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ARTRqCT thfri stage far %turn V. In t'iie Saturn lB,mi$- 
bion, the S-IVB stage dnje.c;t$ fhe7payload into 

TMa paper presents ~ t e d t k l  sJtdep used to Earth Orbit and pso~idps aftlCdbe shb~llzatlon for : 
&rive ttme chtttdou~1 motor pum-ps on rile S-IYB the pa\?load in gait .  In She Saturn Y misslan it 
spade veWc1e. Tw system c ~ u s ~ s t s  of a 56 volt rmst also pr6vide e s a p s  velocity and inltrdf Cotl- 
battery mppI 9 1 %  power to the two fhree-phase trol of t h e  tra'nslunar trayectofy, which recjuires 
solid &ate irp-eflers -u~iirch in  turn& -2rfve i ~ v i ,  restart of the cng~ne during Earth orbit. The 
crywnic motor pum@.~_Snchtdetl m this paper rs engine is A 24)0,0130 p m d  thr-tst rocket engane 
a short description of the overall chiIldov.3 sys- h l t  by IIpcRetdyne, Designated a s  Ule 3-2 ersme 
tern p@,ir;&m~~ts, Tile advantages of the ace s?si it uses licpid k~ydxo~en (LHg) and liquid oxygen 
tern over the d-c s g ~ t e n t  arc dtscassed w t h  ern- (LOX) for prcpellarlts. ' 

phasis m' weight and rel~abilftg, Prior to ignition, the 52 e&na m d  its associated 
fuel lines must be chilled ckr~m to prevent gas bub- 

Two funetionPlly &entimi l . lkva  inverters were bles fr.m farming in the lines e.,Tw 
designed. One inverter uses germnium transis- igxdtioil. This gds f o r ~ ~ t i o n ,  somewhat ~irniiar to 
tors in the output stage while the other uses silicon a vapor lock in a- car, would cause t!ie artin engine 
transistors. &th inve*rs were d e s l p l d  to have F\ynp to ,.avihte and keep the oIrgme from sbyting.  
a quasi-square = w e  o u t ~ l t ,  'The kverter circultrv this, l i ~ l d  hydrogen md is 
is described an6 the advantzqes of each is 61s- gump& *rough Che and feed lines" FI$- 
cussed including a C @ ~ V P ~ T ~ ~ Q ~  of weight, size, u.m and the flow ;a& pressure,needcd to ~ 

Qperating .temperature, effiiiency and voltage rat- chilldown the c n ~ n e .  
h3* 

After careful eor,sidemC5oa, it w a s  decided tlmt 
the most efficient way of periormlng the ~hi! l&?am 

lSTlIODUCTION task was to, drraetlop a closed, loop recircuiating 
system where liquid osyger, 2nd iv~~~quici h!;droqen 

* &  the ~ a a r ;  Program, therDoug1as iwlt S-IVB independeutljt a-re pumped througb the feed lines, 
stage serves a rather mique role. The S-IVB is the enfine mula b ~ c k  to fn6rn'lm brks. X crvsge& 
the seeorld staec of the Saturn f B  vehicle. Iu tw- .motor pump would be used to reicirculate the , 
sentially the %me config.urationP it is also the . propellants. 
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The purpose of this pspcr 1s to descr ibe the  elec- 
t r i ca l  system used to c!r:: e the rec1rcul~tio:l  r,otOr 
pumps. The ril3ln 'fcnturus presentcd in this  pager 
are: 

1. The use of an a-c systetn utilizing solid s ta te  
s ta t ic  inverTers,- 

2. The u s e  zt a quasi-sqmre :vsve clrivinz an a-c 
notor without the use of an output tr311sfosmer 
or fi1tm-s. 

- 3. Increasing the d-c batter!; ;:r.ltnec to 56 vdc. 
4. The designan,: of trva inver te r s ,  one u i r h  Per- 

rnanium t r m s i s t n r s  111 t!?? outpur r a z e s  and a 
*'backup*' unlt usicg s ~ l i c r ~ : ~  t ra :~s l s tors  In thc 
output st2ges. 

