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This report  i s  a description of the ST124-PP i n e r t i a l  s tab i l ized  

platform system and its application t o  the Saturn V launch vehicle, 

I% is a suxnmary report  providing the systern concepto and not a 

theore t ica l  presentation, 

Watlnematieal equations were included only where necessary t o  describe 

the equipment; however9 the d e t a i l  derivations supporting these 

equations were not presented since t h i s  was not the theme of the 

paper 
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SECTION 1 , O  

INTRODUCTION 

The ST124-M i n e r t i a l  platform system w i l l  provide the i n e r t i a l  reference 

coordinates, t h ru s t  veloci ty  and vehicle a t t i t u d e  measurements with 

respect  t o  these coordinates% for  guidance and control  of the  Saturn 

I B  and Saturn V space boosters0 

Three ST124-2 production prototype systems have successfully flown 

as passengers on vehicles SA-3, 4, and 5 of the Saturn I program, 

On May 28, 1964, a fourth system flew closed loops providing the  

second s tage cutoff  s igna lp  l a t e r a l  and p i tch  s tee r ingp  as well as 

a t t i t u d e  control  i n  a l l  three  axis, The system took control  of vehic le  

SA-6, of the  Saturn I program, 14 seconds a f t e r  second s tage i gn i t i on  

and successfully guided the  second stage t a  cutoff*  meeting o r  sur- 

passing all t e s t  objectives,  

F l igh t  c e r t i f i c a t i o n  of t he  system was accomplished by ground s l e d  

q t e s t i n g  a t  the  USAF t e s t  t r ack  at  Holl~mang New Mexico. The system 

was successfully t e s t ed  with an 8g thrus t  l e v e l  and a 20g vibrat ion : 
environment, 

The ST124-M system cons i s t s  of four major assemblies shown i n  

Figure 1, These a r e  

a, The ST124-M Stable Platform 

b, The Platform Servo Amplifier 

c,  The A,C, Power Supply 

d, The Accelerometer Signal Condit%oaer, 

The ST124-M s tab le  platform is designed so t ha t  it can be b u i l t  as 

a s  three  o r  four gimbal platform depending on the requirements of the  

mission prof i l e ,  The three  inner most gimbals of both platform 



FIGURE 1 
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configurations a r e  i den t i c a l ,  thus  except f o r  a change i n  mounting 

requirements, the two platforms a r e  nearly i d e n t i c a l  from an e l e c t r i c a l  

i n t e r f ace  and system view point. The inner  gimbal of the  platform 

is  s t ab i l i z ed  by three  s i ng l e  degree of freedom ABS-~8 gas bear2ng 

gyros and c a r r i e s  three  AB3-K8 gas  bearf ng pendulous gyro accelerometers 

which measure the  t h ru s t  veloci ty  of the booster, The gimbal p ivo t s  

contain multi-speed reso lvers  which a r e  used as d i g i t a l  encoders t o  

measure vehicle a t t i t ude ,  All analogue resolver  chain is a l s o  

mounted on the gimbal p ivo t s  which provides a t t i t u d e  s t e e r i ng  

e r r o r  s i gna l s  i n  p i t ch  r o l l  and yaw* This system is a backup system 

f o r  the  d i g i t a l  encoders, 

The platform servo ampl i f ier  conta ins  the s o l i d  s t a t e  e l e c t ron i c s  t o  

close the platform gimbal servo loops, the accelerometer servo loops, 

and an impulse function gene;ator f o r  automatic checkout o f  each 

servo loop, 

The AC power supply assembly provides the  power required fo r  a l l  gyro 

wheels, the  exc i t a t ion  voltage f o r  the  servo loopsB and the  exc i t a t i on  

f o r  the  resolver  chain, 

The accelerometer s igna l  condit ioner accepts  the s igna l s  from the  

accelerometer incremental encoders and shapes them before they a r e  

transmitted t o  the d i g i t a l  computere 

The above named assemblies form the  airborne port ion of the  ST124-M 

i n e r t i a l  platform system* 



SECTION 2.0 

A SYSTEEJI DESCRIPTION OF THE ~ ~ 1 2 4 - M  

2.1 THE PLATFORM CONFIGURATION 

The inner gimbal of the  s t ab l e  platform provides a ro t a t i ona l l y  f ixed 

body upon which a r e  mounted three accelerometers, Three s ing le  degree 

of freedom AB5-K8 gyros have t h e i r  input axis aligned along an - - - 
orthogonal coordinate system lXA, lyAP PZA of the  inner  gimbal as 

shown i n  Figure 2, 

FIGURE 2 

INNER GIMBAL GYRO ORIENTATION 



The e l e c t r i c a l  s i gna l s  from each gyro a r e  fed t o  the appropriate 

gimbal torquers t o  maintain the  inner  gimbal r o t a t i ona l l y  f ixed i n  

space, 

The three  BB3-K8 pendulous gyro accelerometers have t h e i r  input  a x i s  - - - 
aligned along the  orthogonal coordinate system lU8 lyAALZA of the  

inner  gimbal as shown i n  Figure 3, 

The measuring head contains the pendulous s ing le  degree of freedom 

gyro and the  posi t ion of the measuring head r e l a t i v e  t o  the  case is 

a measure of t h ru s t  veloci ty  along the input axis of each accelerometer, 

Assume t h a t  the  platform erect ion system w i l l  a l i gn  the  iyA vector along 

the launch l o c a l  v e r t i c a l  and point  outward from the  e a r t h o s  surface. 

The laying system w i l l  pos i t ion  the  inner  gimbal i n  azimuth so t h a t  - 
the  lu vector w i l l  point  down range and the plane formed by the iXA, - 
lyA vectors  w i l l  be p a r a l l e l  t o  the desired t h ru s t  f l i g h t  plane. 

The Z qccelerometer which is perpendicular t o  the  tb-;;st plane w i l l  

provide l a t e r a t  o r  c ross  t r ack  guidance, The X and Y accelerometers 

w i l l  control  the p i t ch  a t t i t u d e  of the  t h ru s t  vector a d  a l s o  compute 

the  required cutoff  veloci ty .  

If the  Z accelerometer were i d e d 9  the guidance system w i l l  control  - 
the  t h ru s t  vector so it w i l l  l i e  i n  the  TA2 lyA plane of the inner  - 
gimbal. Since the  output a x i s  of each gyro a l s o  l i e s  i n  the  lyA - 

C plane as shown i n  Figure 29  the  g o r  an i soe las t i c  d r i f t  of each 

gyro is negl ig ible ,  

The configuration of the  three  gimbal platform on the launch pad is 

shown i n  Figure 4, A prism gimbal is mounted t o  the  inner  gimbal and 

is  f r e e  t o  r o t a t e  about the  TyA vector of the  inner  gimbal. The inner  

gimbal c a r r i e s  its i n e r t i a l  components as shown i n  Figures 2 and 30 and 

the  Z pivot  which couples the inner gimbal t o  the middle gimbal is along 
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the  p i t c h  axis, The X p ivot  coupling the  middle gimbal t o  the  ou te r  

gimbal is along the  yaw a x i s  and the  Y p ivot  mounting the  outer  gimbal 

t o  the  frame is along the  r o l l  axis, The th ree  s i n g l e  degree of 

freedom gyros con t ro l  torquers  on these  pivots .  

The configurat ion of the  four  gimbal platform on the  launch pad i s  

shown i n  Figure 5, It is qu i t e  similar t o  the  tk ree  gimbal s t r u c t u r e  

with the  add i t ion  of the  redundant gimbal and the  % pivot .  The 

redundant gimbal is con t ro l l ed  bg a time program o r  an angular  sensor 

on the  X p ivo to  Since the  three  and four gimbal platforms a r e  almost 

i d e n t i c a l  and so  not  t o  be r e p e t i t i o u s  the  remainder of the  d iscuss ion 

w i l l  be concerned with the  th ree  gimbal platform, A conventional 

schematic of the  th ree  gimbal platfrom before launch is  a l s o  shown 

i n  Figure 6 ,  

The platform pivot  configurat ion is shown i n  Figure 7. The X, Y, and 

Z p ivo t s  a r e  driven by d i r e c t  d r ive  DeCO torque motors with the  Y 

pivot  having twice the  torque capaci ty  as the  X and Z p i v o t s  t o  

accommodate the  r e f l e c t e d  torque from the  X p ivot  when €JX is 45 degrees. 

