. The e l ec t r i ca l  subsystem components are 
mounted cn four dual-path cold plates  connected 
i n  series.  The coolant f l u id  i s  dimethyl poly- 
siloxane (Dow Corning type DC-200) a 

one loop operates while the other serves as a 
standby. 
with a separate pump. 
power from the + and - 30-volt dc busses (60V) = 
400 Hz, 3-phase ac power for  driv;ng-the induc- 
t i on  notors of the pump-mqtor-assemblies (F'MA's). 
These inverter-  do not have output transformers, 

he ar:ount of power diverted t o  the 

Reference 2 describes the functioning of 

The dc power supply converts ac power from 

The Brayton power system uses two coolant 

Normally, 

Each loop - .  i s  __ independent and complete 
The inverters convert-- 

- e  - 

anu provide a nominal o t pu t  voltage of 47 vo l t s  
rms, l ine- to- l inc.  Tkc output waveform i s  a 
quasi-square wavc . The inverters are  permanently 
connected to the uc' busses and t o  the R4A's. 
Sta r t  and stop control i s  obtained by furnishing 
a pulse t o  control c i r cu i t s  in te rna l  t o  the  in- 
ver ters .  An expeririental evaluation of the pump 
i s  reported i n  Ref. 3, and of the inverters  i n  
Ref. 4. 

The Brayton control system (BCS) provides 
the necessary control and monitoring fo r  overal l  
Brayton power system operation. It consists of 
two major assemblies, a signal conditioner and a 
control and monitoring console. The signal con- 
di t ioner  i s  designed f o r  space environment and 
i s  -located with the Brayton power system. The 
control and monitoring console i s  designed fo r  
operation with convection cooling i n  a sh i r t -  
sleeve environment. 
designed for ready adaptation t o  a space environ- 
ment, 
tem instrumentation and log ic  signals and con- 
ver ts  them t o  0-5 vol t  signals f o r  transmission 
t o  the control console. It a lso  ac t s  as  the  in-  
terface for control comands originating at the 
control console. 
multi-conductor, wire l i n k  between the s ignal  
conditioner and the  control and monitoring con- ,  , 

sole. The design is  such, however, t h a t  a t e l e -  , 
mtry l i n k  could be used. The BCS is  described 
fu l ly  i n  R e f .  5. 

EXIXRIMENTAL APPROACH 

Its c i rcu i t s ,  however, were 

The signal conditioner accepts power sys- 

The present system uses a 

B W O N  AND SWpOIiT EQUIPMENT - The Brayton 
e l ec t r i ca l  subsystem, l e s s  the al ternator ,  w a s  
assembled on a frame as shown i n  Fig. 2. This 
simulaees the actual  Brayton system assembly as 
described i n  R e f .  1. For all evaluations dis-  
cussed i n  t h i s  paper, the Brayton al ternator  wits 
simulated with a variable-frequency motor-driven 
al ternator .  
motor-driven al ternator  are  approximately the 
same as  those of the Brayton al ternator .  This ' 

simulation allows a high degree of f l e x i b i l i t y  i n  
t e s t  conditions. The subsystem as  shown i n  Fig. 2 
i s  operable both inside a 6-foot (1.8-m) diameter 
vacuum tank as w e l l  a s  i n  a room environment. 
The variable-frequency al ternator  i s  located ex- 
t e rna l  t o  the tank. 
t o  individual Brayton components can be discon- 
nected by remotely controlled la tching relays.  
Auxiliary power sources and loads are  available 
t o  allow most components t o  be operated inde- 
pendently. 

