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PREFACE 

Final report  o f  Asymmetrical Booster Ascent Guidance and Control System Design 
Studies performed under Contract NAS9-13568 are contained i n  f i v e  separate 

volumes i d e n t i f i e d  as fol lows: 

Volume I - Sumnary 
Volume I1 - SSFS Math Models - Ascent 

Volume I11 - Space Shutt le Vehicle SRB Actuator Fai lure Study 
Volume IV - Sampled Data S t a b i l i t y  Analysis Program (SADSAP) - 

Volume V - Space Shutt le Powered E x p l i c i t  Guidance 
Users Guide 
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ABSTRACT 

Volume Ii! documents investigation o f  single actuator fa i lures  on the Solid 
Rocket Booster. Both square pattern ( 3 )  and diamond pattern (Q) actuator 
configurations bere analyzed. 
near or  prior t o  the region of maximum dynamic pressure, control gain adjust- 
ments can be used t o  achieve virtually nominal mid-boost vehicle behavior. 
However, near staging, a d i s t i nc t  worst case failure condition was established 
tha t  could significantly delay staging. I t  is recommended tha t  the square 
pattern be retained as  a viable alternative to  the baseline diamond pattern 
because the staging transient i s  better controlled resulting i n  ea r l i e r  
staging . 

I t  was determined tha t  for  fa i lures  occurring 
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1 .O INTROGUCTION AND SUMMARY 

' i r  

Studies have been conducted investigating the performance of the Configuration IV 
Spaze Shuttle vehicle w i t h  one so l id  rocket motor TVC ac tua tor  fa i lure .  Primary 
study objectives were to determine design cases (worst conditions) for the base- 
l ine TVC actuatw configuration (45" - 135" orientation) and the 0" - 90" TVC 
(pitch-yaw) configuration. 

Simulations were performed, individually fai1i:ng each of the four s o l i d  rocket 
booster (SRB) actuators. Several fa i lure  times' were tested,  from l i f to f f  t o  
the region of maximum dynamic pressure (Qmax). Thrust unbalance between the 
two SRM's was simulated and the effect  of headwinds, tailwinds and crosswinds 
was investigated. S t a g i n g  cr i ter ih  were implemented i n  the simulation. Nominal 
staging for this  configuration occ;irs a t  123 seconds from l i f t o f f .  All simula- 
tion runs t h a t  failed to  meet the staging cr i te r ia  were terniinated a t  140 seconds. 

I t  was determined that the worst case design conditions for  this vehicle 
configuration are those summarized i n  Figure 1. For those mid-boost conditions 
( l i f to f f  to  beyond Hax Q )  th2 loads indicator, dynamic pressure times s idesl ip  
angle (QB)  was significantly higher than for  other simulation cases. Satisfactory 
compensation was achieved for the mid-boost cases. 

A t  thrust ta i loff  the thrust unbalance between the SMI's caused a yaw transient 

configuratiorl, adverse roll -yaw torque from the remaining thrusting actuator 
precluded successful compensation; b u t  for the 0" - 90" TVC configuration, 

1 

t I 
i 
I 

t h p t  significantly delayed the s tag ing  time. For the 45' - 135" TVC actuator 

compensation permitted some reduction o f  the delay !n s t ag ing .  

I t  is recomended t h a t  the 0" - 90" TVC actuator configuration be retained as 
a viable alternative to  the baseline 45" - 1353 TVC Configuration and t h a t  
additional studies be performed on staging compensation. 
mended t h a t  load re l ief  studies be ini t ia ted to  develop techniques for decreasing 
the effect  of actuator failures and winds on vehicle loads during boost. 

I t  i s  also recom- 
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2.0 STUDY PARAMETERS 

The  Space Shuttle configuration studied was the VL72-000088B conf igura t ion  IV 
vehicle described in references 1 th rough  3 .  Simulaticw were performed, 
separately f a i l i n g  each of the four solid rocket booster (SRB) actuators. An 
actuator fa i lure  was simulated by commanding i t  to  null a t  i t s  rate limit 
( 3  degrees per second for this  study). Failure times were selected a t :  

1) l i f t o f f ,  
2 )  8 seconds (beginning of roll maneuver), 
3)  28 seconds (end o f  rol l  maneuver), and 
4) 57 and 58 seconds ( d u r i n g  the region of the wind gust). 

