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STABILITY AND CONTROL FOR THE 

MANNED ORBITAL LABORATORY 

By Peter  R. Kurzhals* 

NASA Langley Research Center 

SUMMARY 

Several manned o r b i t a l  laboratory concepts or iginated a t  t h e  Langley 

Research Center a r e  outlined, and approximate mass and i n e r t i a  charac te r i s t ics  

f o r  these laborator ies  a r e  presented. Disturbances and’flight-control \require- 

ments are discussed and the  s t a b i l i t y  system functions f o r  t h e  laborator ies  are 

developed. 

a r e  used t o  define three  s t a b i l i t y  systems sui table  f o r  both zero-gravity and 

a r t i f i c i a l - g r a v i t y  laborator ies .  

presented f o r  a cy l indr ica l  manned o r b i t a l  laboratory having both spinning and 

nonspinning modes of operation, and the  effectiveness of t he  systems under con- 

s idera t ion  i s  evaluated. 

used t o  subs tan t ia te  t h e  theo re t i ca l  r e s u l t s  and t o  invest igate  mechanization 

Typical components f o r  such s t a b i l i t y  systems a r e  considered and 

Comparative r e s u l t s  f o r  these systems a r e  then 

Current experimental research programs which w i l l  be 

problems f o r  these systems are a l so  described. A d 7 H d l Z  

INITLAL MANNED SPACE STATIONS 

The manned o r b i t a l  laboratory presents  unique problems i n  t h e  s t a b i l i t y  

and control  area. 

configurations which a r e  shown i n  f igures  1 and 2. 

erectable  3O-foot ro ta t ing  space s t a t ion  which consis ts  of a r i g i d  cen t r a l  

module and an i n f l a t a b l e  outer  section. Gemini vehicles would be used f o r  

To v isua l ize  these problems l e t  us b r i e f l y  look a t  some ear ly  

Figure 1 i l l u s t r a t e s  an 
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rendezvous, and s t a t ion  power would be derived from a parabolic so la r  co l lec tor .  

Because of the so lar  col lector ,  the 3O-foot s t a t ion  must be s tab i l ized  t o  point 

within half a degree of the  sun. The s t a t ion  s t a b i l i t y  system must thus com- 

pensate f o r  i n t e rna l  crew motions, g rav i ty  gradient torques, docking torques, 

and similar disturbances t o  hold t h i s  accuracy. 

The 1%-foot s ta t ion  i n  f igure 2 has s i x  cy l indr ica l  outer  modules arranged 

These outer modules are connected t o  the  cen t r a l  hub i n  the  shape of a hexagon. 

and docking port  by three  spokes. 

t i o n  power. 

10' of the sun, so that the  s ta t ion  s t a b i l i t y  system must again compensate f o r  

in te rna l  and external. disturbances t o  hold t h i s  a t t i t ude .  

Assumed charac te r i s t ics  f o r  these two ro ta t ing  space s t a t ions  are shown i n  

Solar panels now produce the  necessary Sta- 

To f'unction e f f i c i en t ly ,  these so la r  panels must point within about 

f igure  3 .  

and 137,000 pounds f o r  the 150-foot s ta t ion ,  and t h e  s ta t ions  would house crews 

of 2 and 21 astronauts,  respectively.  

s ta t ions  a re  a l so  given, and a r t i f i c i a l  g rav i ty  l eve l s  of 0.3g and 0.2g would 

be provided by respective spin rates of 10 and 3 r p m .  

The normal o r b i t a l  weights are 8,100 pounds f o r  the  30-foot s ta t ion  

Spin and inplane i n e r t i a s  f o r  t he  two 

1 

External disturbances f o r  these labora tor ies  can i n  general  be compensated 

f o r  by means of small j e t s  spaced on the  periphery of t h e  s ta t ion.2 

disturbances, which are represented i n  f igure  4, are a d i f f e ren t  problem, how- 

ever. 

impacts i n  terms of t he  s t a t ion  m a x i m u m  wobble angle and the  apparent s t a t ion  

rol l ing.  