%e dynamic output impedances of the 

Also, fo r  f l ex ib i l i t y ,  power 



In order t o  be completely functional, the 
Brayton control system requires input signals 
from temperature, flow, pressure, and other 
transducers located on Brahon components which 
are not a pa r t  of the e l e c t r i c a l  subsystem.. Such 
inputs come from the gas heat exchanger, turbine, 
etc.  A+ control functions which are operated by 
the BCS are within the e l e c t r i c a l  subsystem with 
the exception of e l ec t r i ca l ly  operated valves. 
The inputs t o  the BCS which are not available 
from the e l e c t r i c a l  subsystem are simulated with 
e l ec t r i ca l  signals. The electrically-operated 
valves are simulated with relays. T h i s  simula- 
t ion equipment i s  located external t o  the vacuum 
tank. Also, the Brayton al ternator  f ie lds  
(ser ies  and shunt) are simulated with a dual- 
Winding reactor which provides loads f o r  the al- 
ternator excitation c i rcu i t s  i n  the ECP. 

instrumentation leads are brought through the 
vacuum tank bulkhead i n  connector-tjye feed-, 

, 

A l l  power, load, control, simaation, and ' 
' 

f ! 
throughs . s i  

DATA ACQUISITION - The bulk of performance, ' 
computer-controlled automatic data acquisition 1 I 
system. This system i s  similar t o  tha t  described 

, i n  Ref. 6. It contains 
:teletype, two reed-relay 
'voltmeters (one dc and one 

search Center and i s  described fl i l ly i n  Ref. 
In each data scan, 

,were measured, converted t o  

data was taken and p a r t i a l l y  reduced by a i 

a t o t a l  of 219 

and printed. 
'ments were taken with the true r m s  d i g i t a l  vol t -  I 
meter. The response time of this meter i s  ap- 1 1 
*proximately four seconds. 

was spread over an interval  of three and one-halfi 
minutes. Along with controlling the acquisit ion I 

I 

' cer ta in  calculations. 
#volt-amperes, t o t a l  ac power, power factors,  dci  I 
power, and component efficiencies.  

, 
vious data reduction, the data acquisit ion system 
prints  out the measured and computed parameters , 
i n  a log ica l  and clear  format. This f a c i l i t a t e s  ! 
finding a par t icular  piece of data f o r  future 
study or reduction. A section;of the data pr int-  
out i s  shown i g  Fig. 3. 

data acquisit ion system, waveform data was ob- 
tained with a wave ana-lyzer and a dis tor t ion 

All ac voltage and current 

Since 43 ac measwe-/ 
ments were included i n  each data scan, the s~ 7 , 

;and conversion of t h i s  data, the computer made I 
It computed and recorded' 

In addition t o  performing some of the ob- 

In  addition t o  the data .collected by the 

3 

(E) of the  user load would be 0.8. The varpoug , 
user loads were applied t o  the system with ai 1 8 

resistive-reacti 've load bank. For each user :load/ 
sett ing,  the system frequency was manually vari$& 
u n t i l  the  speed controller applied the amount of I 

i.e., 3,. M, 42, o r  15 kW. 
the e l e c t r i c a l  subsystem was included i n  t o t a l  
system power. 
taken and reduced t o  show the variations i n  , ; , 
losses,  efficiency, distortion, neutral  currents,l 
etc. 

The power t o  operat .  

Under these conditions, data were i 

i i  



To simulate a space environment and t o  allow 
evaluation of the effectiveness of the coolant 
loops, the e l ec t r i ca l  subsystem was operated i n  
the vacuum tank fo r  the evaluation described i n  
t h i s  paper. The pressure i n  the tank was main- 
tained a t  l e s s  than lx10m5 t o r r  ( 1 , 3 3 ~ l O - ~  N/m2), , 

and the shroud walls of the tank were maintained 
a t  loo C. 'Also, the system was operated with 
both -46' C and +50° C vacuum tank shroud w a l l  
temperatures t o  determine the e f fec ts  of these 
t e m p e r a ~ o E - F G b ~ t ~ m  heat% jection. The 
temperature of the DC-200 coolant in to  the Bray- 
ton cold p la tes  was maintained a t  20' C, which i s  
the design value for  t h i s  temperature i n  the 
Brayton system. 