Electrfcally there  a r e  two w9ys  to drive the  c21ill- 
doun pump, One xvay 1s jvltS. a n  a-c mDtcr a:~d ?he 
other i s  with a d-c mqtor. .+it ths sin15 the project 
was proposed the s ta te  of the a r t  In d-.c b ixsh1t . s~  
motors had not progressed tr: the point that a d-c 
brushless motor a f  the s u e  needed was available. 
Therefore,  a!! discussion c,f d-c mQtors nrlll be of 
the cnnventiona! type. The advarltages of both ~1:s- 
terns a re :  

6. KO shaft sea l '  required oil Ula pump, 
7. H1r;ht.r system ~Wicic-ncy. 
8. Smaller system transients - the inverter xvill 

limit in-tusta- curre:?ts. 
9. A low current  rrlay 11.5 a r n p e i ~ j  cxn turn the 

inverter off aild u l ~  rnstesd oi ~ , b $ h  current 
niotnr relay (1 00 arnperea peak startinp j, 

10. Less ELI1 problems. 

WEIGHT 

The overall system ~ v e i q h t  ~ o m p 3 r i s o h  between the 
a-c nt~d d-c s:.stcm issho*~.nin fi,urc. 3. iVhi!e ttw . 
weigl~i of the two 6.'-sterns i s  aln~~st idmtieal, the 
reliability of the a-c s::stem 1s 2lnl,3st do$ble rtut 
of the d-c system (see f i r ~ r ~ 3  41.  Cc!r,!)lnln$the 
noted advantages wltii  n 1c:rper $yeratin? i:fe lea 
D o u ~ i a s  to develop an  lnverter tc  d r i ~ e  the n-c 
motor pump for  t he  S-I\-F c!lllldov.n s::r;ten~. 

An analysis v a s  perfcrmed uf t l ~ e  electrical bus 
from \~llrch the chllictoxn s::stenl 1s supp1ied. It 
\;'as found thnt substsntial neicrht savings cvuid be 
realized in  both the inverter 2nd the battexy'lr; 
using a 56 volt, rat!-,er tb in  a 28 volt bus, It Bns 
s u b s e q u e t ~ t l ~  decicled to use x 56 volt eIectrlca! 
system 02 t he  S-IVI3 to supply po-.?.er to  the chill- 
down inverters.  , 

In the final svstem it w a s  decided ta  operate the 
L1i2 m3tor pump with the  m2tor sub~n:rl=ecl In the 
cryogenic liquid. The LOX n?otcr lrunlp v:as o w r -  
ated with the ln3tor in 3 pressurized he!ixm c o ~ -  
tainer. The m?tor lr: h t t l  eases  v:as an a-c cr;'r?- 
gc:lic ~nduc t lun  nlcltl,r of a?proufn:a:elvnne-horse-, 
pGwer. Tile efficicnc;. of the Lti:, motor 15 apptoxi- 
mately (313 : ~vtiile the ~fflciency'c-~f thc LOX 1s 82':. 
The motors c1ri:-c the?umps atap;;roxjn??tely 11,5C~3 
rpm, while ~ p e r a t i n g  from the 30, 400 cps qnsi- 
square wave output fronl the inverter. While s 

IY-C SYSTEbl ADVASTAGES SYSTEM RELIABILITY 

'1. hlore d-c experience than a-c,'inverter ex- 
per ience (at nnn cryogenic temperature).  

2, A d-c motor comlects dlrectlv to t h e  biittert- 
power source. 

A-C SE'STELI AD\-X XTXGES , -  ---- r k%0r& ' DC S l S l E *  

1, 'Safer ,- no spark ,gcr.eratictn. W111 ut i l~ze  a 
, squirre1 cage indtlction r ~ ~ ~ t o r .  