The current  t r a n s f e r  f o r  s i g n a l s  ac ross  the p i v o t s  a r e  s l i p  r i n g s  on 

the  Y and 2 p i v o t u  and a f l e x  cable j o i n t  on the  l imi ted  motion X 

p ivot ,  A s i n g l e  speeds multf-speed 3 2 ~ 1  r e so lve r  is used a s  a 

d i g i t a l  s h a f t  encoder on the  X, Y and Z pivots ,  The analogue reso lves  

chain (106 and 1,92KC e x c i t a t i o n )  has  a singhe speed a c t i v e  u n i t  on 

a l l  th ree  p i v o t s  and Pocked dummy u n i t  on the  X and Y p ivots ,  To 

f a c i l i t a t e  ground checkout and t e s t ,  t he  X, Y and 2 p i v o t s  have a s i n g l e  

speed 400 cps  resolver ,  

The YR prism gimbal p ivot  i s  driven by a 2@ 400 cps  servo motor mounted 

on the  inner  gimbal through a g e m  reduct ion  of 100,000:1, The angle 

between the  prism gimbal and the  inner  gimbal i s  accura te ly  sensed by a 

25:l multi-speed synchro. A microsyn is  a l s o  mounted on the  YR p ivo t  

f o r  i n i % i a l  alignment of the  prism gimbal t o  the  inner  gimbal during 

acqu i s i t ion  of the  movable prism, 





FIGURE 6 

ST- 124-M GIMBAL CONFIGURATION 
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2* 2 TKE PLATFORM SERVO SYSTEM 

Figure 8 is  a block diagram of the platform gimbal servo loop, The 

servo loops a r e  a 4,8 KC amplitude modulated c a r r i e r  system wi%h the 

gyro s igna l  generator amplified m d  detected on the inner  gimbal of' 

the  platform, A DOC, s igna l  from the  detector  output is t rans fe r red  

through the platform s l i p  r ings  and wiring t o  the Platform Servo 

Amplifier Assembly, The DOCo signal. i s  modified by a l a g  second order 

lead s t a b i l i z a t i o n  network, remodulated a t  4u8 KCn amplified and then 

re-detected p r i o r  t o  enter ing the D.6, power bridge, This D.C. 

power bridge provides a current  source drive f o r  the d i r ec t  a x i s  DOC, 

gimbal torquer,  A 4,8 KC c a r r i e r  was chosen t o  provide s u f f i c i e n t  

band width f o r  the servo Poop while a current  d r ive r  f o r  the torquer 

maintains the  gain i n  the servo loop independent of torquer heating 

and commutator brush res i s t ance ,  

The Z servo loop has  the Z gyro s igna l  generator amplified and sen t  

t o  the  Z pisot torquer t the  inner  most pivot  of the  p1atforrn)shown in 

Figure 8, The output of the  X and Y gyro sf gnal generators a r e  

resolved along the  X, Y coordinates of the middle gimbal by a resolver  

mounted on the $5 or  imerr pivot ,  These outputs of the  resolver  a r e  

amplified and detected en the middle gimbal as shown i n  Figure 8, 
The s igna l  t o  the X servo ampl i f ier  card i s  amplified and fed t o  the 

X o r  middle pivot  torque generator while the Y servo ampl i f ier  card 

d r ives  the  Y o r  outer  p ivot  torquer, No gain compensation such a s  

secant % i s  used i n  the I!' servo loop f o r  middle g h b a l  angles 

-45 " 5 BX k$@. The use of gain comp&&sa%,ion in %ha 'S loop will be 

discussed i n  paragraph 60Q0 

The th ree  accelerometer servo loops a r e  identic@ and similar t o  the  

Z servo loop of Figure 8 with the  exception s f  the torque generator 

which i s  mounted on the  ingut  axis sf the accelerometer as shown i n  

Figure 3 ,  





The servo loop s i gna l s  t o  and from the platform a r e  D.Ce s igna l s  and 

at  a high enough l e v e l  so s l i p  r i ng  noise and res i s tance  var ia t ions  

a r e  negligible.  The use of D.Ce transmission was chosen t o  el iminate 

pickup and cable problems. Each servo loop has its own f l oa t i ng  ground 

system with a l l  loops referenced t o  the  miss i le  frame at  one point  

t o  prevent ground loop coupling,and a l l  ampl i f ier  s tage  design is  

push p u l l  t o  el iminate coupling through the D,C, supply. 

2.3 TKE GIMBAL SENSORS 

The X-Y-Z gimbal p ivo t s  have a s ing le  multi-speed resolver  as shown 

i n  Figure 7, These reso lvers  a r e  used as d i g i t a l  sha f t  encoders and 

a schematic block diagram is shown i n  Figure 9. The multi-speed 

resolver  is the  primary gimbal angle sensor f o r  the a t t i t u d e  control  

system, The d i g i t a l  computer w i l l  process the  measured gimbal a t t i t u d e  

s igna l s  and compute the pitch9 r o l l  and yaw miss i le  body r a t e s  f o r  the  

a t t i t u d e  control  system. 

The resolver  has both a multi-speed and s i ng l e  speed winding on the  

same magnetic s t ruc tu re ,  The multi-speed un i t  has 32 e l e c t r i c a l  

r o t a t i ons  f o r  one mechanical shaf t  r o t a t i on  and its outer  assembly 

winding is loaded with two R-C networks as shown i n  Figure 9, 

The voltage V2 at the input of the start pulse generator can be 

expressed as 

Eq. 1 

while the voltage V at the  input of the  s top pulse generator can 3 
be expressed as 
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where 

E = The open c i r c u i t  voltage of the resolver  

8 = The gimbal angle i n  radians. 

It can be seen from equations 1 and 2 t ha t  the  phase s h i f t  of V2 with 

respect  t o  V is 64 times the  pivot  angles thus the  double R-C net- 4 
work mul t ip l ies  the machine speed by a fac to r  of two, 

A s  the instantaneous vol%age V passes through zero with a pos i t ive  
2 

slope,  a start pulse is generated which opens a gate  and a counter counts 

a 2 .'w. HC elo& f~egusmrpc~ A s  V passes through zero with a pos i t ive  4 
slope, a s top  pulse i s  generated which c loses  the  gate  and s tops  the 

counter. The number of cycles counted is a measure of sha f t  ro ta t ion ,  

The low speed winding is loaded with a s ing le  R,C,  netwopk which 

generates the start pulse, The s top  pulse is obtained from the 

exc i t a t ion  voltage t o  the  resolver  inner  assembly winding as shown 

i n  Figure 9, The method of counting is the  same f o r  the  Pow meed 

winding. 

The -4 s p e d  syskam aeewacy is basfcd%y inserasl%%ve $0 tampeksltaxke 

var ia t ion  of the resolver  as well a s  impedance wnbalances i n  the  

outer  assembly winding s ince  the open c i r c u i t  voltage of the reso lver  

is the basic reference voltage a s  shown i n  equations 1 and 2. 