serious problem and w i l l  require extensive s t ab i l i za t ion .  The 150-foot s t a t ion  

i n  comparison has m a x i m u m  wobble angles of about 3' and thus  i s  e s sen t i a l ly  

spin s t a b i l i ~ e d . ~  

In t e rna l  

This f igure  presents t he  e f f e c t s  of various crew motions and docking 

Here the  30-foot s t a t ion  with wobble angles of up t o  108' presents  a 
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Since the dynamic unbalances resul t ing from crew motions produce by far 

the  l a rges t  a t t i t u d e  e r ro r s  and since these disturbances w i l l  occxr  cmtizzc~zsly,  

t he  ro ta t ing  s t a t ions  w i l l  use momentum wheels o r  passive damping devices t o  

compensate f o r  these in t e rna l  torques. Theoretical and experimental Investiga- 

t i o n s  of such a momentum wheel device, t h e  double-gimbaled control  moment gyro, 

have been completed and w i l l  be applied t o  a manned o r b i t a l  laboratory i n  a 

la ter  section of t h i s  paper.4,5,6,7 Passive damper s tudies  aimed at  the  deter-  

mination of an optimum passive damper concept are a lso  underway.8 

r e s u l t s  avai lable  a t  present,  it a9pears that s t ab i l i za t ion  of these ro ta t ing  

s t a t ions  i s  within t h e  state of the  art. 

From the  

MANNED ORBITAL LABORATORY 

The function of  the s t a b i l i t y  system thus far has been r e l a t i v e l y  simple 

and only requires  an a t t i t u d e  hold capacity within cer ta in  l i m i t s .  For t he  

laboratory shown i n  f igu re  5 ,  this  control  function becomes somewhat more 

involved. 

attached t o  the last stage of i t s  launch vehicle. 

both zero-gravity and a r t i f i c i a l - g r a v i t y  operations, and the zero-gravity mode 

The manned o r b i t a l  laboratory o r  MOL cons is t s  of a cy l indr ica l  module 

The laboratory i s  intended f o r  

i s  i l l u s t r a t e d  i n  the  f igure.  

laboratory i s  spun up slowly and t h e  booster i s  then l e t  out using an eight- 

cable arrangement. 

erate t h e  laboratory t o  i t s  f i n a l  spin rate.9 

For a r t i f i c i a l  gravi ty  o r  spinning operation, the  

A t  t h e  same t i m e ,  j e t s  on t h e  laboratory and booster accel- 

Assumed spec i f ica t ions  f o r  t h i s  laboratory are shown i n  f igure  6. The 

o r b i t a l  weight of t he  laboratory and booster combination i s  about 76,000 pounds 

and t h e  laboratory w i l l  have a normal crew o f  s ix .  

with an X 

The i n e r t i a s  are cy l indr ica l  

o r  minimum axis of i n e r t i a  of  190,000 slug-ft2 f o r  both the  
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nonspinning and spinning modes. 

21,000,000 slug-ft 

f o r  t he  two modes. 

Z-axis, which i s  the  ax is  normal t o  the so lar  panels. 

The Y - a x i s  i n e r t i a s  are 2,000,000 and 

2 and the  Z - a x i s  i n e r t i a s  a re  2,010,000 and 21,010,000 slug-ft2 

A normal spin r a t e  of 3.73 rpm i s  ant ic ipated about the 

Flight-Control Requirements and Components 

Before we consider the  s t a b i l i t y  and control  problem f o r  t h i s  laboratory,  

w e  shall review the charac te r i s t ic  f l ight-control  requirements shown i n  f ig-  

ure  7. This f igure  l i s t s  the maneuver requirements and maximum allowable e r ro r s  

f o r  t h e  i n i t i a l  ac t iva t ion  of the unmanned laboratory,  f o r  rendezvous, f o r  zero- 

gravi ty  and experimental operation, and f o r  a r t i f i c i a l -g rav i ty  operation. Rates 

of 0.5 deg/sec and accerations of 0.5 deg/sec2 should be obtainable during the 

nonspinning modes, w h i l e  spin rates of 6 t o  24 deg/sec with spinup accelerat ions 

of 1 deg/sec2 are needed. 

from 10 deg and 0.1 deg/sec i n  the  ac t iva t ion  phase t o  0.1 deg and 0.02 deg/sec 

f o r  photographic missions. During t h e  spinup mode m a x i m u m  damped wobble angles 

of 6 deg and damped wobble rates of 5 deg/sec a re  acceptable. 