2. Sfore cryoseiuc experience on a-c s_vsten:s. 
3. -?:o t ) N ~ h ~ s  r c q u i r c i l  (!?n;'er systern 11ie). 
4. Higher eal,cu!atr-:: r~ l iab i l l rv .  
5. ?;o,'prcSstlrizatlnn system cr. the LlfZ rnotor 

pump. The nlotor is r:ih f!ooded in licpid hy- 
drogen& ', 



~e&il& &&ription d thd motor p&fo&anee 1s The inverters differ only iil the output The 
beyma the sccye of th i s  pzper it ,otr*uld be noted siltgun wttnlt uses eighteen 30-anlpare k~iicoa trm- 
that thmretlcal and exwrrmental inocstigat~ons slstors. Wllrle the germanium ~r?verter\isestWels'e 
have sho%~~>khsl.t this tspe d voltage'wavs-form 50-ampere traiislstors. X co!:~;?.~rison o f  the  t;i.o 
causes only slight additional Wises irr the motor. mverters is given b ~ l o w  showing the achrantages of 

each unit. 

&sign ~rftli?iiiib fort..;e ~n$ert&r follcnved the stand- 
ard for anpcoc~@jncnt 6n a,space~efilcle. The u n ~ t  
was required tobe of r?nnrmum siw and aelghr-xith 
nxaximunr efficiency md reliahlFty. The d e s q n  
which fulfilfed these'Co.t& essentials utillzed ger- 
knanfum trahsfstvrrs in L?ieepou.er states. f-Iouever. 
the enrironmt?n@l. mnduio!is MI xhlch the inverter 
-Id- be reqxiirqd to operate hnd net k e n  nccu- 
ratel)' established. Ttrerefore, SrlS.4 requested a 
Wiitt_ yith s~Licon~tt.ansistors in the poa er s t a res  
also to be desimgrled, This inverter 1vl:l be used fnr 
the flfght,veh'fcle if the terxyerzturc ccndrtlons 3 r e  
bey6ird the extremes in w h ~ c h  the geru imium 
transistors will opt?rate. 

Physical Characteristics 

Length: 
12.0 inches 

Width: 
6 . 5  inc hcs 

Height: 
3.5 Inches 

Silicon - 
Length : 
15.5 inches 

Width: 
12.75 inches 

Height: 
3.25 inches 

These tws inverters. *xere developed sirnu!tane- 
mb. . Both a r e  'solid state devices en~pioying a ive'ght: Weight: 

22 potmds modular type of construction fssi. fiqurc 5 ) .  Ttd2 12 pounds 

incarters are f,&tlonzll- idl-ntical, ulth the m:put 
,.capability c'f '1.5 q:a at a ircqusncy d 400 cycles 

per secortd, Tile weight of these inverters a r e  12  
pounds for the gerlnaniurn arfd 22 pounil~ for the ISff~cienc:< 

silicon. (see figures 7 & 8! 

Tbs &as%-square wave c*put vo!taqe w a ~ e f o r m  
. whish EaR b~ dcveioped using sw1tch:ng t e c h n l q ~ o s ,  
has no even har~nonics , ' and  its lowest odd harmo~lic 
b t h e  fifth &see fqwre 6 ) .  When the wareform 15 
used t~ d r i ~ r e ~ a  l y e  ccanc-ctec mbtos, the c ~ s I -  
s w i e  atave 1s combned to fort11 a lme-to-ne.rltrn1 
wavdorrh,. also shown in  firure 6. The lov:est 
harmonic i x ~  this -~aveforrn is also the fifth har- 
moni c, 

Transistors 
(see figure 9) 

Output S t q e :  
12 each 

Output Stage: 
18 e a c h  

50 anlps - 170 u7atb 30 amps - 250 watts 
3500 watts peak at 4500 watts peak at 
Vce = 70V Vce = 150V 
Tj m a m u m  = 1 j . 0 ~ ~  Tj maximum = 175W 

Breadtmard tcsts Breadboard tests 
have been performed have been p e r i o r ~ e d  
over a range Of over a range Of 
-65'~ t o  IGj0F - 6 5 ' ~  10 195'F 
without a Xalure. without a failure. 