The performance cha rac t e r i s t i c s  of the  encoder a r e  

Resolver Charac te r i s t i c s  

a. Excitat ion Voltage Vl 

b. Excitat ion Frequency 

c, Excitat ion Power 

d. Secondary Voltage Max, 
(Open Circui  t 1 

32 Speed Single Speed 

26 vo l t  Same 

l,anB CPS Same 

1,8 w a t t s  0,08 w a t t s  

5.0 v o l t s  5.0 v o l t s  

e ,  Mechanical Accuracy S O  a r c  see, k3O a r c  mine 



System Charac te r i s t i c s  

a, System Ugh ~pleed 64 : 1 

b. System Pew speed 1:l 

c. S t a t i c  Accuracy k30 a rc  see. 

d. Dynamic Accuracy 20 a re  see, at 0,2 rad/sec, 
( e r ro r  is proport ional  
t o  input r a t e )  

e ,  Computer Clock Frequency 2,0&8 MC 

f .  Temperature Range f o r  248 "C , 
Optimum Accuracy 

The ST124-M system a l s o  contains an analogue resolver  chain system 

which can provide p i t cho  r o l l  and yaw s tee r ing  e r r o r  s i gna l s  d i r e c t l y  

t o  the control  system, This is a backup scheme and present ly  it is 

not planned t o  f l y ,  

The resolver  chain system requ i res  an i n e r t i a l  data  box assembly which 

was not previously described, I f  not required t o  £179 t h i s  assembly 

w i l l  be used as a p a r t  of the ground eheckou%s~aufpm&!n~~ 

The i n e r t i a l  reference box w i l l  contain three  servoed driven reso lvers  

whose s h a f t s  would be time programmed from the  d i g i t a l  computer, 

The resolver  chain is shown i n  Figure 10  and the  shafts?$",, @XZ 

are time programmed from the  d i g i t a l  computero The reso lver  chain 

is exci ted  with two frequencies, 26 vo l t  1.6 KC on the  X0 winding 

and 26 vo l t  1.92 KC on the ZO windingo These exc i t a t ion  frequencies 

a r e  provided by the  AeCe power supply, 

A resolver  has the cha r ac t e r i s t i c  of providing a l i n e a r  transformation 

matrix from one vector space t o  another, Consider two orthogonal 

coordinate systems as shown i n  Figure 11. Let the  T i ,  I& - 
coordinate system be ro ta ted  an a n g l e 3  about the vector 1i t o  form - - - 
the coordinate system 1i 9 I;, l;, 





FIGURE PP 

DEFINITION OF PRIblE MD DOUBLE PRIME SPACES 

The linear transformation relating a vector whose components are X Y ,  YO 

and Z-n the prime space to its components X u ,  'le" and 8' in the double 

prime space can be expressed as 

Eq. 3 

cos 7% -s in  9 

= 1; 'X 

cos 7tY 

The equation relating the output tc the input of the @% resolver in '.he 
ineptial data box of Figure 90 is shown in equation 4, 

Q . 0  4 eyrl = (COS 'XX) ey, - (sin "d ) eZ, 3 



Thus i t  can be seen t h a t  equa t ions  3 and 4 a r e  equiva len t  and i f  a 

locked r e s o l v e r  at zero angle  is used f o r  s c a l i n g  t h e  ex,  component 

then  the  combination of an  a c t i v e  r e s o l v e r  and a dummy winding w i l l  

mechanize a l i n e a r  t ransformat ion  matr ix,  

From Figure 10 it can be seen thak the r e s o l v e r  cha in  provides  s i x  

trcansformati on matr ices ,  

- - 
Assume t h a t  t h e  i d e a l  m i s s i l e  body coord ina t e s  i n  space a r e  lXOD lyOP - 
lZO and t h e  o r i e n t a t i o n  of %his coordina te  system is known wi th  

r e s p e c t  t o  t h e  launch coord ina t e s  o r  t he  i n n e r  gimbal coord ina te  

system. Then by f i r s t ,  r o t a t i n g  the  "QfV e o o r d f n a t e q  about t h e  Y 

vec to r ,  then  ?LX about t he  X vec to r  and f i n a l l y  2% about t h e  'Z vec to r  

t he  "0" coord ina te  system will be coinc ident  wi th  t h e  i n n e r  gfmbal 

coord ina te  system, Let %he a c t u a l  m i s s i l e  body a x i s  coord ina te  system - - - 
be lXB9 lyBO lZB and assume t h a t  t h e  26 v o l t  1.60 KC e x c i t a t i o n  t o  

t h e  r e s o l v e r  cha in  i s  a u n i t  veebor d o n g  %be 'i: vec to r  of t h e  i d e a l  xo 
m i s s i l e  yaw a x i s o  

The r e s o l v e r  cha in  w i l l  t ransform t h e  GO u n i t  vec to r  i n t o  a c t u a l  body 

a x i s  "B" space as given by equataon 5- 

- 
Let  %he m i s s i l e  angular  v e l o c i t y  perpendicular  t o  t h e  lXB vec to r  

( t h e  yaw axis) be p ropor t iona l  t o  t h e  vec to r  c r o s s  product [ yXO x 1 ~ ~ 1  
t hen  



Thus i f  the  miss i le  had a roll r a t e  proport ional  t o  aZ and a p i t ch  - 
r a t e  proportional t o  -ayB the  miss i le  yaw a x i s  lXg would i n  the  steady - 
s t a t e  be coincident with the i dea l  yaw a x i s  lXQO 

The 106 KC s igna l  on the ZB winding and the 1.6 KC s igna l  on the YB 

winding a t  the output  of the resolver  chain would provide the  required 

r o l l  and p i t ch  r a t e s  respectively,  

Assume tha t  the 26 vo l t  1092 KC excf ta t f sn  t o  the  resolver  chain is a - 
un i t  vector along the hm veetor of the i dea l  miss i le  p i t ch  ascia, 

The resolver  chavl w i l l  transform the ym un i t  vector i n t o  a c tua l  body 

a x i s  "B" apace as given by equation 6 ,  

Let the miss i le  yaw veloci ty  be proport ional  t o  the & component of - 
the  vector c ross  product [ I ~  x IZB then 

Thus i f  the  miss i le  yaw r a t e  is propostisnaX t o  byB the miss i le  body 

a x i s  coordinate system i n  the steady stake would be coincident with - - - 
the i dea l  coordinate system lXQ9 kpQD 

The r o l l y  p i t ch  and yaw r a t e  ~ ign ra l s  a r e  &own In Figure 12, When 

the missi le coordinate system is aligned t o  the i d ea l  coordinate system 

the  ZB winding of the resolver  chain w i l l  have a standing voltage of 

15 v o l t s  1,92 KC which is t h e  rm vector transformed t o  the  body a x i s  

space, This b i a s  voltage is removed by a bucking voltage and the  

r e su l t i ng  voltage am is fed t o  a Command Voltage Demodulator module 

i n  the  i n e r t i a l  data  box, The s ignal  is detectedo amplif iede redetected 

and the output i s  a DOC0 s ignal  with a sca le  fac to r  of 3 volt/dego 
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Tho s i g n a l  on t h e  XB a~inding  i s  a r e d u d a n t  r o l l  s i g n a l p l u s a  15 v o l t  - 
1.6 KC s i g n a l  which i s  t h e  IXO vector transformed t o  body a x i s  s2ace. 

This winding ss no t  used and terminated with a dummy load ,  

The s i g n a l 8  on t h e  Y wxcding are ayB p r t c h  rate 1.6 KC m d  byB yaw B 
r a t e  1,92 KG, There a s  no standing vol tage  on t h i s  winding, Both 

s i g n a l s  are fed  ts CVD nodules xn t h e  i n e r t i a l  data box, By a means 

of s i g n a l  b~ck3,aga detect lssl  .Il l te=.ingq modulation ampLff ica t i sn  and 

re -de tec t ion ,  ibe two s~gan.ale %B xt"?d b aze separa ted  as shown XB 
i n  Figure 12, Tne o ~ t p u t  s ~ g n a l s  f o r  bo th  yaw m d  p i t c h  r a t e  a r e  

D O C ,  with a scale facts~ of 3 ~ ~ o l t ~ l d e g x e s ,  

The 3a accuracy 01 the resolver  chain is  6 a r c : r n i , a ~ t e ~ o v e r  t h e  

complete sphere,  The use of the  ress l~rer  cha in  f o r  ground checkout 

w i l l  be descr ibed  in paragraph 2,6, 

2,4 THE E R E T I O H  SYSTEM 

The i n n e r  gimbal of %he pla t form earpies two gas bear ing  l e v e l i n g  - - 
pendulums.. whose i npu t  ax i s  a r e  along the lXA and lZA v e c t o r s  of 

t h e  i n n e r  gimbal as shown ins Fagure 60 

The gas bea r ing  psndr~lum is aa s ingle  axis  device whose sensing element 

i s  gas f l o a t e d  s l u g  v h ~ e h  s ~ j ~ p p ~ r t s  a s o f t  iron core as shown an 