Subsystem component temperatures as w e l l  as 
the temperature of c r i t i c a l  par t s  within the 
components were monitored during a l l  t e s t  condi- 
tions. Where la rge  changes in temperature were 
observed, the t e s t  condition was maintained and 
data was taken after those changes were Within 1 

10 percent of t h e i r  f i n a l  value. 
t o  t h i s  pract ice  vas made if it appeared tha t  a 
par t icular  temperature might exceed a safe l imi t , !  

The endurance of the Brayton e l ec t r i ca l  sub- 
system i s  being demonstrated by nearly contin- I ; 
uous operation i n  a vacuum. various system power' I l eve ls  between 2 and 15 kW are used. The endur- 
'ance test  i s  interrupted only for  d e t a i l  per4 
fomance tests and the incorporation and evdua-  I 

t i on  of subsystem improvements. For the endqr-! 
'ance demonstration, the test  f a c i l i t y  operates I 

'unattended. Routine data acquisition, l i m i t  i ' 
checking, and minor tes t  control are performed I I 
by the computer-controlled data system. Suffi-I I 
cient protective measures have been incorporate+ , 
into the f a c i l i t y  t o  allow a safe shutdown i n  the: 
event of a f a c i l i t y  or  e l ec t r i ca l  subsystem mal- I 

___ 

- 

An exception 

! I  

function. i I  ' ,  
DISCUSSION OF RESULTS 
: l i  
! men an a l te rna tor  i s  supfiying a l i nea r  , 
load, the load voltage waveshape i s  generally f I t ha t  produced by the al ternator ;  however, when I 

non-linear elements such as  controlled r e c t i f i e r s  
or common rectifiers a re  a l so  connected t o  the 
load bus, the load voltage w i l l  be distorted.  
!Che degree of d is tor t ion  w i l l  depend on the na- 
ture  and magnitude of the non-linear load and the 
al ternator  commutating leakage reactance. In  the  
Brayton a l te rna tor  these reactahces are  in  the 
order of 0.8 ohm. The motor-driven al ternator  
used i n  this program t o  simulate the Brayton al- 
ternator  has a similar reactance value i n  the 

B 

order of 0.9 ohm. These values were determined 
from the phase conduction overlap exis t ing when a 
polyphase r ec t i f i ed  load was connected t o  the  al- 
ternators.  Therefore, the e f fec ts  on a l te rna tor  
and load voltage as  determined with the motor- 
driven al ternator  i n  t h i s  program w i l l  approxi- 
mate those which ex i s t  with the Brayton al terna-  
to r .  

OPTIMUM OPERATION - In  the Brayton power sys- 
t e m  the user load  voltage is  affected by the  nor- 
m a l  operation of the  power system. 
provide a reference so t h a t  the e f fec ts  of elec- 
t r i c a l  subsystem operation can be be t t e r  appreci- 
ated, the user load voltage wave form with the 
Brayton dc power supply disconnected and t he  speed 
control ler  f u l l y  off i s  shown i n  Fig. 4. T h i s  
voltage wave form w a s  obtained with the user load 
s e t  at 10 kW 0.8 PF and with the voltage a t  the  
system ra t ing  of 1201208 volts.  The t o t a l  d i s -  
to r t ion  is approximately 2.0 percent and consis ts ,  
almost so le ly  of t he  f i f t h  harmonic. 

Capacitors are used i n  the  ECP fo r  prevent- 
ing high-frequency e l ec t r i ca l  noise generated by 
,the speed control ler  from reaching the  user lo+ , *  
terminals. These capacitors are connected t o  the  
lac voltage l i nes  and present a leading power, I 

, factor load of approximately 2 KVAR t o  the  aiter-f 

+oad, t he  net  a l ternator  power fac tor  w a s  O.d, 

I DC PWER SUPPLY PERFCEUWTCE The dc power 
p a g g i s  _1Ln_ the  reference test. 