The allowable e r ro r s  i n  t h e  nonspinning mode vary 

With these requirements i n  mind a number of s t a b i l i t y  systems were inves- 

t igated,  and t yp ica l  components fo r  these systems are presented i n  the next 

figures.  

wheels and control  moment gyros. 

i s  simply a flywheel which i s  accelerated by means of a torquer t o  exert a 

laboratory control  torque about t h e  spin axis of t he  flywheel. 

t h e  control moment gyro, shown i n  f igure 9, produces a torque by t h e  precession 

of a constant-rate wheel which i s  mounted on gimbals. For example, if w e  apply 

a torque t o  the  outer gimbal of t he  wheel on the r i g h t  of t he  f igure,  an equal 

and opposite torque w i l l  a c t  on the  laboratory and the wheel w i l l  precess about 

For the nonspinning mode of operation w e  have pr imari ly  react ion 

A react ion wheel, i l l u s t r a l e d  i n  f igure 8, 

I n  comparison, 
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t h e  inner gimbal. 

angle reaches a saturat ion l i m i t ,  which i s  usual ly  about 60' o r  70'. 

of modifications of t h i s  bas ic  idea a r e  possible since w e  can use s ingle  o r  

double gimbals f o r  e i t h e r  one wheel o r  f o r  two wheels spinning i n  opposite 

direct ions.  The f igure  shows one of the more sophisticated versions, a double- 

gimbaled twin control-moment gyro. Ei ther  a gimbal. torque o r  a gimbal rate can 

be commanded t o  yield the desired laboratory control.  

The control  torque can be applied u n t i l  the  wheel gimbal 

A number 

For the  spinning mode, as described i n  f igure  10, we are  concerned with a 

constant-rate s ingle  control  wheel on double gimbals. Control torques are  

derived from the  precession moments resul t ing from a misalinement of the 

wheel spin vector with the  laboratory spin axis. It can readi ly  be seen tha t  a 

double-gimbaled CMG of fe r s  immediate advantages f o r  the  manned laboratory, since 

the  same system can be used f o r  both nonspinning and spinning modes by merely 

changing t h e  control l og ic  input t o  the gimbal torquers.  

Typical Control Systems 

Using these components as building blocks, we can next define an optimum 

s t a b i l i z a t i o n  system f o r  the  manned o r b i t a l  laboratory.  

should s a t i s f y  the  previously specif ied fl ight-control requirements a t  a minimum 

s i z e ,  weight, and power cost .  Three basic  control concepts have been inves t i -  

gated at  the  Langley Research Center, and control log ic  and torque equations 

f o r  each of these systems have been derived. The resu l t ing  expressions were 

combined with the  laboratory equations of motion and were solved on an IBM 7090 

computer t o  evaluate the  control  system performance. 

Such an optimum system 

The th ree  systems being studied are described i n  f igures  11 t o  13. The 

first system, sham i n  f igure  11, has two twin control-moment gyros with a 

t o t a l  angular momentum of 3,370 ft- lb-sec.  These provide torques about a l l  
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axes of the  laboratory i n  t h e  nonspinning mode. 

a l ined  with the  X o r  minimum i n e r t i a  a x i s  and the  o ther  s e t  of wheels i s  

a l ined  with the Z-axis o r  t h e  axis normal t o  t h e  so la r  panels. 

are produced on the  MOL by commanding torques on t h e  double gimbals supporting 

each wheel. 

One s e t  of t he  gyro wheels i s  

Control torques 

For spinning operation, the  two wheels a l ined  with the X-axis a r e  precessed 

through 90' u n t i l  t h e i r  spin vector coincides with the  laboratory pos i t i ve  

o r  spin axis .  

despun. 

vector p a r a l l e l  t o  the  laboratory spin vector. 

commanded f o r  each of these wheels t o  provide the  necessary damping torques. 

I n  addition, on-off je ts  are used f o r  CMG desaturation and cont ro l  i n  the non- 

spinning modes and f o r  spinup and a t t i t u d e  cont ro l  i n  t h e  spinning mode. 

Z 

Simultaneously, the wheel a l ined  w i t h  the negative Z - a x i s  i s  

This r e s u l t s  i n  three s ingle  control-moment gyros having their  spin 

G i m b a l  rates and angles a re  now 

The second cont ro l  concept i s  shown i n  f i g u r e  12. During zero-gravity 

operation, this system uses a s ingle  double-gimbaled control-moment gyro f o r  

X- and Y - a x i s  cont ro l  and a single-gimbaled twin control-moment gyro f o r  Z-axis 

control. 

command i s  fed t o  the  gimbal torquers. 

cession of the  twin CMG y ie lds  one double-gimbaled and two single-gimbaled 

wheels a l ined w i t h  t h e  Z-axis. 

operations, as before. 