Figure 13,  The i r o n  slbg moves insxde the c o i l s  of a Pinear  d i f f e r -  

ential t ransformer whlch provides  the  e b e c t r i c a l  ou tput  s ignal ,  

Dmp%ng of %h? s lug  r n e r ? i ( ~ ~ r ~  23 p s f w ~ 4 s d  b y  a, chamber and. exhaus% 

o r f f i e e  wh%Pe the  spalng restraint 1s obtained slec$romscgnetir,ajbl~ 

from a t a p e r  on the  s o f t  arm core, 
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The c h a r a c t e r i s t i c s  of the  pendulun are  

a. Exci ta t ion  Voltage 40 0 v o l t  400 cps  

b. Scale Factor  O e 3  volt/degree 

c e  3 u l l  Repeat b i P i t y  4 5 a r c  sec 

d, Base Alignment 4 5 a r c  sec  

e. ifax. T i l t  Angle f 0,s degree 

f. Linear i ty  k 2% 

Tie block diagram of the  e rec t ion  system is  shown i n  Figure 14, The - 
X and L. pendulum have t h e i r  input  a x i s  along vec to r s  lZA and qA 
of the  inner  gimbal respect ive ly ,  The pendulum output  is 

a n ~ p l i f i e d  by a pre-amplif ier  i n  the  platform and then t ransmit ted  t o  the  

ground equipment alignment ampl i f ie r ,  

The alignment ampl i f ie r  provides a gropor t ional  p l u s  i n t e g r a l  pa th  t o  the  

torque dr ive  ampl i f i e r9  which ~etmma the a f @ a  frob %Be 

ground t o  the  platform gyro torque generator  va r i ab le  c o i l ,  

The e rec t ion  system is b a s i c a l l y  a second order system with a  n a t u r a l  

r'requencg of 0,05 radisan/sec and a  dmping ra t io  sf 0,5 w i t &  a 

l e v e l i n g  accuracy of k5 a r e  seconds, 

20 5 %BE A Z P m a  LAYING SYSTEM 

The inner  giinbal conta ins  a  fixed prism (FIR) and a  servoed driven 

prlsm ( N I R )  as shown i n  Figure 15" The f ixed prism has  its porro - 
edge p a r a l l e l  t o  t k e  lxA vector  while the  porro edge of the  movable 

.- . - - 
prism w i l l  r o t s t e  i n  the 1 XA lZA planeo The movable prism i s  driven 

by a 2@ servo motor mounted t o  the  i m e z  gimbal through a gear t r a i n  
5 of BO :1 and the  angle between the  prism and the  inner  gimbal is 

measured by a  25:1 two speed con t ro l  t r ansmi t t e r  synchro. 
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The azimuth alignment block diagram i s  shown i n  Figure 16, Assume 

t h a t  t he  i n n e r  gimbal i s  e r e c t e d  t o  t h e  launch v e r t i c a l p  then  a 

base l i n e  azimuth is obta ined  by c l o s i n g  t h e  encoder r e p e a t e r  se rvo  

through con tac t  D and t h e  Y gyro alignment loop  through con tac t  A, 

The i n n e r  gimbal prism (FIR) e r r o r  s i g n a l  f s t r ansmi t t ed  from t h e  

ChesdoPitethrough con tac t  A t o  t he  Y gyro alignment l oop  which w i l l  

p o s i t i o n  the  i n n e r  gimbal t o  t he  base l i n e  azimuth, A t  t h e  same 

t ime? t h e  sesvoed prism ( N I S I  e r r o r  s i g n a l  from t h e  khesdo l i t e  will 

d r i v e  t h e  29 servo motor on t h e  i n n e r  gimbal so  t h e  movable prism 

is a l igned  a long  t h e  same base l i n e ,  The encoder servo  w i l l  fo l low 

t h e  two speed synchro on t h e  i n n e r  gimbal and t h e  18 b i t  encoder s ig -  

n a l  w i l l  be s t o r e d  i n  t he  ground based d i g i t a l  computer. TMs s t o r e d  

s i g n a l  is a c a l i b r a t i o n  of t h e  zero alignment t ransmiss ion  e r r o r s  i n  

t h e  synchro system, 

The mission azimuth i s  e s t a b l i s h e d  by opening c o n t a c t s  A, D and 

c l o s i n g  c o n t a c t s  B and Co The ground based d i g i t a l  computer computes 

a mission azimuth and programs t h e  18 b i t  encoder t o  i ts  d e s i r e d  s h a f t  

pos i t i on ,  The e r r o r  s i g n a l  from %he two speed synchro system i s  f e d  

t o  t h e  Y alignment loop  and d r i v e s  the i n n e r  gimbal t o  its mission 

azimuth as the  servoed prism ( N I R )  i s  he ld  f i x e d  with r e s p e c t  t o  

t h e  o p t i c a l  beam from tke$heod.oPitc o r  base l i n e  azimuth, 

The l a y i n g  system has  an  accuracy of " 0  a r c  seconds, 

2,6 TEE STl24-M SYSTEM BLOCK DIAGRAM 

The ST124-M system conf igu ra t ion  has  been descr ibeds  and its ope ra t ion  

i n  d i f f e r e n t  modes d e t a i l e d  by i n d i v i d u a l  block diagrams and 

schematicso F igure  17 is a guidance system in t e rconnec t ion  drawing 

showing a complete system block diagram, The p la t form provides  t h r u s t  

v e l o c i t y  s i g n a l s  t o  t h e  accelerometer  s i g n a l  cond i t i one r  which are 

then  sen t  t o  t h e  d a t a  adap te r  and a i rbo rne  d i g i t a l  computero 
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The platform gimbal multi-speed reso lvers  a r e  coupled t o  data  adapter 

then t o  the computero The platform servo ampl i f ier  assembly c loses  

the s i x  servo loops while the A.C, power supply suppl ies  400 cps and 

4e8 KC power t o  the servo amplif ier ,  The A,C, power supply a l s o  

suppl ies  the  106 KC, 1692 KC exc i t a t ion  voltages t o  the i n e r t i a l  da ta  

box resolver  chain, The i n e r t i a l  data  box is pa r t  of the  gpound 

equipment and is  used fo r  ground t e s t  and checkout" The ground based 

d i g i t a l  computer programs the 3(X9 9% and Z s h a f t s  and the e r ro r  
2 

s igna l s  from the  output o f  the  resolver  chain m e  fed t o  the  al ign- 

ment ampl i f ier  t o  pos i t ion  the  platform gimbals i n  d i f f e r en t  a t t i t u d e s  

during the prelaunch t e s t  mode, 



SECTION 3,0 

THE INERTIAL COMPONENTS 

The ST124-bl s t a b l e  platform conta ins  th ree  ~135-~8 gas  bearing s i n g l e  

degree of freedom gyros and th ree  AB3-K8 gas  bearing pendulous gyro 

accelerometers,  These components measure the  vehic le  motion arid t h e i r  

performance c a p a b i l i t i e s  define the  hardware accuracy of the  guidance 

system, No compensation is used i n  the  d i g i t a l  computer f o r  i n s t r u -  

ment e r r o r  terms and absolute  to lerances  a r e  e s t ab l i shed  f o r  the  l i f e  

of the  instruments, 

1 THE AB5-K8 STABILIZING GYRO 

The AB5-K8 gas beaping gyro is a s i n g l e  degree of freedom component 

and i s  shown i n  a cu t  away view i n  Figure 18, The gyro wheel (B) 

shown i n  Figure 1 9  mounts i n  a  yoke of the  cyl inder  end cap ( A ) ,  

and the  necked s e c t i o n  of the  yoke is con t ro l l ed  t o  minimize the  