!steady-state subsystem operation. 
s t a t e  operation, t he  ba t t e r i e s  are not beingi  ' 
charged o r  discharged. Transformer-rectifie.$ ! 
(c i rcu i t s  i n  the dc power supply convert ac pdweq 
from the  system t o  + and - 30 vol t s  dc. 
fe f fec t  'of dc supply operation on the  user-load j pave shape i s  shown i n  Fig. 5. Th i s  wave shape 1 

!exists with steady-state subsystem operation with' 
the  speed control ler  f u l l y  off.  The e f f ec t  i s  ; , 
very s m a l l ,  being the  s l i gh t  notching o r  apparent; 
discont inui t ies ,  i n  the  wave form. There is also 
an increase i n  the  th i rd  haxmonic component and a 
reduction i n  the f i f t h .  The t o t a l  d i s tor t ion  re-! 
mained at  approximately 2 percent w i t h  approxi- 
mately equal magnitudes of the third and f i f t h  
haxmonics. The notching i s  the r e su l t  of r e c t i -  , 
f ie r  commutation, and the presence of the th i rd  
harmonic i s  a r e su l t  of the  non-linear input i m -  
pedance of the transformers. 

In normal system operation, the  load on the 
dc supply is not balanced between the  + and - 
30 vol t  l ines .  The inverters  are a balanced 
load, but  the  BCS power i s  approximately 0.32 kW 

In  order t o  

:nator. AS a re su l t  of this leading power fac to  

- _-___ 
lsupply provides approximately 940 watts f o r  1 

During steady- 1 

I The 
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+ _- 
from the + l i n e  and 0.08 k W  from the - l ine .  The control ler  and subsystem operation on user load 

Pic tor ia l  examples of the e f f ec t  of phase- 
net power load on the dc supply i s  approximately voltage. 

i 0.59 k W  on the  + l i n e  and 0 ; ? 5 - k W  on-the - l ine .  
The operation o f  the dc supply introduces a 

neutral current in to  the s y s t e m .  The rms value 
of t h i s  current i s  approximately two amperes, and 
i ts  wave form i s  shown i n  Fig. 6. The predomin- 
ant frequency of t h i s  current i s  the th i rd  har- 
monic, the magnitude of which i s  approximately 
160 percent of the fundamental ( the  fundamental 
being 1200 Hz). The t o t a l  harmonic content i s  
178 percent of the fundamental. 

The eff ic iency of the  dc supply when pro- 
viding dc power fo r  all subsystem steady-state 
functions is approximately 88 percent. The dc 
ou-bput voltage i s  unfi l tered and contains a r ip -  
p l e  component which varies i n  magnitude depending 
on the amount of d i s tor t ion  i n  the system ac volt- 
age. The minimum r ipple  on the  30 vol t  bus ob- 
served i n  this evaluation w a s  approximately s ix  ' 

pletely.  The predominant r ipp le  frequency is ! 
14.4 ki lohertz  as would be expected w i t h  the  

vol t s  peak-to-peak. 
the speed control ler  operation inhibited com- l i  

i 
j 

phase type r e c t i f i e r  c i r cu i t  used. 3 1 '  

ZMTERm PERF~WCE - The inverter  provides' 
' 

T h i s  minimum occurred w i t h ,  i 

approximately 415 w a t t s  of 400 Hz, 3-phase ac; I 
power fo r  the operation of t h e  coolant pumps.' 1 
The input power i s  obtained from the + and - ,dc  
busses as a two-wire input giving.. an . inverter 
nominal ikiput voltage of 60 volts. The inverte  
has input f i l t e r s  t o  provide high-frequency i s 0  
l a t ion  between the  inverter c i r cu i t s  and the  ,re&, 

delayed conduction i n  the paras i t ic  load on the  I ; 
wave form of the user voltage are shown i n  Fig. 7. 

