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FREFACE 

Final r epo r t  of A s y m t r i  ca l  Booster Ascent Guidance and Control Sys tern 

Design Stua ies  performed under Contract NAS9-13568 a r e  contained i n  f i v e  

separa te  volumes i d e n t i f i e d  as  follows: 

Volume I - Summary 

Volume I 1  - SSFS Math Models - Ascent 

Volume I I I  - Space S h u t t l e  Vehicle SRB Actuator Fa i lure  Study 

Volume IV - Sampled Data S t a b i l i t y  Analysis Program (SADSAP) - 
Users Guide 

Votuqe V - Space S h u t t l e  Powered E x p l i c i t  Guidance 



- - 
ABSTRACT - 

Volume 1 i s  a summary of the Asymmetrical Booster Ascent Guidance 

and Control System Design Studies. Coi~tained i n  this volume are 

brief descriptions of volumes 11, 1 1 1 ,  IV and V, and the Space 

Shuttle Stabi 1i ty Analysis. 
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1 .O INTRODUCTION 

This report docu~rients in five - volumes - the principal accomplishments of 

the Asymmetrical Booster Ascent Guidance and Control ~ y s  tern Design 

Studies and i s  the final report for  contract NAS9-13568. 

Volume I i s  a summary report of a1 1 five volumes and i s  intended to 

provide a quick reference to  the ent i re  report. Volume I 1  contains the 

mathematical models developed by the Boeing Aerospace Company for use 

in rigid body and flexible body versions of the NASA JSC Space Shuttle 

Functional Simulator. Volume 111 documents the analyses performed to 

provide data for  use i n  engine actuator and control system design. 
Section 2 of this  Volume I summarizes simulation development and actuator 

fai lure  analysis. 

Space Si~ut.tle s tab i l i ty  analysis i s  presented in Section 3 with equations 

of motion for both pitch and la teral  axes. The computer program used t o  
obtain s tab i l i ty  margins i s  described in detail  in Volume IV, "The 

Sampled Data Stat i  1 i ty Analysis Program Users Guide." 

Section 4 discusses the guidance equation development for the Space 
Shuttle Powered Flight Phases. This work i s  documented i n  detail  i n  

Volume V .  



2.0 Dynamics and Control Analysis 

Under this  contract extensive' simulation development ims acconplished for  

boost to  orbi t  dynami cs and control analysis. Vehicle configuration data 

were periodically updated, new and revised math models were developed, and 

the Space Shuttle Functional Simulator (SSFS) was modified and checked out. 

In addition, a nzw computer program war developed to automatically convert 

aerodynamic data into a form usable by t h z  SSFS. Analyses were performed 

providing data for  use in engine actuator and control system design. 

2.1 Simulation Development 

The Space Shuttle Functional Simulator (SSFS) i s  the principle tool used 

for  dynamics and control analysis. During th i s  contract the SSFS was 

periodically updated to  the l a t e s t  vehicle configuration as data became 

available. Math models were revised and new models were developed. These 

different versions of the SSFS were modified and checked out to  provide: 

(1 j Six degree-of-freedom f i r s t  stage with three degree-of-freedo,n upper 

stages, ( 2 )  six degree-of-freedom simulation f r o m  l i f t -o f f  t o  w b i t  insertion, 

(3 )  flexible body f i r s t  stage simulation. An aero data program was 

developed that will read aerodynamic data from a magnetic tape, mdnipulate 

the data, and provide punched cards suitable for direct input to the SSFS. 

These developments are discussed in more detai 1 in the succeeding paragraphs. 



2.1.1 Configuration Data 
Vehicle configuration data, as received, i s  not in proper form for use in :he 
SSFS. Coordinate sys terns, reference 1 ocati ons, and units , are not stzndardized 
among the technologies; so the Aero, Mass, Propulsion and Geomet;-ir, data must 
be converted prior t u  implementation into the computer program. 

The references itemized here contain the converted data currently implemented 
in the SSFS. 

1 ) Boeing Clemo 5-2581 -HOU-119, dated 711 9/73, tatul ates the f i r s t  stage mated 
vehicle aerodynamic data, including power on base drag and groundwind aero. 

2) Boeing Memo 5-2581-HOU-121, eated 7/23/73. contains a l i s t ing  of the data 
cards prepared from the preceeding memo. 

3) Boeing Memo 5-2581 -HOU-128, dated 10/2/73, conta lx  the configuration IV 
second stage mass properties and aerodynami c characteristics . 

4) Boeing Memo 5-2581-HOU-129, dated 10/2/73, contains mass data for the due 
East launch, and a l l  propu1si:~n and TVC data including engine locations 
and coordinate zys tem description. 