a n i s o e l a s t i c  d r i f t  of the  cyl inder  assembly, The cyl inder  end cap ( A )  

mounts i n  the  cyl inder  C forming the  gyro cyl inder  assembly, The 

cyl inder  assembly with the  exception of the  gyro wheel is beryllium 

and is  f i l l e d  with a helium atmosphere, 

The cyltinder QAI is mspsnded in a w&ostatfc gas bearing between the 

s leeve  (B) and endpla tes  (c) (D) shown i n  Figure 20, providing both 

r a d i a l  and a x i a l  center ing ,  The endpla tes  are bol ted  t o  t h e  s leeve  

and t h i s  assembly forms the  case of Lhs gyps, 

Dry gaseous n i t rogen is passed t h o u g h  two rows of 24 ho les  with 

mi l l ipore  d i s c s  i n  the  s leeve  a c t i n g  a s  flow r e s t r i c t o r s ,  The gas  i n  

t h e  cy l inder  chamber genera tes  t h e  hydros ta t ic  bearing,  and then i t  

escapes around the  nub at each end of the cyl inder ,  The s leeve  and 

endpla tes  a r e  beryllium with machined to lerances  of 20 microinches i n  

roundness and 20 microinches per  inch i n  squareness, The cyl inder  a l s o  

has  the  same type of to leranceso  



FIGURE 18 

SATURN AB5-K8 GYRO ASSEMBLY 
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SATURN AB5-K8 INNER CYLINDER ASSEMBLY 

FIGURE 20 

SATURN AB5-K8 GAS BEARING ASSEMBLY 

FIGURE 2l. 
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The s i g n a l  generator  and torque generator  a r e  shown i n  (c) of Figure 

21. They a r e  coupled t o  the  cyl inder  by means of a copper shorted 

tu rn  which is mounted on the  cyl inder ,  The s t a n d o f f ' s  f o r  the  f l e x  

l e a d s  can be seen on the  fl-oat of ( A ) ,  These f l e x  l e a d s  a r e  terminated 

on s t u d s  mounted i n  assembly ( C )  of Figure 21, A magnetic s h i e l d  ( B )  

is placed between the  gyro case QA) and the  s i g n a l  generator  (61, 

Dust covers (D)  and ( E l  complete the  assemblyo 

The gyro c h a r a c t e r i s t i c s  a r e  l i s t e d  below 

Gyro Wheel 

a, Type 

b, Angular momentum 

c ,  'dheeP speed 

d, Wheel e x c i t a t i o n  

e ,  idheel bearing preload 

f ,  Wheel power a t  sync 

g. Wheel li f e  

h. Wheel mount 

j, Wheel sync time 

2, G a s  Bearing 

a ,  Gas pressure 

be G a s  flow r a t s  

c ,  G a s  gap 

do Or i f i ce  r e s t r i c t o r s  

e ,  Sleeve mater ia l  

f ,  End p l a t e  mater ia l  

go Cylinder ma te r i a l  

3 Signal  Generator 

a ,  Type 

b, Excf t a t i o n  

c ,  S e n s i t i v i t y  

do  Float  freedom 

Sy~~cbasnouas h y s t e r e s i s  
6 2 2 x 1 0  g cm /s 

24,000 rprn 

26 v o l t s  3 phasee 400 cps  

3-4 kg operat ing 

10 wa% t s 

3000 hours minimum 

Symmetrical 

90 second6 

15 psfg 

2000 ec/min SfP 

0,0015 em t o  0,002 cm 

Mill ipore df s c s  

Anodized beryllium 

Anodized beryllium 

Anodf zed b e r y l l f  um 

Shorted t u r n  re luc tance  

10 v o l t s ,  408 KC 

550 mfl l ivs l t s /degree  with 
10 k 0 load  - .- 

9 o0 
t j degrees - 005a 



b0 Torque Generator ( fo r  p r e l a m c h  e r e e t f  on only 

a ,  Type Shorted t u ~ n  re luctance  

b. Normal e rec t ion  r a t e  

c ,  Fixed c o i l  e x e i t a t i o n  

d, Maximum var iab le  c o i l  
e x e i t a t i o n  

5. Physical  C h a r a c t e r i s t i e s  

a. Size  

b e  Weight 

c ,  Mounting 

3,2 THE AB3-K8 PENDULOUS GYRO ACCELF1ROfvfETER 

6 degrees/rnin 

26 v o l t ,  400 cpss 45 mA 

30 v o l t ,  400 cpso 50 mA 

3" dia, by 4" l eng th  

900 grams 

Three-point f lange  mounting 

The AB3-K8 instrument i s  a pendulous gyro acc 

schematical ly i n  Figure 220 

elerorneter and i s  shown 

- 
Servo Amp 



The accelerometer is a s i n g l e  degree of freedom gyro with a pendulous 

cylinder mounted i n  a p a i r  of p ivo t s  and f r e e  t o  r o t a t e  with r e spec t  

t o  its housing, A servo loop is  closed from the  gyro output a x i s  

s igna l  generator  t o  a d i r e c t  a x i s  torquer which i s  mounted on the  

input  a x i s  thus  s t a b i l i z i n g  the  measuring head and holding the  

pendulous weight perpendicular  t o  the  input  axiso 

The speed of the  measuring head with r e spec t  t o  i n e ~ t i a l  space is 

propor t iona l t s t~ds%aeee lbera t f sna lengt l?e  input  axis and the  pos i t ion  

of the  measuring head is a measure of t h r u s t  ve loci ty ,  

-1 
The accelerometer has a sca le  f a c t o r  of 300 meter sec  /revolut ion,  a 

5 2 -1 pendulousity of 20 gram cm and an angular momentum of 1 0  gram cm sec 

An o p t i c a l  incremental encoder i s  mounted on the  input  a x i s  and 

provides a measure of t h r u s t  ve loc i tyo  It has a minimum b i t  count 

of 0.05 meter sec-'/bit. 

The s i n g l e  degree of freedom gyro is constructed the  same a s  the  

AB5-K8 gyro with the  exception t h a t  the  endpla tes  a r e  f ab r i ca ted  

of monel so  a s  t o  lower the  servo loop nu ta t ion  frequency. A cu t  

away of the  accelerometer i s  shown i n  Figure 23, 





The accelerometer cha rac t e r i s t i c s  a r e  l i s t e d  below. 

Gyro Wheel 

a* Type 

be Angular momentum 

c. Wheel Speed 

d. Wheel exc i ta t ion  

e,  Wheel sync time 

f. Wheel power at sync 

g, Wheel l i f e  

h. Wheel mount 

j. Wheel bearing preload 

2 .  G a s  Bearing 

a, G a s  pressure 

b. G a s  flow r a t e  

c. Gas gap 

d. Ori f ice  r e s t r i c t o r s  

e. Sleeve material  

f .  Endplate material  

g, Cylinder material  

3 Signal Generator 

a. Type 

be Ekcitat ion 

c . Sens i t i v i t y  

Synchronous hys te res i s  
5 2 1 x 10 g cm /s 

12,000 rpm 

26 vo l t s s  3 phase, 400 cps  

90 seconds 

4*5 watts 

3000 hours minimum 

symmetrical 

907.2 g operating 

15 psig  

2400 cc/min STP 

0,0015 cm t o  0,002 cm 

Millipore d i s c s  

Anodized beryl-lium 

Monel with op t i ca l  encoder 
pick-of f 

Anodized beryllium 

Four-pole shorted turn 
reluctance 

285 millivolts/degree with 
10  k O l o a d  

d. Float  freedom 
J C 

+O0 
rt 3 degrees -005" 



4. Torque Motor 

a, Type 

be Maximum torque 

5. Velocity Pick-Off 

a,  Type 

b, Count 

c ,  Resolution 

d, Output 

Direct  axis DC torquer 

1,440 kg cm a t  1-18 o" 44 v o l t s  

D ig i t a l  encoder ( op t i c a l  g r i d )  