The wave shapes of Fig. 7(a) are represen- - 
t a t i ve  o f  those obtained at the 5 k W  system power 
level.  Those of Figs. 7(b) and 7(c) were obtained 
a t  the 10 and 15 k W  power levels.  
shape is  qui te  variable with paras i t ic  load; 
therefore, the  t o t a l  d i s tor t ion  i n  user voltage 
wave shape, as measured with the d is tor t ion  
meter, is plotted i n  Fig. 8 as a function of 
peras i t ic  load power .  Although the da t a  have 
some scat ter ,  the general. trend is  evident. Thd 
minimum dis tor t ion  of approximately 3 percent , 
occurs a t  minimum paras i t ic  load. 
measured d is tor t ion  of between 1 2  and 14 percent 
,occurs near 4 k W  and 13 k W  parasi t ic ,  loads. 
,,nese dis tor t ions are the net  e f f ec t  of the  paxa- 
i,sitic load, user load, and e lec t r i ca l  subsystem 1 

I The da ta  i n  Figs. 7 and 8 fo r  the  10 kW 'sys- 
/:tern power l eve l  are similar t o  those presented in 
;Ref. 2. The data  a t  the 5, 12, and 15 kW systed 
'power levels provide additional information t o  1 
/describe the  performance of the electrical .  su'o- - 
(ton power system i s  capable. 

The actual  

The maximum 

I 

/ loads. ' i  

pystem over the range of power of 

I/ 
The e l ec t r i ca l  subsystem is an 

power load of about 1.1 kW 
t he  paxasit ic load and 
not included. The dc 

of the subsystem. 
The eff ic iency of the inverters  when 

the coolant pumps at normal conditions of 

'Reference 4 provides additional inverter  
ante data. The r ipp le  on the  dc bus i n  

'approxlhately 70 ps i  (48 N/cm2) i s  77 percent. 

fully-functioning e l ec t r i ca l  subsystem is not 
+transmitted through the inverter  t o  the 

ac output voltage and had no noticeable 
normal inverter  performance. 

gal/min (1.2xlO-2 m3/min) with a pressure 

product of nus vol t s  and r m s  amperes. The ndt  1 

/:parasitic load i n  Fig. 10. The data  i n  t h i s  f i g -  iure Were obtained with the user load PF a t  0.,8. j 
jbAS the f igure Shows, the Power factor  of t he  ne! 
i$oad on the  al ternator  i s  r e l a t ive ly  independent 
/!of system Power l eve l  and always higher than the 

power  fac tor  of t he  user bad. 
suit of the. high power factor  of the  dc supply : 
and the capacitors i n  the  ECP. These o f f se t  the 
l o w  power factor  of the parasi t ic  load a t  low 
paras i t ic  load values. 

The r e su l t  of a subtraction of user load 

factor  8s Seen by the  al ternator  i n  this 
. ; e lec t r ica l  subsystem i s  shown as a function of { 

SpEED ~ 0 ~ 0 ~  OPHLpTIoN - A s  t he  speed * 

* 
control ler  changes paras i t ic  load i n  response t o  
-ng user loads, t he  e f f ec t s  of the  phase- 
delayed conduction in  the speed control ler  power 
stages w i l l  vary. The operation of the  Brayton 
speed control ler  and its e f f e c k  on the  Brayton 
al ternator  curlients are f u l l y  described i n  
Ref. 2. In t h i s  paper we w i l l  describe the 
effects  of speed control ler  operation on the  
e l ec t r i ca l  subsystem and the  net  e f fec ts  of speed 