GFRMANtUM INVERTER Ef FlClENCY SIII $4- 

FIGURE 7 

SILICON INVERTER EFFICIENCY .m w r  

CrfIClENCV IN % ,q--- -. -.------. -- - - - ----- -- -- 

2b0 400 6 50 C 4% lCCO iiC0 
WATTS OUT 

CERHA' I ILM 5,. CC% - ., c-, > 
FIGURE 9 -A&> - &.ah& 

The block diagram of the hvo ~ n v e r t e r s  is sho\im 
in ffgure 10. The follo~vi~:g is a brief discussion 
of the function of each of the blucks. 

IXPJJT FILTER 

The input fil ter was incorporated in the chilldoum 
inverter to suppress  r n d ~ o  frecpency interference. 
It is made up of ceramic capacitors comectecl to 
both the  pos1:rve and negative ir.;?ut leads of the 
control anti po\i.er lines, and t e r m n a t  to the case 
of the inverter. These capacirors a r e  used to 
attenuate the hich frequency interference. Tnsre 
is a tantalum capacitor ac ros s  the input power lmes 
for  suppression of low f r e q ~ e n c y  interfererice. 

REGULATOR 

The regulator supplies a voltage to the pulse Sen- 
erator ,  tlming c i r c d t r y  , and bias winding of the' 
current  limit sense transformer. 

CHiLLDOWN INVERTER BLOCK DIAGRAM 
- -. . - - - 7 - 7  7- I I 



, The rc&lAtal- is a cor?11?10:1 dissipating type clrcuit. 
It i r~cludcs a tempcrnture scnsltlve tlfvice thnt i s  
enlbtddcd in the nscili,itor t ransfsrmpr I! tuc :~  vnr- 
ies tho voltaqi- output pl-oportlonal to t!ie tcnlpern- 
ture char,;r ef tLc corcs. The crscil1ztorfrequency 
is rnaintaned at 408 cns = 1 r due to the closed 
loop ci?cratlon of the temperzture device and the 
reguhtor circultrp. 

'THREE PHASE A ~ G S E T I C  PCL,FE GESER\TOR 
4 b .  

The .g+ufse generator is a maglet ic  coupled mult i-  
vibrstor.with a multi-core tr ,?nsfurmar. I ts  ~ . u t -  
pufd are three plsh-pull squzre \vnves, 120" out of 
phase with each other, operArinc at a irequencv of 
400 cps. The exp!,w.atlon 01 irs o!~crati?n has been 
previously presented, 1 -.vith th? esceptror. that the 
pulses a r e  rnag11eticnl:y e;ited . ~ l t h l n  the core in- 
$tea6 of a &ode gate circult. * 

burin5 the motor s t a r t  conditil?~:, tile inverter i s  
required to  drive a;)prcsimatc-lv four t imes the 
nominnl load. The current  l ~ m i t  1s needed to 
limit the pea! currer:t to a level below the ~ I Z X I -  

' mum capabilities of the out1:ut pnlver t ransir tnrs .  
The o u t p ~ t  current  is m:isneticaliv sensed and t h e  
inver te r  is turned off ahen  a pre-determined lev:eI 
is reached. Thc inverter can bc made to turn c~n 
when the current  drops below th:s level o r  the off 
t ime can be set for  a pre-determined length of 
time. 

Figure 11 describes the  t r k i s t o r  voltage and 
phase currpnt u-aveforn?~ during A t:-pica1 n ~ o t c ~ r  
start. The effects of t l ~ e  c u r r ~ n t  lirnlt clrcult 1s 
clearly shoun. F~qur t .  12 sho~,vs the same -.vnT:e- 
forrlls after  the metor has achieved running speed. 

S W I  Lat$ 

TYPICAL TRANSISTOR STARTING STRESS 

ID. W. Tesdal!, P. E. Loientrcn, SILIGSETIC 
PULSE GESEILITORJ' A.I.E.E. sumrncr sessIp:n 
dn June 17, 1562 at Denver, Colcradu. 