These gyros are now rate control led,  which means t h a t  a gimbal rate 

For a r t i f i c i a l - g r a v i t y  operation, pre- 

Pulse je ts  are used f o r  supplementary cont ro l  

The t h i r d  control  concept, presented i n  f igu re  13, has a twin double- 

gimbaled CMG giving Y- and Z - a x i s  cont ro l  torques and a reac t ion  wheel giving 

X - a x i s  control  torques i n  the nonspinning mode. 

torques on the  reaction wheel motor and t h e  gimbal torquers .  

Control commands c a l l  f o r  

I n  the Spinning 
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mode the  twin CMG wheels a r e  a l ined w i t h  the Z-axis; and on-off jets a r e  again 

employed f o r  both modes. 

Comparative Re s u l t  s 

To evaluate the r e l a t i v e  effect iveness  of these systems, a standard of 

comparison must be selected.  

momentum capacity of each system, t h a t  is, a l l  systems studied had an equal 

amount of angular momentum avai lable  before saturat ion.  

some t yp ica l  r e s u l t s  on the laboratory control with these systems. 

spinning mode performance i s  given i n  figure 1 4  f o r  a maneuver command of 5O i n  

r o l l ,  p i tch,  and yaw. The time h i s to r i e s  give the r e su l t an t  laboratory a t t i t u d e  

e r r o r s  i n  degrees p lo t ted  versus time i n  minutes. Systems I and I11 can be seen 

t o  readi ly  achieve the  desired at t i$ude t o  wi th in  t he  0.1' accuracy specified by 

the  f l igh t -cont ro l  requirements. System 11, however, provides l e s s  e f fec t ive  

control  and does not a t t a i n  the f i n a l  desired accuracies within the time period 

con sidered. 

Here t h i s  standard w a s  taken as the  t o t a l  angular 

L e t  us  then look at 

The non- 

More important than these time h is tor ies ,  though, i s  t h e  percent of satura- 

t i o n  of the control  system, as t h i s  percentage i s  most ind ica t ive  of the  ove ra l l  

system performance. 

system, with 4.58 percent has a grea te r  control capacity than system I1 or  I11 

with 9.54 percent and 5.03 percent, respectively. 

Here it i s  apparent t h a t  system I, the  dual twin  CMG 

The cont ro l  system performance i n  the spinning mode i s  represented by f ig -  

ure  15, which shows the  MOL response t o  products of i n e r t i a  r e su l t i ng  from the 

instantaneous movement of th ree  crew members t o  one end of the laboratory 

module. As can be seen from the  r o l l  and p i tch  ra tes ,  e f fec t ive  damping i s  

obtained from a l l  three  systems and the  damped conditions, corresponding t o  
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constant ra tes ,  are within the control specif icat ions.  System I produces some- 

what smaller res idua l  a t t i t u d e  e r ro r s  and damping times than system I1 or 111. 

This i s  a d i r ec t  result of t he  s l i g h t l y  higher angular momentum avai lable  for 

wobble damping i n  the dual twin CMG system. 

other two systems, such as the  react ion wheel and t h e  single-gimbaled CbG 

set are not as e f f i c i e n t  during spinning MOL operation. 

Some of the  components f o r  the 

CURRENT FWEARCH PROGRAMS 

The theo re t i ca l  data  t h a t  have been presented here a r e  cha rac t e r i s t i c  of 

t he  general trend of t h e  computer data. 

investigate the p r a c t i c d i t y  of t he  suggested s t a b i l i t y  and control  systems, 

two additional research programs have been i n i t i a t e d .  

To substant ia te  these data  and t o  

Fl ight  Simulator 

The f i rs t  of these involves the  development of a fl ight simulator which 

reproduces the  MOL control  console and manual actuators ,  as shown i n  f igure  16. 