This i s  the  re- ' , 

1 
5 



.- 
power, a l ternator  f i e l d  power, and paras i t ic  load 
power (as  applied by the sPeed control ler)  from 
the al ternator  output power is the net  e l ec t r i cd l  
subsystem power l o s s .  This power loss has also ' 
been termed "housekeeping power. Because of the 
voltage d is tor t ion  and the existance of harmonic 
components i n  both voltages and currents, the ne t  
e lec t r ica l  subsystem loss  vaxies with paras i t ic  
load. power. This variation i s  shown i n  Fig. ll. 
The losses are generdlly higher a t  the 15 kW sys- 
tem power leve ls  because of the greater  power re-  
quired by the  al ternator  f i e lds  and the  increased 
losses i n  the power handling components i n  the 
ECP. The t o t a l  system loss generally tends t o  be 
a m a x i m u m  around 4 t o  0 kW of parasi t ic  load. 
Thi6 is probably the r e su l t  of the e f f ec t s  of 
harmonic currents and voltages.' These losses  , 
were fur ther  evidenced by a s ignif icant  increase , 
i n  the  temperature of the  al ternator  f i e ld  supply 
current transformers located i n  the ECP. This  

The paras i t ic  l o a  
heat t o  space by d i r ec t  radiation. 
evaluation, it radia'ced t o  the  vacuum tank I 
shroud walls which were maintained at  a r e l a ,  

I n  this 

'increase i n  temperature occurs mound the  4 kW / 
parasi t ic  load condition. The maximum dis tor t ion  
on the user load voltage also occurs at t h i s  coq- 
pition, which would indicate  tha t  the harmonic 
currents cause additional losses.  The da ta  i n  
Pig. 11 show a f a i r l y  large degree of s ca t t e r  and 
should, therefore, be taken only as indicat ive of 
bene rd  leve ls  and trends. 

The var ia t ion i n  d is tor t ion  of t he  s y s t A  
boltage i s  t ransferred through the dc power 
p ly  t o  the  dc bus as a var ia t ion i n  ripple.  
!sys tem voltage d is tor t ion  a l so  has a s m a l l  

phows the  var ia t ion i n  dc bus voltage 
,dc power supply eff ic iency as 

pn the eff ic iency of the dc 

b i t i c  load. The r ipp le  generally i s  minimum ,at 
kero paras i t ic  load. The minimum shown on Fig. 
'is appPoximately two vol ts  higher than the  minii 
mum obtained with the  speed control c i r cu i t  in- 
hibited.  This is a r e su l t  of the f a c t  t ha t  the 

a ra s i t i c  loads shown i n  Fig. 1 2  were not tn+y 
gero, but i n  the  order of 50 t o  100 w a t t s ,  and 
,so caused a s l i gh t  d i s tor t ion  i n  the s y s t e m  ac 
Voltage. 
proximately 10 vol t s  peak-to-peak on the +30 vol t  

The maximum r ipp le  observed w a s  ap j  

l t ively constant temperature of +loo C. 
,'shroud temperature, the maximum observed tern+ 

A t  tws 

-$L - ._ .-I- i 
paras i t ic  load of this value requires one channel 

phase delayed conduction beginning around 90'. 

i c  load causes a current t o  ex is t  i n  the  neutral  

and i t s  variation with paras i t ic  load are d i s -  
cussed i n  Ref. 2. The frequency of t h i s  current 
i s  approximately 3600 Hz o r  the th i rd  harmonic of 
the  frequency of the system voltage. The maximum 
value of neutral  current observed i n  this subsys- 
t e m  evaluation was 10.1 amperes with a 15 kW sys- 
t e m  power and a paras i t ic  load of 13 .7  kW. The 
user load  w a s  zero. Th i s  value of neutral  cur- 
ren t  is the  net r e su l t  of neutral  current from 
the'dc supply and from the paxasit ic load. 
two neutral  currents are not i n  phase, and add 
vectorially.  A t  this load condition, the  para- 
s i t i c  load. neutral  current w a s  approximately 16.4 

" _  of the speed control ler  t o  function with the  4-A- 

, 
The phase-delayed conduction of the  paras i t - '  

(. of the alternator.  The magnitude of this c u r r e n t . .  