In the in i t ia l  study phase no changes were made t o  the control system gains cr 
mixing  logic i n  order t o  compensate for the actuator loss. Then, a f te r  de- 
termining the effects of the fai lures ,  compensation techniques were investigated 
t o  minimize deviaticns from nominal. 

For a l l  simulations thrust uqbalance between the two SRM's was se t  a t  20.98% 
because this  resulted in the specification l imit  of 450,000 lbs thrust  
differential  a t  t a i lo f f .  The thrust profile o f  each SRM and the thrust d i f -  
ferential resulting from a +0.98% mismatch is shown in Figure 2.  The h i g h  
thrust motor burns fas te r ,  thus b u r n i n g  o u t  sooner resulting in higher thrust 
on the "low thrust" motor during the thrust  ta i loff  region. No angular  mis- 
alignments were introduced in any o f  the Space Shuttle Main Engines (SSME) 
actuators or SRB actuators. 

Synthetic di rectional design w i  nd prof i 1 es were generated and appl i ed to  the 
vehicle as headwind, tailwind, and right crosswinds. The tailwind and cross- 
wind profiles were 95 percentile winds d u r i n g  the g u s t  region and were modified 
t o  l m  winds (34% above the 50 percentile profile) during the SRB ta i loff  
region. The headwind profile was used as a 95 percentile profile throughout  
the f l igh t .  The gust att i tude for  these winds was selected a t  10 W ,  which 
coincides with the time of maximum dynamic pressure. Theze three wind profiles 
are shown in Figures 3-5. 

3 
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Staging cr i te r ia  for the simulations were implemented such that s t a g i n g  was not  
allowed to  occur u n t i l  a l l  c r i te r ia  were met. The s t a g i n g  c r i te r ia  used i n  th is  
study were: 

1)  thrust on the highest thrust SRM must be less t h a n  100,000 lbs, 
2 )  sideslip must be less t h a n  +5 degrees, 
3) body roll  ra te  must be less t h a n  210 degrees per second, and 
4)  body pitch and yaw rates must be less  t h a n  t2 degrees per second. 

A limit on angle-of-attack was not imposed for  these cases since minor 
trajectory anomalies cause a l l  cases to  sl ightly exceed +5 degrees angle-of- 
attack a t  staging. A l l  runs were terminated a t  140 seconds i f  s t a g i n g  c r i t e r i a  
were not met by t h a t  time. 
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3.0 45' - 135' TVC ACTUATOR CONFIGURATION STUDIES 

3.1 Design Condi ti ons 

Worst case design condi t ions determined from t h i s  study are summarized i n  
Figure 1. 
f e l t  i n  the  presence of a crosswind w i t h  the leeward SRM w i t h  h igh  t h r u s t  and the 
actuator  f a i l u r e  on the windward SRM. For r i g h t  crosswinds the more severe case 
i s  w i t h  the l e f t  actuator  f a i l e d .  For : e f t  crosswinds i t  i s  w i t h  r i g h t  actuator  
f a i l u r e s  on the windward motor. 

During the mid-boost reg ion o f  f l i g h t  most severe condi t ions are 

I 
J '  

. .  
'! I! 

..a, . 

* . .  

During the  t a i l o f f  p o r t i o n  of boost, design condi t ions were found t o  be w i t h  
crosswinds w i t h  h igh  t h r u s t  on the windward SRM and w i t h  the actuator  f a i l u r e  
occurr ing a lso  on t h i s  motor. For r i g h t  crosswinds the  most severe cond i t ion  
ar ises wi th  a l e f t  actuator  f a i l u r e  on the  windward motor; f o r  l e f t  crosswinds, 
w i t h  a r i g h t  actuator  f a i l u r e  on t h i s  motor. 