I n wr 
TYPICAL TRANSISTOR RUffNlNC STRESS 

SO AYPS DrV PS45B 
CLescr?  

TIXIE DEL'i'i 

Duriug the nl^,.tor startincr conditlo!~ additinnal hnse 
drive 1s required for  the oi:tpat Trsnslstflrs.  '.l'hc7n 
t t : ~  motor reaches ageraring speed the  k l s , ~  drive 
cnn be tiecrensed, t ! u s  reducin-. c!issipat~ol? .~!?d in- 
creasing overt!! effir~enc.:, The mrthcd chssen to 
accornpl~sh the var~i!;.: base drive reclmrem?r.!.~: l o r  
n ~ o t o r  s t a r t s  2nd rnc-tur n-un condition 1s a s  io;lo\vs. 

The drive s tages arc  r lor l~~nllg operating nt m3xi- 
mum output in!mecii.itely u p ~ n  the a p p l i ~ ~ i t i o n  of 
po\I7er. The full l i~is  voltnge is :?ppl~ed to nil the 
drive st:iqe's tl:rougi~ i~ saturateci s e r l e s  t ransis tor ,  
paralleleci b:: a zeiler dil.,Je. A f t e r  a prodeter- 
;xineb period the ti!:liilg ~ i r c u i t r v  activates and 
removes t!lc base S U ! ~ ~ I ~ Y  frr;~:~ the sexips t ransis tor  
plncinq the z fne r  tiiodi. i:i s e r i e s  ~:..-it!l the source 
of v o l t a ~ c  for  t!:e dr:7;t. st:i:.es. The volt.~;e applied 

then be the o r~y ina l  so s r ce  voltago n ~ i n a s  Chi. 
zener  vcltnse. Tfiis reciuces t!le su;7pl:*r Y C ! : ~ P F !  tfi 
approsima:elg one haii of the value supp!:ed 1i:rough 

-am- the t ransis tor ,  andpro:.~dt.s suificient drive to  r. 
ra te  the oatput t rans i s tors  111 the xu11 condit~on. 

DRIVERS 

The drive s taqes a r e  s t raieht  fnr:vard t ransfornler  
coupled push-pull sclliare :va:'e amplifiers,  driven 
directly by the three phzse maqnr.:ic ~ u i s e  ,"er,era- 
tor.  The cirive tranzfornlcr is 3 "C" cc r e  d e s ~ q l ,  
uperatin; in a nofir;iturariny rxcde. The "C" core  
de s i s i  has an a i r  cap uh,ci; i.lir;:ir,at~s the i~os s l -  
bility of t h e  t r a n s f c i r n ~ ~ r  saturating due to a volt- 
age unbslance. 

The output staEc of the silicon inverter 1s a three 
phase bridge ( s e e  f l ~ u r e  13) .  Three  t ransis tors  
a r e  parr?llr.!ed ar eac!l !;osi~ion i : ~  t!;? '!:rir!:e to 
switch the load cur;.t:lt. Ir, t L i s  confl,uratloi~ the 
:nnn~dacturcr  specified n i?:A:<il?ll-i:r: c.f 2-5 curre!lt 
unba!rZ!lcl-.. The base c?l-i.;c is clczsi?~ied to sJ?ur;?te 
the po-.ver t ransis tors  for !!?is \vorst case ccnd~tion. 



W W 1  

GERMANIUM POSER STAGES 

, . 
'h~drcr$ ,nrc. ccrmieeteci across- eacfiset of t rzns i s -  
dam. Their fuirctirm ~ s ' r o  pm:cct the  t rans i s rnrs  
from th4 inverse \*rdtTrfpe caueeB by reac'txve cur- 

%rents c r a t e d  iu Niq'laad. 