These 

[perature on a paras i t ic  load element w a s  637' C, 
This occurred w i t h  a 15 kW system power l eve l  apd 

bus. 
w i l l  occur is  d i f f i c u l t  t o  predict  since the ~ 2 p - i  
ple is the ne t  e f f ec t  of the  r e c t i f i e r  c i r cu i t  
used and the  ac voltage wave shape. ' I 

Unbalanced conduction i n  the paras i t ic  lib& 
phases and induced t rans ien t  spikes fur ther  corn- 
pl icate  such a'prediction. 
change i n  dc supply efficiendy as  the paras i t ic  
load  changes, but it does show a tendency t o  drop 
when the paras i t ic  load i s  between 2 and 4 kW. A 

The paras i t ic  load a t  which max imum r ipp le  The Brayton coolant pumps me self-cooled +J 
t he  DC-200 coolant. f l u id  which i s  circulated 1 1 

from the remaining e l ec t r i ca l  subsystem compo- 
nents through the cold plates on which they are 1 
mounted. A t  normaloperatingconditions and 10 kW 
system powe'r, the DC-200 coolant enters  the  first 
cold Plate  a t  20' c and e x i t s  the fourth ( l a s t )  
Cold p la te  at 29' C. The flow i s  maintained a t  
0.58 gd/min ( 2 . 2 ~ ~ 0 " ~  m3/min). The t o t a l  heat 

' ,through the  motor (see ( 3 ) ) .  Reat i s  removed 

There i s  l i t t l e  



removed from the  cold plates by the coolant is, 
therefore, approximately 490 w a t t s .  This heat ,_ 
removal is  approximately constant for  dl system 
power levels.  The sink or sumomding shroud w a l l  
temperature, however, has an e f fec t  on the  coolant 
temperature. The above r e su l t s  were obtained with 
the sink temperature at +loo C. 
the effece of sink temperature, the e l ec t r i ca l  
subsystem w a s  a lso operated with the shroud w a l l s  
a t  +50° C and -46' C. System power was maintain- 
ed a t  10 kW. A t  +50° C sink temperature, the 
cold plates  picked up heat from the sink and the 
to td l  heat removed from them by the coolant w a s  
found t o  be approximately 870 watts. A t  -46' C 
sink temperature, the cold plates  gave up heat t o  
t h e  sink and the  t o t a l  heat removed from them by 
the coolant was approximately 57 watts. The 
measured e l ec t r i ca l  losses t o  the cold plates re -  
mained approximately constant a t  530 watts f o r  
a l l  sink temperatures. 

ENDURANCE TEST RESULTS - The electrical .  sub- 
system has been i n  nearly continuous, unattended 
operation since November 1970 i n  a vacuum environ 
ment i n  the  f a c i l i t y  described i n  this paper. It 
has been operating at various power leve ls  with 1 
various amounts of power dissipated by the  para- 
s i t i c  load elements. ' I  

, 
t e m  were of a sealed, AgCd type with an 85 A - h r  1 
'rating. These ba t t e r i e s  f a i l ed  a f t e r  s e v e r d  * ; 
icycles during the  checkout phase of this proqrq .  
Failure w a s  caused by s i lve r  penetration thrdugh 
:the separators. 
plately 1.5 t o  2 years after manufacture of the i 
bat te r ies  had been stored a t  room temperature i 
cells. 

an undetermined s t a t e  of charge. A study t o  de- 
$ermine' the most sui table  ba t te r ies  f o r  this sud- 
system i s  now underway. 
operated with simulated ba t te r ies  u n t i l  the f in@ 
bat te r ies  are available. I 
i With the  exception of the ba t te ry  fa i lures  1 
and several  minor, non-cr i t ical  fa i lures  i n  the 1 
monitoring functions of the Brayton control sysq I 

tem, there have been no s ignif icant  problems ex- ' 
pereienced with the operation of the  Brayton, 
e l ec t r i ca l  subsystem. 

tem operation have been accummulated. 
hours, 3,717 were i n  an unattended mode. 