3.2 Discussion o f  Results 

The design condi t ions described i n  sect  on 3.1 were the r e s u l t  o f  approximately 
80 s imulat ion cases. Figure 6 i s  a run ma t r i x  o f  the s imulat ions performed i n  
t h i s  study. More f a i l u r e  times were se ected w i t h i n  the crosswind column f o r  
i t  was f e l t  t h a t  t h i s  wind was the most severe w . r . t .  veh ic le  cont ro l  dur ing 
boost. Two f a i l u r e  times were included withir,  the headwind column, one 
a t  l i f t o f f  and one a t  28 seconds (dur ing the  end o f  the  r o l l  maneuvers). For 
each o f  f o u r  actuator  f a i l u r e s  w i t h i n  a wind column each case was run w i t h  
both o r ien ta t i ons  o f  SRB t h r u s t  mismatch. 

Complete de ta i  1 ed resul  t s  o f  a1 1 simul a t i  ons are  contained w i  t h i  n Appendix A1 
and A2. Appendix A1 i s  a c o l l e c t i o n  of tab les o f  r e s u l t s  o f  maximum values 
dur ing boost. Tabulated i n  these tab les are maximum dynamic pressure, qa, q B ,  
body a t t i t u d e  errors ,  and body rates.  Appendix A2 i s  a summary o f  condi t ions 
a t  staging. 
Mach No. body a t t i t u d e  ra tes ,  and SRM duty cycles.  Also tabulated are the 
times a t  which s tag ing c r i t e r i a  were achieved. Deta i led discussions o f  these 
r e s u l t s  w i  11 be separated i n t o  m i d - f l  i g h t  r e s u l t s  and separat ion r e s u l t s  . 

Included are dynamic pressure, angle-of-at tack,  s i d e s l i p  angle, 

B . 
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3.2.1 M i  d-Boos t Results 

In general, the effect  of an SRB actuator fa i lure  had minimal impact on vehicle 
control d u r i n g  the mid-boost region of f l igh t .  The effects of wind  azimuth 
were most not iced  i n  the load parameters, dynamic pressure (Q), Qa, and Q B .  

Whereas, maximum dynamic pressure averaged approximately 650 psf for the no- 
wind cases the headwind studies showed max Q's on the order of 750 psf, and 
ta i lwinds  ran approximately 600 psf. Crosswind cases averaged approximately 
190~~2000  psf" for  Qa. Maximum Q B  occurred w i t h  the crosswind simulations. 
Peak Q B ' s  of +4500 were observed for one of the actuator fa i lure  conditions. 
Headwind simulations were the next most severe w i t h  respect to O B .  Values 
of +2300 psf" were observed for the headwind cases. Ta i lwind  and no-wind 
simulations were the least  severe w i t h  values of 1000 t o  1500 psf' being 
observed. 

Body att i tude errors and rates were affected by the wind az imuth  i n  t h a t  
pitch errors were biased as a result  of head or ta i lwinds .  
at t i tude errors primarily d u r i n g  the t a i l o f f  region. This will be discussed 
i n  the following section. 
were i n  no case excessive nor significantly dependent upon wind azimuth. 

Crosswinds affected 

Body rates d u r i n g  the mid-boost region of f l igh t  

Li t t le  difference between actuator failures was observed d u r i n g  the mid-boost 
region indicating t h a t  per se neither a r igh t  nor l e f t  actuator fa i lure  was 
more severe than the other. T h i s  is reasonable due to  the 45' - 135" diagonal 
SRE actuator orientation, which eliminates the dependence of a single actuator 
axis on one axis of control. 
between the fai lure  of an actuator on the r i g h t  SRM or the l e f t  SRM. 

The results of having h i g h  thrust  on either the r i g h t  or l e f t  SRM was observed 
t o  influence the load parameters. Those cases w i t h  high thrust  on the l e f t  
SRM were found t o  have slightly higher ( ~ 1 % )  maximum dynamic pressures. The 
primary cause of this  i s  the roll  maneuver t a k i n g  place during the pitch over 
command, and  more precisely the direction o f  the roll maneuver. As the 
vehicle rolls clockwise and begins t o  pitch over the l e f t  SRM is t o  the  outside 
of the pitch trajectory. With h i g h  thrust on th i s  motor, the trajectory is 

Likewise, only minor differences were seen 
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essentially biased toward a lower al t i tude,  resulting i n  a higher Q f l igh t .  
I n  addition, for f l igh ts  i n  the presence of crosswinds, i f  the windward SRM 

has h i g h  thrust ,  th is  will aggravate any high sideslip condi t ion  already 
present. 