GE&\IX ?; l [ t '%xr~@tV@~ STAGES 

The pernimiun~ power oatput stzges cf the c!u!l- 
dou-11 inver re r  ecnsisrs of :tva psrsllel rhree phsse 
Twidgcs dr;;-11:: the paralfe! aye !1;-1tOr !see flz-  
uige! 141. Durlny the *:art condlriun the motor vi!l 
dra* a.geaii cdrrant  of 80 al?l[,erus per p!:sse nt 

' the;norninar irkput voitaqe. Thls current 1s divided 
Mveerk tAc:  t x r ~  vrinclin~?~ i n  e ~ c h  p!:ase. T!le 
tratt&stors i t3 ttle bridge clrcults a re  .thereby re- 
qulred to carr!; onlv hair of the phase current. 
There are, tvner - d ~ o @ s  connected ahcrc;ss e3ch 
power transistor. , Thesc &odes p c r f r r m  a tw.7- 
fold fwlchon. Ir. the fcrwjrci ciirncrion, :hey hmole 
the tnductif.~ Cul-ra~t,c:, fl the reLrersc ciirectlcn or  

- zemer ztirectkrmJhev pioract the pcmer :ransis?urs 
from an ovet,,~oltaze cojlditlon, uhich muld cause 
a failure of the tFansiStor. , A 

The output fi.&n$ister in the germanium* inverter 
' are all- tesred, .to remove ear ly  iailures by 
,acceferzltion of nqtential f~li1ur.e ~;cdec.  The first 
test ,is a cllniped inductance sq.vitct;mq test ti, 

. stn$liliate thp actml usage In the in-;ertcr, vne re  
'Ule ' t ~ s s s t o r  nlbt ivlthst,?,nii average p-wcr pu!~t7-s 
ofi1400 u%ms. lor 100 microsecorrds, ' at n case 

. temperatufe~f 800C. f his po:mr pulse IS applied 
I at400pulsesper wcondfur 5 sec0r.a periods. After 

the transistors Rave successiulIy passed i h ~ s  rest 
ulth the allowable changes in  pdran:ettrs,  thty are  . 

tested tCitI~ 3 reverse bias to stress the juslclion 
surface tmd;t:ons. SuceesSft%f. c~l~npiet lon of t!lis 
test is verified bc pa ramete r  st3bilitr. After thlS, 
test the tralwisrors are !nit on 3 s t~or t  !~fe test to 
deternl~ce ~f 'aegranmon occurred, Oi!v x'tlen 
ttte kr.ansistor passes thece tests, w i l l  i t  be used 
in the Germanir?m c h i l l d o ~ ~ n  tnrerter. 

c o s c L U S I O ~  

The overnll c h i l l d n ~ n  svsten? 8s well as the ad- 
vantages of an a-c  A I I ~  d-c spxeln have been d s -  
cusseci. I? X A S  fctind that nhllt> the a-c s:u.stem 
w s  sJightly heavier in xveight the teliabi-lity: cf 
such a s v s t e n l  was alrnost mgbfl?, , lr was found 
that 3 x e i ~ h t  sa-k71r?g could be accumplistred l f  the 
htter:;  s(-,ltage v . 3 ~  raised froal 28 :a 56 oolts. 
To reallze th l s  s~c1114,.tht. battery voltage s;;as in- 
creased to 5G.vslts, 

Of the two i n ~ c r t e r s  designed to drive the rnotcr 
pump, the Iollo~sinq yas found, the invener ilsing 
the germa%um t r a n s i s t o r s  wds approxl?natelv 43 ,- 
fiqtlter and ?I-- nmre efficient th 'm t i : ~  ~:l:.erter 
using slllcon transistors. The s111con unit 1~111 
operate o y a r  a wider ternpel'ature "rar~qa? and )nlS 
higher : ~ l t a g e  ratrnp than the germanlrtm u n ~ t .  

The work prc~sented i:erein xas  acconin1:sired bv 
t!le Xisslle aid s;,ace $stems W V I S I O ~ I  under the  
Skturn  P m g r a n ~  spoilsoreci XAS.4 Uarsball 
Space Fllcht Center.  
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