It i s  presently planned t y  continue the en- 
durance t e s t  t o  10,000 and possibly 20,000 hours. 

Also, as of the above date, separate endur- 
ance t e s t s  have demonstrated sa t i s fac tory  opera- 
t ion  of  an inverter-coolant pump combination for 

To investigate 

The ba t t e r i e s  or ig ina l ly  used i n  the  sul@yd- 

The fa i lures  occurred approqi - 

l t h l  

P r ior  t o  operation i n  the subsystem, 

The subsystem is being 

i 

A s  of March 23, 1971, 3,938 hours of subsys- 
Of these 

7 

* j  
12,250 hours, and of a Brayton dc power supply ~ 

fo r  14,700 hours. , '  : L 

CONCLUDING REMARKS 

The operation of the phase-delayed conduc- ; 
t ion,  parasit ic-loading speed control ler  induces 
a 3 t o  14 percent d i s tor t ion  into the waveform of 
the voltage supplied by the e l ec t r i ca l  subsystem 
for  user loads. The speed control ler  operation 
also has a small, bu t  noticeable, e f f ec t  on the 
performance of other subsystem components. Sub- 
system losses, a l ternator  power factor ,  neutral  , 

current, and dc bus voltage r ipple  vary with the 
amount of paras i t ic  load. Interactions among ' 
subsystem components are s m a l l  but should be con-, 
sidered i n  the design and application of an I 

. e lec t r ica l  power generating system of t h i s  type. ' 

' 

The performance evaluation and.endurance 
tes t ing  of a prototype e l ec t r i ca l  subsystem f o r  
the  2-to-15 kW Brayton power system has demon-' 
s t ra ted  t h a t  the subsystem should be capable of 
sat isfactory,  long-term performance i n  a vacuum 
environment. I 

i 
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Table 1 - Subsystem Component Losses at 
Nominal 10 kW System Power 

Alternator Power (kW) 10.22 
User Load Power (kW, 0.8 PI?) 6.07 , 
Parasitic Load (kW) 3.03 I 

(Simulated Fields) (W) 0.03 
, Alternator Fields I 

Losses (w) 
FCP Loss 0.03 , 
dc supply Loss 0.12 , 
Inverter Loss 
BCS Power 
Pump Paver 

j Total Subsystem Loss 

! 

I 
I 
1 
i 
! 

! 
1 
i 
1 
I 

I 

i 

j 
ti 

0.12 
0.40+.( 
0.42 
1.09+. ( 

1 
1 

I 
I 
I 
1 
I 

I *  

3 
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TO USER LOAD 

---- INSTRUMENTATION 120/208 V, 1200 Hz, POWER 
AND CONTROL .- 47 V, 400 Hz, POWER 
CIRCUITS i- AND -30 V, dc POWER 

I I 

I CONTROL PARASITIC LOAD 
PACKAGE RESISTORS (PLR) I ALTERNATOR 

Figure 1. - Brayton electrical subsystem black diagram. 

Figure 2. - Electrical subsystem evaluation assembly. 
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Figure 3. - Typical printout from automatic data system. 
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ION: 2.0 PERCENT 
INANT HARMONIC: 5TH 

Figure 4. - User load voltage wave shape without dc supply or parasitic loads 
(1200 Ha). 

F USER LOAD 

: 3RD &5TH 

ffgure 5. - User mltiage wave shape as effected by normal dc supply own- 
tion in  subsystem (1203 Ha). 
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Figure 10. - Alternator f factor as a functh st 
parasitic load. 



SYSTEM 
POWER, 

kW 

0 5 
0 10 
A 12 

20 ê  
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Figure 12. - OC power supply efficiency and output volt- 
age ripple as a function of parasitic load. 
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