6000 counts pen. revolution 

0-05 m/s/bit 

Incremental with redundant 
channels 

60 Physical Charac te r i s t i c s  

a, Size 3,2511 diao by 5" length  

b. Weight 1200 grams 

c. Mounting Three-point flange mounting 

7. Ferf ormance 

a. Accelerometer sca le  f a c to r  300 meters per second per 
revolution of output ax i s  



SECTION 4.0 

THE SINGLE A X I S  SERVO LOOP 

The design of each servo loop i n  the ST12k-El system is based on the  

s i ng l e  a x i s  block dfagraan shown i n  F igwe  24, 

Gyro f l o a t  rate 

Point  B 

where 

H the gyro wheel angular momentum 

A J = the  gyro f l o a t  polar  moment of i n e r t i a  about the output axis 
Q 
JG 9 the  dr ive  gimbal moment of i n e r t i a  

G the  t r an s f e r  function of the servo ampl i f ier  e lec t ron ics  

A 4 the f l o a t  displacement kbout OA and i s  pos i t ive  fo r  a - 
r o t a t i on  about the  minus lOA vector 



W ~ ~ z ~  9 the angular r a t e  of the s t ab i l i z ed  gimbal with respect  

t o  i n e r t i a l  space, the input  axis "2" component i n  

gimbal o r  case space. 

Consider the loop broken a.t point tlB1g then the  open loop ga in  is 

Define the nutatfon frequency of the loop as 

then non dj.mensionalizing equation 8 with respect  t o  W 
g 

1 % 
~ q ,  10 A(U) = - U2 j'+ H W  u 1 i3 

The function A(u) has 270° of l a g  if G(u) were a constant ,  thus i f  

G(u) is t o  s t a b i l i z e  the  Loop it w i l l  have t o  provide b e t t e r  than 

90° of lead,  This requ i res  a quadratic l ead  function, Assume an 

ampl i f ier  function as given i n  equation 11 

Subs t i tu t ing  equation 11 i n  1 0  the  open loop ga in  becomes 

where 



It can be seen t h a t  equation 12 can be s t ab i l i z ed  by the  proper choice 

of K, 5, and mo A possible choice of values is 

A l a g  network w i l l  be added t o  the  amplif ier  t r ans fe r  function i n  

equation 11 t o  increase the  D O C ,  s t i f f n e s s  a t  zero frequency and w i l l  

be removed a t  a low enough frequency so  as not t o  e f f ec t  the  s t a b i l i t y  

of the  loop, 

Since i t  is physically impossible t o  generate a quadratic function 

as shown i n  equation 11 a quadratic l a g  m u s t  be added t o  the  denomin- 

a t o r  of t h i s  equation, A rea l izab le  l a g  network and band pass fo r  the 

l a g  lead network is shown i n  equation 14 

= 22 ' X  

[(lf ,2 + < + I] 
Eq.14  Hw 1 0  

g 
2 u 

15 

When synthesizing an actual network the amplif ier  t r ans fe r  function 

The four th  order equation is obtained from impedance loading i n  

attempting t o  generate the  i d e a l  function of equation 14, 



A phase modulus p lo t  of the  A(u) function fo r  the X o r  Y gyro loop 

is shown i n  Figure 25, The nutation frequency of the loop is 4.66 cps 
9 and it has a s t a t i c  s t i f f n e s s  of 1.76 x 10 dyne cm/radian of gyro 

pickoff displacement, 

The phase modulus plot  has a plus b3 db and minus 9 db 

ga in  margin and a 280 phase margin. The sesoaate r i s e  i n  the  loop is  

6db. 

Figure 26 is a frequency response p lo t  of the servo amplifier. It can 

be seen t ha t  go0 lead occurs a t  u = 1 0 5  and the l ead  network has a 

band width of 7*5, with a maximum lead angle of 120' a t  u =  4, The 

e f f e c t  of the  l ag  network can be seen from u=0,07 t o  u=0 ,3 ,  The 

ampli f ier  gain  has its minimum value i n  the  v i c i n i t y  of the  nuta t ion 

frequency, however, the amplif ier  is capable of delivering maximum 

torque at  the  notch point within the l i m i t  s tops  of the  gyro. The 

frequency response p lo t  and the i d e a l  network agree with s u f f i c i e n t  

accuracy t o  provide a s t ab l e  loop, 







SECTION 5.0 

THE PLATFORM CHARACTERISTIC EQUATION 

The s ingle  a x i s  servo analysis  w i l l  not adequately describe a three 

gimbal platform since with the  gimbal angles at any a rb i t r a ry  a t t i t u d e ,  

the  X, Y and Z gimbal servo loops a r e  possibly coupled together. 

By describing the complete equations s f  motion fo r  a platform and 

neglecting a l l  non-linear terms, it  is possible t o  derive the  s igna l  

flow diagram shown i n  Figure 27. A l l  s o l i d  l i n e s  i n  the  s igna l  flow 

graph describe the  platform kiicsaatie equations and a r e  present 

without any e lec t ron ics  coupled t o  the  platform. The dashed l i n e s  

i n  the s igna l  flow graph represent the platform e lec t ron ic  paths. 
< 

The following def in i t ions  w i l l  be helpful  i n  reading the graph 

d 
'IAXA' 'IAYA' 'IAW 

= Components of the  angular veloci ty  of the  inner  

gimbal with respect  t o  i n e r t i a l  space wr i t t en  i n  

"An space, These three  var iab les  a r e  the  

dependent var iables  of the  system, 

D 
AX' %, Az = The f l o a t  angular displacement of the  X, Y, and Z gyro. 

D 
MXTG, %TG, MzTG = The gimbal torquer moments of the  Xc YI and Z 

pivot torquers, 

D 
GX, Gy, GZ = The X, Y, and Z servo amplif ier  t r ans fe r  function. 

D 
NDXv MDy, HDZ = Acceleration sens i t ive  moments(due t o  pendulous 

gimbals)about the  X,  Y, Z pivots. 

D 
M F X 9  M ~ ~ *  'FZ The f r i c t i o n  moments about the X p  Y, and Z pivots.  





J~~~ = J~~ J~~~ 

c o s  2 % 

J~~~ = J~~ + J~~~ c o s  2 gz 

D 
J ~ ~ ~ *  J~~~ J~~~ 

= The p o l a r  moments of i n e r t i a  of t he  i n n e r  gimbal. - - - 
about lXA, lyAB 1%. 

D 
"MXX' J ~ ~ ~ 9  J ~ ~ Z  

= Tne p o l a r  moments of  i n e r t i a  of t h e  middle gimbal - - - 
about  lXM 'YM' 'ZMO 

D = The p o l a r  moment of i n e r t i a  of the  o u t e r  gimbal about iyO. 

gX, $, gZ !i The gimbal ang le s  of t h e  X, Y and Z p ivo t s .  

D J = The gyro f l o a t  moment of i n e r t i a  about its output  a x i s .  
g 

The d e r i v a t i o n  of t h e  s i g n a l  flow graph neglec ted  a l l  gimbal p roduc t s  

of i n e r t i a  of each gimbal* Th i s  approximation i s  v a l i d  s i n c e  the 

mechanical design i s  symmetrical and a l l  products  of i n e r t i a  should be 

small, 

The c h a r a c t e r i s t i c  equat ion  of a t h r e e  gimbal p la t form can be obta ined  

from Figure 27 and is 



where 

Equation 17  is the  c h a r a c t e r i s t i c  equatien of t h e  Z loop considered as 

a s ing le  a x i s  system and 

= The c h a r a c t e r i s t i c  equation of the  platform. 