The t im of actuator fa i lure  was found t o  have l i t t l e  effect  on any of the per- 
formance or control parameters. Duty cycle, however, was found t o  be affected 
and will be covered i n  the following section. 

As an outgrowth of the E i g h t h  F l i g h t  Control Panel Meeting of 28 February 1974, 
an action item was taken t o  supply Rockwell International (RI) w i t h  envelopes 
of maximum SSME actuator deflections occurring dur ing  f l igh ts  w i t h  an SRB 
actuator failure.  This data was prepared and forwarded t o  RI v ia  the NASA JSC 
technical monitor. T h i s  data i s  included i n  th is  report i n  Appendix B 1 .  

3.2.2 Thrust Tailoff Results 

Greatest impact of loss of an SRB ac tua tor  was fe l t  dur ing  the thrust ta i loff  
region of f l igh t .  The prime contributor t o  control problems dur ing  this time 
is  the SRB mismatch. During this time, as seen i n  Figure 2 ,  the peak thrust 
mismatch of 450,000 l b  occurs, praducing approximately 9x10 ft-lbs of yaw 
torque. T h i s  perturbation combined with specific actuator fa i lure  and wind 
azimuths produce severe conditions a t  the nominal s t a g i n g  time. 

6 

The effect  of wind azimuth was f o u n d ,  i n  general, t o  be more pronounced for  
a crosswind azimuth. Due to  the magnitude of the ETR tailwind i t s  effects 
were observed to  influence body angular rates a t  staging, b u t  i n  general were 
n o t  "design cases". Headwinds, being of such low velocity, were n o t  important  
a t  staging. 

The time of actuator fa i lure  has no effect  on staging conditions other than on 
SRB actuator duty cycle. 
larger duty cycles t h a n  failures a t  l a t e r  times. As a separate study, ind iv idua l  
actuator duty cycles were collected for  various wind and thrust mismatch com- 
binations, for both no fa i lure  trajectories and design case failures.  
t i o n ,  comparisons were made between systems w i t h  and without fa i lure  mode 
compensation logic. This da ta  has been previously informally transferred t o  
the NASA/JSC technical monitor and is  included i n  this  report under Appendix B2. 

Failures a t  l i f t o f f ,  as would be expected, had 

In  addi- 

b 
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lhe effect  of which one of the four actuators fa i led  and  the effect  of which 
SRB has h i g h  thrust are interrelated. The motor that nar been burn ina  "hot" ' 

throughout the boost  will burn out before the other motor. Thus, i t  i s  
obvious from a control standpoint t h a t  the worst fa i lure  would be a fa i lure  
of one cf the actuators on the inotor t h a t  s t i l l  has thrust. T h i s  will leave 
control on only one t h r u c t i n g  actuator. I n  a d d i t i o n  the choice of which of 
the two actuators on the thrusting engine i s  failed i s  found t o  make consider- 
able difference. 

Referring t o  Figure 7 ,  l e t  us assume that we have had a "hot"  burn of the 
l e f t  SRM dur ing  boost. This creates a negative yaw perturbation during the 
thrust t a i l o f f  region, ana i s  shown on the drawing as the "thrust mismatch 
conponent". This negative yaw i n  turn creates a positive sideslip which 6ero- 
dynamically introduces negative roll  ('lresul t i n g  aerodynamic component" on 
drawing). The sum of these torques i s  the vector representing the "thrust 
t a i  loff  perturbation torque". Shown also on the drawing are representations 
of the envelopes of control torque available from each actuator on the r i g h t  
SRM. Due t o  the 45" - 135' diagonal-orientation of the actuator, control v i a  
the right ac tua to r  moves from "+yaw - roll" to ''-yaw + ro l l " .  Likewise, the 
l e f t  actuator control moves from "+rolt + yaw" to  "-roll - yaw". Thus t o  
overcome the perturbation torque of a ' 'hot" l e f t  SRM, the l e f t  actuator on 
the right SRM is correctly oriented t o  perform this function. However, i f  
this actuator i s  fa i led,  and the only remaining functioning actuator is the 
rig'rt actuator of the right SRM, then the control torque vector from this  
motor will aggravate t,he error conditions existing. 