T h i s  control console i s  linked t o  an analog computer which continually solves 

the laboratory equations of motion with the  s t ab i l i za t ion  torques applied by 

the  p i lo t .  

console and w i l l  be used by the p i l o t  i n  his control  procedure. 

simulator, which w i l l  be operational i n  January 1964, w i l l  determine m a n ' s  

capabi l i ty  t o  manually cont ro l  t h e  laboratory during both normal mission 

maneuvers and during emergency conditions. 

optimum console displays f o r  t h e  manual cont ro l  mode. 

Atti tude,  rate, and required torque da ta  w i l l  be displayed on t h e  

T h i s  flight 

It w i l l  a l s o  provide information On 
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Control Flight Test System 

The second research program involves three-degree-of-freedom fl ight t ab le  

A schematic f o r  t e s t s  of fu l l - sca le  integrated s t a b i l i t y  systems f o r  t h e  MOL. 

this tes t  concept i s  given i n  f igure  17. 

f l ight p r o f i l e  o r  disturbance torque i s  fed in to  a real-time dynamics computer 

through a control  console. The computer solves the  laboratory equations of 

motion w i t h  th i s  input and determines the  laboratory angular posi t ion and rate. 

These posi t ion and r a t e  commands a re  transmitted t o  the  gimbal torque motors, 

which then derive the  tes t  t ab le  t o  the  corresponding posit ion.  The table thus 

undergoes the  same motions as the  ac tua l  laboratory. The sensor package of t h e  

prototype MOL control  system now de tec ts  the  motion of t h e  tab le  w i t h  respect 

t o  an ex terna l  sensor reference, and the  sensor s ignals  are monitored by an 

onboard computer which generates wheel and j e t  command signals. 

mand s ignals  are fed t o  the torquers driving control  system actuators  such as 

CMG's and react ion wheels. 

control  and damping torques, which are measured by means of force gages and are 

transmitted back t o  t h e  dynamics computer. The j e t  command signals,  which may 

c a l l  f o r  maneuver o r  wheel desaturation torques, a re  simultaneously fed t o  a 

f ixed j e t  f a c i l i t y  containing either the  actual  o r  a simulated propulsion system. 

The resu l tan t  torques are than sent t o  the dynamics computer. The computer 

reappraises the laboratory equations of motion with the  new disturbance and 

s t a b i l i t y  torque input, and c a l l s  f o r  the  changes i n  the t ab le  posit ion.  

completes t he  cycle. Manual .  input can also be provided by pilot-operated 

cont ro l  s t icks ,  which w i l l  t ransmit control  s ignals  d i r e c t l y  t o  the  wheel 

ac tua tors  and jets. 

f o r  this purpose. 

During a typ ica l  tes t  t h e  mission 

The wheel com- 

The movement of the actuators  exer t s  laboratory 

This 

The MOL f l ight simulator discussed previously could be used 
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A sketch of t h e  flight test  t ab le  f o r  t h i s  t e s t  system i s  shown i n  f ig -  

This table cons is t s  of a mounting platform, which i s  supported by a ure 18. 

three-axis orthogonal gimbal arrangement. Continuous ro ta t ion  of the outer 

gimbal allows simulation of both spinning and nonspinning laboratory operations.  

Sensors, instrumentation, and prototype actuators  a re  mounted on the  t e s t  p l a t -  

form and are l inked t o  the  dynamics computer by means of a s l ip r ing  system. 

The da ta  derived from experiments with t h i s  f l i g h t  t es t  system w i l l  allow 

I n  the  determination of t he  control  system sensor and actuator  effect iveness .  

addition, the mechanical operation of the  integrated s t a b i l i t y  and control  

system can be invest igated f o r  a wide range of f l ight  conditions. 

CONCLUDING REMARKS 

The control  t e s t  system and the  f l i g h t  simulator discussed here w i l l  be 

used i n  extensive invest igat ions of MOL s t ab i l i za t ion  systems. Results from 

these experiments and the  data  obtained from previous t e s t s  and computer solu- 

t i o n s  of the laboratory equations of motion w i l l  then be combined t o  give an 

optimum and r e l i a b l e  control  concept for t h e  manned o r b i t a l  laboratory.  

present no major d i f f i c u l t i e s  a re  foreseen i n  this task, and the  solut ion of 

ant ic ipated s t a b i l i t y  and control  problems appears t o  be within the s t a t e  of 

the  art.  

A t  
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Figure 8.- Sketch of react ion wheel fo r  nonspinning MOL. 
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Figure 16.- Sketch of MOL control  console. 
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