A, = The combined c h a r a c t e r i s t i c  equation of the  X and Y 

loop* 

I f  the  polar  moments of i n e r t i a  JAXX and JApp of the  inner  gimbal 
A 

a r e  equal fil can be wr i t t en  a s  

~ q .  28 A,= A x A Y 

Thus from equations P?? 1 9  and 20 i t  can be seen that t he  s t a b i l i t y  

of the  platform as a function of gimbal angle is a s i n g l e  a x i s  loop 

study of the Y loop. Note the  t h i r d  term i n  equation 20 (Jxx + JXyA) 

i s  a function of the  angle $8 the platform middle gimbal angle, X 

The ST124-M was designed wlth the  cons t ra in t  t h a t  



The quest ion a r i s e s  should secant  flX gain compensation be used i n  the  

Y servo loop. I f  secant  gain compensation were t o  be used, equation 20 

would be wr i t t en  as 

4- 
G~ 

2 2 + P (J** + JXYpl) 

Secant J P cos Bx 
g 

I 
Assume the  following numericaX values f o r  X or  Y servo loop 

6 2 -1 H = 2 x 1 0  gram cm sec 
3 J = 1 0 1 7  x 1 0  gram cm 

2 
g i 

2 Jgi + t J X y l .  ( 4 r Z  + 107  tat^ flX + x 10" g r a m  a n  2 
2 

r- -7 
* *  i cos  ei, 

GX = Gy = (1.76 x 1 0 y  x 

r a d  
+ l] 

With the  above numerical values subs t i tu ted  i n  equation 20, the  dy 
c h a r a c t e r i s t i c  equation has  zeros l i s t e d  i n  Table 1 as a funct ion  of 

Pr A p l o t  of 5 t he  damping r a t i o  f o r  the  low, middle and high 

frequency r o o t s  as a function of f5 is shown i n  Figure 28. X 

When the  above numerical values are s u b s t i t u t e d  i n  equation 21, ( t h e  

ampl i f i e r  with secant  compensation) the  zeros  f o r  the  A 
'secant 

c h a r a c t e r i s t i c  equation a r e  as shown i n  Table 2 and a p l o t  of 5 
the  damping r a t i o  for t h e  t h e e  complex roo ta  as a function o f  PX 
is  shown i n  Figure 29, 



The measure of s t a b i l i t y  i s  the  magnitude of < of  a complex p a i r  of 

roo t s .  A system is said t o  be more s t a b l e  i f  i t s  va lue  of 5 is 

g r e a t e r  than that of another  system. Comparing Figures  28 and 2g1 i t  

can be s a i d  t h a t  the Y l oop  without  s ecan t  compensation i s  somewhat 

more s t a b l e  than  the  Y loop with secan t  c o ~ p e n s a t i o n .  Thus no a t tempt  

was made t o  use secan t  PX compensation i n  the  Y servo loop,  











SECTION 6,O 

T B  CONING OR RECTIFICATION DRIFT 

OF A TmE GIMBAL PLATFORN 

A three gimbal platform with a displaced middle pivot and i dea l  gyros 

is subject  t o  the  rec t%f ica t ion  d r i f t  problem, 

A vehicle ro t a t i on  about the p5tch axis with the  middle gimbal. displaced at  

an angle @ w i l l  produce an angulm s a t e  on the  inner  gimbal. This X 
type of angular v ibrat ion is usually i n  a frequency range where the 

servo loop cannot compensate fo r  the inner gimbal motion, It is t h i s  

type motion t ha t  w i l l  generate a r e c t i f i e d  moment about the  output 

ax i s  of the  gyro, thus causing the  inner gimbal t o  have a steady 

s t a t e  d r i f t ,  

L 

The ~eetifiedlmoment equation can be expressed as 

where 

H = the  wheel angular momentum 

A = the  output axis displacement 

*I-SRA 
= the angular veloci ty  of the gyro case about its sp in  

reference ax i s c  

From the  o r ien ta t ion  of the gyros i n  Figure 2, the  r e c t i f i e d  morneots 

can be expressed as 

- -H {;;p) Eq. 24 P$y - ~ w I A U  \ ) i 



It can be seen from equations 23, 24 and 25 t ha t  i f  r e c t i f i e d  d r i f t  is 

t o  occur a r a t e  component along the  2 ax i s  of the inner  gimbal must 

be present, However, i f  one assumes the platform Z pivot is f r ic t ion-  

l e s s  any base motion must be l o s t  i n  t h i s  pivot and WIAU is zero* 

Thus a l l  three r e c t i f i c a t i o n  moments must be zero regardless of the  

angle $*a 

It can be s a id  t h a t  i dea l l y  no r e c t i f i c a t i o n  moment w i l l  be obtained 

i f  the three output ax i s  of the gyros are  m~unted perpendicular t o  

the inner gimbal pivot, Thus there a re  two reasons f o r  the  gyro 

or ien ta t ion  i n  Figme 2, one t o  minimize the an i soe las t i c  d r i f t  and 

t h p o t h e r t o  eliminate the  r e c t i f i c a t i o n  d r i f t ,  

It can be shown with the f r i c t i o n  l eve l s  present i n  the ST124-Pi and 

assuming a white noise power spec t r a l  density at  $ = 45O the  r e e t i f i -  
X 

ca t ion  moment due t o  pivot f r i c t i o n  w i l l  be l e s s  than 0,16 dyne cm, 

which is qui te  acceptable, There w i l l  be negl igible  r e c t i f i c a t i o n  

from l i n e a r  v ibrat ion and gimbal pendulousity s ince  the platform 

gimbals a r e  balanced t o  b e t t e r  25 $Pa em, 

I n  sumnary the  ST124-M angular base ro t a t i on  r e c t i f i c a t i o n  d r i f t  

problem can be neglected, 



SECTION 7.0 

A PHYSICAL DESCRIPTION OF TKE STl24-I4 PLATFORM 

Outline drawings of the  three and four gimbal platforms a r e  shown 

i n  Figures 9 and 51, The platform mounts s o l i d  t o  the  vehic le  

on three  accurately machined mounting surfaces  which w i l l  a l i gn  

the platform base t o  %he BdmQB v@hieaba coordinates, 

The platform is designed t o  operate i n  a hard vacuum, The spher ica l  

sec t ion  covers a r e  sealed t o  the platform base with a f u l l  volume 

"Or' r i ng  s e a l  and a c r i t i c a l  o r i f i c e  i n  the  cover provides a dis-  

charge path f o r  the gas bearing exhaust, A nitrogen atmosphere 

of 12 p s i a  is maintained ins ide  the  platform i n  vacuum while a t  

Sea Z@T@% the ins ide  of the  platform is pressurized t o  3 psig  

above atmospheric pressure, The covers a l s o  contain a path f o r  

f l u i d  t o  c i r cu l a t e  between the  walls,and t h i s  heat  exchanger w i l l  

condit ion the  temperature of the inner  gimbal with the  a id  of 

i n t e r n a l  gas blowers t o  provide an even temperature d i s t r i bu t i on  

throughout the  platform, 

A l l  gimbals, the  base and t r umions  a r e  fabr ica ted from beryllium 

material ,  Beryllium was se lected,  f o r  i ts  s t reng th  t o  weight r a t i o ,  

s t a b i l i t y  a f t e r  machining and its heat  t r an s f e r  proper t ies ,  The 

inner  gimbal. w i l l  be machined so t h a t  the  accelerometer w i l l  mount 

'in an orthogonal t r i a d  within f5 a r c  seconds. The o ther  gimbals 

and base w i l l  be spher ical  o r  cy l i nd r i ca l  sec t ions  with an orthogon- 

a l i t y  between pivots  of 25 a r c  seconds on any gimbal, The spher ica l  

o r  cy l i nd r i ca l  sect ions  minimize an i soe l a s t i c  moments of the  gimbals, 

provide symmetrical moments of i n e r t i a  f o r  the  servo loops and an 

optimum shape f o r  mechanical gimbal s t a b i l i t y ,  Tkie inner,  middle 

and ou te r  gimbals a r e  shown .%m Figure 32 while the  redundant gimbal 

and frame a r e  shown i n  Figure 33, 







FIGURE 32 

INNER,  MIDDLE AND OUTER GIMBALS 

FIGURE 33 

REDUNDANT GIMBAL AND F R N  



The gimbal l oad  bea r ings  a r e  a-preloaded p a i r  o f  bea r ings  on one 

s i d e  and a g o t b i c w e h ' t y p e b e a r i n g  on t h e  o t h e r  s i d e  of t h e  gimbal, 