As was mentioned ear l ie r ,  i f  a crosswind is  present a t  thrust t a i lo f f ,  i t s  
relationship t o  the Ithot'' SRM is important. For the worst case actuator 
fa i lure  conditions, i f  the crosswind was such t h a t  i t  effectively increased 
the sideslip angle that was being produced by the thrust yaw disturbance, 
then s t a g i n g  conditions became worse. On Figure 7 this  has the effect  of 
increasing the "resulting aerodynamic component" vector. Roll errors a t  
staging w i t h  a favorable crosswind were -35 degrees, whereas w i t h  an un-  
favorable crosswind rol l  errors of -67 degrees were observed. 
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Plots of sideslip angle, Q-8, body roll  and yaw rates ,  and body roll and yaw 
errors are shown i n  Figures 8 through 13. These plots are of a simulation 
w i t h  the fa i lure  of the l e f t  actuator on the r ight  SRM with a "hot" l e f t  SRM 
and a r i g h t  crosswind. Illustrated here are the dramatic ta i loff  transients. 

r 
I 

i 
i 
I 
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3.2.3 Compensation Logic 

Compensation logic for  the baseline actuator system was successful for  the 
mid-boost region of f l i g h t .  This logic is shown i n  Figure 14. After an SKB 
actuator fa i lure  i s  detected, the SRB mixing logic i s  altered as shown. Roll 
commands t o  the SRM's are shifted t o  the same actuators ( i . e . ,  r i g h t  actuator 
on l e f t  motor, r i g h t  actuator on r i g h t  motor, or vice versa) on each motor, 
avoiding the failed actuator. P i t c h  commands are routed t o  opposite actuators 
on each motor ( l e f t  actuator on l e f t  motor, r i g h t  actuator on right motor 
or vice versa). Yaw commands are placed only i n  the SRM w i t h o u t  an actuator 
fa i lure .  
unchanged. 

In a l l  cases the SRB gains are increased. SSME logic was l e f t  

Attempts a t  SRM actuator failure compensation logic during the ta i loff  region 
t o  da t e  have been unsuccessful. As described i n  the previous section worst 
case conditions occur during ta i loff  when the actuator fa i lure  has occurred 
on the SRM w i t h  remaining thrust. Under these circumstances only one SRB 
actuator remains w i t h  control authority and i t s  control orientation i s  such 
that i t  will only aggravate conditions. 
case, a t  the time thrust is  los t  or significantly decreased on the unfailed 
SRM (actuator) t h a t  - a l l  control must be removed from the SRM's, and SSME 
TVC be utilized t o  maintain control through staging. Numerous methods of 
altering nominal f i r s t  stage SSME logic while n u l l i n g  the SRM's were tried.  
None were successful. A t  best yaw could be "traded" for  roll. Control 
from the SSME's i s  not adequate t o  handle the effects of t h -  yaw perturbation 
from thrust mismatch a t  t a i l o f f ,  and excessive sideslip angles prevented staging. 
Data from three sets  of runs i s  included for  reference i n  Appeqdix .43. 
mid-boost data and conditions a t  staging are presented. 

I t  i s  clear t h a t  t o  avoid this  worst 
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4.0 0" - 90" TVC ACTUATOR CONFIGURATION STUDIES 

4.1 Design Conditions - 
Worst case design conditions for this  configuration were also summarized i n  
Figure 1.  The most severe conditions were encountered i n  a crosswind, bo th  
du r ing  mid-boost and i n  the thrust t a i l o f f  region. 

During boost, especi a1 l y  before and d u r i n g  the roll maneuver, a pi  tch actuator 
fa i lure  produced the worst conditions, while a yaw actuator fa i lure  resulted 
i n  v i r t u a l l y  zero deviations from nominal. Specifically, fa i lure  of the 
pitch actuator on what becomes the windward side following the roll maneuver 

I 

was the worst case 
higher QB 

A t  thrust  t a i l o f f ,  
windward side comb 
ing  i t  was the low 

w i t h  h i g h  thrust on the opposite SRM causing slightly 

the worst case was fai lure  of the yaw actuator on the 
ned w i t h  h i g h  thrust on the same side a t  t a i l o f f  (mcan- 
thrust motor a t  Tiftoff and so i t  has propellant remaining 

af te r  the other motor has burned out). 