Thus t h e  bear ing  pre load  i s  n o t  ob ta ined  by s t r e s s i n p  t h e  gimbal 

and more accu ra t e  pre loads  a r e  obta ined  f o r  each gimbal* The 

platform r e s o l v e r s  a r e  assembled i n  s e p a r a t e  hous inqs  blith U1ei.r 

own bea r ings  t o  o b t a i n  t h e  b e s t  poss ib l e  rnac11irii.n~ ceoncentr-icitj.es 

on t h e  r o t o r  and s t a t o r  @f  t h e  r e s o l v e r  t o  reduc? the one cyc l e  

e r r o r ,  The complete assembly is coupled t o  t he  p ivo t  w j t h  -n 

extremely s t i f f  diaphragm, With reasonable  alignment between t h e  

two s h a f t s  i t  can be shown t h a t  t h e  diaphragm does n o t  i n t roduce  

t h e  Hook's j o i n t  type  of e r r o r s ,  This  type  of cons t ruc t ion  enables  

replacement of t he  gimbal s enso r s  without  complete disassembly 01 

the  platform o r  removal of t h e  load  bear ings ,  

Thc p i v o t s  con ta in  a gas annulus wi th  "0" r i n g  s e a l s  t o  t r a n s f e r  t h e  

gas  from one gimbal t o  another ,  The p ivo t  leakage i s  n e g l i g i b l e  

and t h e  a i r  s e a l s  c o n t r i b u t e  a f r i c t i o n  torque of  l e s s  than  5 i n  oz. 

A f l e x  cab le  j o i n t  is used on the  X p ivo t  s i n c e  its motion is 

l imi t ed ,  Th i s  f l e x  j o i n t  has  180 c i r c u i t s  and c o n t r i b u t e s  l e s s  t han  

5 i n  02, when t h e  gimbal is d e f l e c t e d  60 degrees,  

A s t r u c t u r a l  resonant  frequency of 120 cps  is obta ined  on t h e  i n n e r  

gimbal which is due t o  t he  s t i f f n e s s  of t he  gimbal r i ngs .  There 

is a secondary resonant  frequency of  t h e  i n n e r  gimbal a t  280 c ~ s  

which is  obta ined  from t h e  bea r ings  and t runnions.  Above 280 cps  

t h e  i n n e r  gimbal a t t e n u a t e s  t h e  base v i b r a t i o n  i n p u t  and provides  a 

smooth frame, The l 2 0  cps  is s u f f i c i e n t l y  removed from a l l  v e n i c l e  

resonant  f requencies ,  



The ST124-M three  and four gimbal platforms weigh 107 and 146 

pounds respect ively  and require  15 ps ig  (referenced t o  the i n s ide  

platform chamber) 0,5 Standard Cubic Feed per Minute of dry gaseous 

nitrogen, 

Two views of the  platform without covers a r e  shown i n  Figures 34 and 

35- Figure 34 shows an assembled platform with covers removed while 

Figure 35 shows a view of the  f ixed and movable prism, 



FIGURE 34 

ST-124 PLATFORM WITH COVEHS REMOVED 



FIGURE 35 

FIXED AND MOVABLE PRISM 



SECTIOE 8,o 

THE PLATFORM SERVO AMPLIFIER ASSEMBLY 

The platform servo amplif ier  assembly w i l l  contain the e lec t ron ics  

other  than those located i n  the platform, required fo r  the  rlntform 

ax i s  and the  accelerometer s t ab i l i z a t i on ,  The following l o  a list 

of components fo r  the ST124-M four gimbal platform e lec t ron ics  

assembly, 

Three gyro servo amplif ier  cards 

Three gimbal torques power s tages  

One redundant gimbal servo amplif ier  card 

Oue redundant gimbal torquer power s tage  

Three accelerometer servo ampli f ier  cards 

Three accelerometer torquer power s tages  

One 4,8 KC voltage ampli f ier  card 

An automatic checkout c i r c u i t  se lec tor  module 

One current  transformer assembly fo r  monitoring gyro wheel 

currents  

Two re lay card assemblies 

One elapsed time indicator  

Three power switching re lays  

Eigh% e l e c t r i c a l  connectors 

One 400 eps keying transformer 

One temperature sensor, 

The majority of the  items Listed w i l l  be plug-in modules, The 

assembly f o r  the three gimbal platform w i l l  be i den t i ca l  except 

t h a t  items 3 and 4 w i l l  be deleted, 



Components o r  modules r equ i r ing  p ressu r i za t ion  w i l l  be pro tec ted  by 

encapsulat ion,  I n t e r n a l  hea t  sources  w i l l  be heat-sinked t o  the  

main c a s t i n g  and cooling w i l l  be r e a l i z e d  by conduction i n t o  the  

temperature-controlled moun.ting panels  of the instrument u n i t ,  

For system f l i g h t  evaluat ion,  c r i t i c a l  c o n t r o l  s i g n a l s  are conditioned 

and supplied t o  telemetering from t h i s  assembly, 

The platform e l e e t r a r i c s  assembly w i l l  be a c a s t  magnesium s t r u c t u r e  

and w i l l  be momted t o  t h e  vehic le  frame wi th-pads  which extend 

out  from the  box s t r u c t u r e ,  The box w i l l  have shee t  metal covers 

on t h r e e  s i d e s ,  A gasket  w i l l  be used t o  provide a dus t - t ight  

s e a l ,  I n t e r n a l l y ,  the  box w i l l  conta in  a c a s t  magnesium deck f o r  

mounting e l e c t r o n i c  components and a grooved rack  f o r  mounting 

p r i n t e d  c i r c u i t  modules, The assembly w i l l  weigh 42 pounds, 

A gyro servo ampl i f i e r  card is shown i n  Figure 36 while  t h e  torquer  

power s t age  is shown i n  Figure 37, Figure 38 shows the  lzasdware 

which comprises a gimbal servo  loop and Figure 39 i s  a view of the  

pl-at form e l e c t r o n i c  assembly, 



FIGURE 36 
SERVO AMPLIFTER CARD 

FIGURE 37 
TORQUER POWER STAGE 



FIGURE 38 

GIMBAL SERVO LOOP 



FIGURE 39 

PLATFORM SERVO AMPLIFIER ASSEMBLY 



SECTION 9.0 

THE A,C, POWER SUPFLY 

The platform A,C, power supply assembly furnishes  the  power 

required t o  run the  gyro wheels, e x c i t a t i o n  f o r  the  platform gimbal 

synchros, and frequency sources f o r  the  r e so lve r  chain e x c i t a t i o n  

and servo c a r r i e r ,  A l l  f requencies a r e  derived from a c r y s t a l  o s c i l l a t o ~  

and a r e  accurate t~ 25 parts per  mi l l ion ,  The A,C, power supply 

box w i l l  be c a s t  of magnesium and w i l l  have a l i g h t  gauge shee t  

metal cover, gasket sea led  f o r  dust  protec t ion ,  Modular pot ted  

construction w i l l  be used throughoutu Motherboard p r in ted  c i r c u i t s  

w i l l  be used and t h e  only harness wiring w i l l  encompass only the  

e l e c t r i c a l  conneetors, The weight of  the assembly is 32 pounds, 

The following outputs  a r e  generated i n  the  A.C, power supply: 

l0 26 v o l t ,  3 phase, 400 cps. P 0,Ol cps  

20 20 v o l t ,  40 8 KC * .a2 cps  square wave 

3* 20 v o l t ,  1,6 KC * ,016 cpa square wave 

4, 20 v o l t ,  l,92 KC +- 0,48cps squwe wave 

The A,C, power supply is r a t e d  a t  250 VA with a conversion e f f i c i e n c y  

of 70% a t  f u l l  load, The harmonic d i s t o r t i o n  of the  400 cps  is 

105%0 A redundancy is provided i n  the  A,C,  power supply f o r  all 

c i r c u i t 3  %ncPuUfhg the  c r y s t a l  s;sefl%a%sso 
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