The design conditions described above were obtained from simulations described 
i n  the r u n  matrix shown i n  Figure 15. Simulations were performed w i t h  fa i lure  
times of 0 and 57 seconds w i t h  bo th  orientations of thrust mismatch and for  
headwind , crosswi nd , t a i  lwi nd, and no w i  nd environments. Results of the 
sirnulaticns are contained i n  Appendix A4 and A5. Appendix A4 contains mid- 
boost d a t a  for the 0" - 90" actuator system and Appendix A5 contains ta i lof f  
data. These results will be discussed i n  more detail i n  the following sections. 

4.2 Discussion of Results 

4.2.1 Mid-Boost Results 

Yaw actuator failures d i d  n o t  cause significant deviations from nominal f l i g h t .  
Failure of the pitch actuator on the l e f t  SRM produced relatively minor effects,  
most notable of which was an increased rol l  lag dur ing  the roll maneuver. 
However, fa i lure  early i n  f l i g h t  of the pitch actuator on the r i g h t  SRM resulted 
i n  significant perturbations. The adverse coupling of roll  and pitch commands 
to  the remaining pitch actuator caused a large rol l  error d u r i n g  the rol l  maneuver. 
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For the headwind case, the consequent trajectory deviation resulted in a maximum 
dynamic pressure 10% higher t h a n  the no fa i lure  case, and OB increased nearly 
100% b u t  remained comfortably below the values obtained w i t h  crosswinds. The 
crosswind cases naturally produced the highest values of Q B  b u t  th is  particular 
fa i lure  caused a QB of 11% higher t h a n  failures of other actuators. The primary 
reason a crosswind was selected as the design case was the h i g h  value of Q B  
i t  produced. 

The effects of thrust unbalance were s l ight  i n  the mid-boost range ( l i f t o f f  t o  
about 110 seconds). Differences i n  the key variables typically ranged from one 
t o  three percent between h i g h  thrust on the SRM w i t h  the f a i l e d  actuator and 
low thrust on i t .  B u t  the direction of change varied from case to case, some- 
times increasing and sometimes decreasing. So bo th  directions of thrust un-  
balance should be checked i f  any significant variable i s  near a l i m i t i n g  value. 

Failure time is  an important consideration. The only times looked a t  i n  th is  
s e t  o f  cases were l i f t o f f  and 57 seconds, b u t  other studies as well as this  one 
demonstrated t h a t ,  failures occurring a f te r  the s t a r t  of the roll  maneuver 
consistently produce smaller deviations i n  a l l  variables (rates,  errors and 
load indicators) t h a n  do failures d u r i n g  the f i r s t  eight seconds of f l igh t .  
Therefore, l i f t o f f  was selected a s  the design case fai lure  time. 

4.2.2 Thrust Tailoff Results 

Pitch actuator failures d i d  not seriously affect  s t a g i n g  conditions for any 
combination o f  fa i lure  time, w i n d ,  or thrust  unbalance studied. T h i s  was 
because l i t t l e  p i t c h  engine deflection was required i n  th is  f l i g h t  region. 

Thrust unbalance produced a yaw torque dur ing  thrust  t a i  loff  lasting several 
seconds. 
resulting yaw-roll disturbance became significant with respect to the staging 
cr i te r ia .  Nominal staging time for  this configuration is 123 seconds, b u t  
under these off-nomi nal circumstances w i  t h  a crosswind, the vehi cl e had 
17 degrees sideslip,  7.5 degrees yaw e r r w ,  and -14 degrees rol l  error ,  as 
shown i n  Figures 16 t h r o u g h  18. As the thrust continued to  decay the vehicle 
recovered from the unbalanced condi t ion  resulting in relatively h i g h  rates 
(as shown i n  Figures 19 and 20) of 4.8 degrees per second in roll and 

If the yaw actuator failed on the SRM w i t h  thrust remaining the 
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2.3 degrees per second i n  yaw. 
5 degrees and the rates were not  damped out  by 140 seconds. 

4.2.3 Compensation Logic Discussion 

However, the sideslip angle never decreased t o  

Mid-boost - To compensate for  a pitch actuator f a i lu re ,  a l l  SRM p i t c h  commands 
were transferred t o  the main engines (scaled u p  by 2.5 t o  account for the d i f -  
ference i n  torque between the SRM's and the SSME's). I n  addition, since the 
roll torque from the remaining SRM was unbalanced i t  .caused a spurious pitch 
torque; a counteracting pitch command was issued t o  the main engines (scaled 
~t 1.25). This logic i s  i l lustrated i n  Figure 21. 

T h i s  compensation produced good results.  
the original 11 percent down t o  3 percent for the design case. The deviation 
was n o t  reduced t o  zero because the SRM's are nominally biased slightly off 
zero pitch deflectioii which modifies the rerul t a n t  thrust direction and 
trajectory . 

I t  decreased the (78 devia t ion  from 

Thrust Tai lof f  - Compensation ?t ta i loff  consisted primarily o f  reducing the 
roll  and yaw at t i tude gains. 
t o  zero and the yaw gain  was reduced t o  0.1. This decreased the at t i tude rates 
t o  small values similar t o  those an att i tude hold would produce. This compensa- 
t i o n  alone created stable staging coaditions, b u t  with a crosswind the sideslip 
angle remained up around 12  degrees. To reduce the sideslip,  the Y accelermetrr 
was turned on ( w i t h  mid-buost g a i n )  a t  124 seconds. This reduced the sideslip 
t o  5 degrees w i t h i n  6 seconds w i t h o u t  introducing excessive rates as shown 
i n  Figures 22 th rough  24. Data from these studies are contained i n  Appendix A6. 

From 123 t o  125 seconds the roll gain was damped 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

I 
- 4  

! 
! 1 

During the early part of the f l i g h t ,  an  actuator fa i lure  interfered with smooth 
performance o f  the ro l l  maneuver. 
i n  this study, fa i lure  of the l e f t  actuator (45" - 135" configuration) or pitch 
actuator (0' - 90" configuration) on the r i g h t  SRM resulted i n  significantly 
higher Q B  than any other fa i lure  cases. T h i s  appears t o  be a function of the 
magnitude and direction of the ro l l  maneuver. 
of positive mirror image failures would be more severe. Satisfactory compensa- 
tion was developed for  both configurations. 

For the positive roll a f te r  l i f t o f f  used 

If the roll were negative instead 

A t  thrust ta i lof f  fo r  the 45" - 135" configuration, fa i lure  of the l e f t  actuator 
on the r i g h t  SRM or the r i g h t  actuator on the l e f t  SRM, w i t h  thrust remaining 
on the same SRM, resulted i n  adverse roll-yaw torques and high body rates a t  
staging. These adverse conditions could not be compensated for ,  although i t  
was possible t o  do a limited amount of tradeoff between roll rates and yaw rates.  
Yaw actuator f a i l u r e s  produced similar resul ts  for  the 0" - 90" cases, except 
that  the effects were n o t  as severe and satisfactory compensation was achieved. 

Because o f  the inabi l i ty  t o  compensate the 45' - 135" configuration and because 
the actuator duty cycle fo r  the 0' - 90" configuration i s  only about 75 percent 
of the 45" - 135" duty cycle (as tabulated in the appendices) , i t  is  recom- 
mended that  the 0" - 90" actuator configuration be retained as a viabie 
a1 ternative. 
t o  determi ne : 

a )  Effects of magnitude o f  roll maneuver, 
b)  Effects of direction of r o l l ,  and 
c) Weight t o  o rb i t  penalty for delaying separation u n t i l  body 

rates are nulled. 

I t  is also recommended tha t  additional comparisons be performed 

The loads indicator QB was excessive for several of the cases studied. 
recommended tha t  load relief studies be in i t ia ted .  
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APPENDIX A1 

45" - 135" TVC BASELINE SYSTEM - UNCOMPENSATED MID-BC)OST DATA 
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APPENDIX A2 

45" - 135" TVL BASELINE SYSTEM - UNCOMPENSATED STAGING CONDIT ION DATA 
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APPENDIX A3 

45' - 135' TVC BASELINE SYSTEM - COMPENSATED MID-BOOST DATA AND 

STAGING CONDITION DATA 
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APPENDIX A4 

Oo - 90" TVC SYSTEM - UNCOMPENSATED MID-BOOST DATA 
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