Punched cards were prepared from these data and transmitted to  Lockheed Electronics 
Corporation where they were written onto the master SSFS program tapes. 



2.1.2 Math ' G e l s  

The Boeino developed math models f o r  use i n  SSFS are documented i n  Volume I 1  o f  

t h i s  rep&. During t h i s  con t rac t  per iod the fo l l ow ing  niodels were added. 

1) Accel - Calculates acce lera t ion  f o r  accelerometers located anywhere on 

the vehic le.  

2) Momentum t rans fe r  a t  s taging (added t o  ACTVEH) 

3) BLC (Baseline Control System) was rev ised t o  r e f l e c t  the l a t e s t  conf igura t ion ,  
Added models are: 

a) Ro l l  Command F i l t e r  

b) Accelerometer F i  1  t e r s  

c) Mixing Logic Coef f i c ien ts  f o r  Seven Engines 

d) SRB Actuator Command Model Permi t t ing  Rotat ion o f  the Gimbals so the 

D i rec t i on  o f  actuator  Travel can be A r b i t r a r i l y  s e t  t o  any Angle w i thout  

A f fec t i ng  the Control  System 

e) OMS Engines Command Output 

4)  FLTSEQ  light sequencing) provides consis tent  l og i c ,  i nc lud ing  t ime delays, 

f o r  s taging commands issued by the f l i g h t  software t o  the veh ic le  systems. 

5)  GUIDE - Un i f i ed  L inear  Tangent Guidance 

6) THRCMD - T h r o t t l e  Command - T h r o t t l e  the Orb i te r  engines t o  l i m i t  accelerat ion 

t o  39. 

7 )  "DOG WAGS TAIL" and actuator  l i m i t i n g  were added t o  the f l e x i b l e  body engine 

forces model (de r i va t i on  o f  t h i s  model i s  contained i n  Boeing Memo 5-2581- 

HOU-'124). 

I n  add i t i on  t o  these new models; AERO, CGAINS, MASPRO, MAXMIN, THRUST, and TVC 

were rev ised t o  permi t  f u l l  6 DOF boost t o  o r b i t  s imulat ion.  



2.1.3 SSFS Modifications and Checkout 
2.1.3.1 Rigid Body 
There currently exist  two rigid body versions of the SSFS boost program: 
1)  Si x Czgree-of-freedom f i rse stage .vi t h  three degree-of- Freedom upper stage 
(6D-3D), 2 )  six degree-of-freedom f r ~ m  l i f to f f  to orbi t  insertion (6D-6D). 
When the 6D-6D i s  completely checked out i t  will have a 3D optiun for  the upper 
stages and the 6D-3D version will be retired. The modifications made to  the 
60-3D program were also niven to  Lockheed Electronics Corporation (LEC)  f a r  
use in the 6D-6D program. 

The 6D-3D program was checked out and determined to  be operational on the Exec 8 

computer system. The control gains calculating subroutine (c Gains) and the i, 
1 control system (BLC) were modified to  incorporate updated engine deflection 1 ogic. 
: '  I 

When the G&C data book and the Rockwell control system were received, Boeing was 
J 

directed to modify the program t o  that configuration so studies could be performed, 
These modifications consisted of: Adding acceleratim calculations ; adding 
f i 1 ters  for  roll  command and acceleration signals; providing rol l  -yaw coup1 i ng 

9 
in the control system; providing for  a 45" 125O SRM actuator crientation in r 

I 
the control system and i n  thrust; adding a f i r s t  order lag in the thrust vector 
control system, and  also calculating and outputting the actuator duty cycles: 
changing the staging logic so staging could not occur until thrust  and body 
c r i t e r i a  were met; and modifying the program logic to  print out data a t  the 
actual staging time as well as the nominal time. 

The 6D-6D program was checked a t  various stages of deve?opment. As originally 
received, the staging was rudimentary, w i t h  no provision for switching t o  upper 
stage aerodynamics or control. The program l is t ings were marked t o  indicate 
desired modifications and returned t o  LEC. A t  the next check specific annotations 

./ 'i were made i 1 lustrating program modifications t o  incorporate OMS capabi 1 i ty into 
. , .j * 

I: the simulator. LEC then proceeded to  program for  the complete upper stage f l igh t ,  
including the coast period, external tank jett ison and OMS burn,  and t o  incorporate 
the guidance described i n  Volume V ,  as well as the 6D-3D mods discussed above. 
The l a t e s t  checkout revealed the need for  more flexible f l i gh t  sequencing. 
The logic was developed and the program l i s t ings  were marked in detai l ,  involving - 
significant changes to the control system, mass properties subroutinc, TVC, 

and equations of motion. This f l i gh t  sequencing: 1) permits the f l ight  software 
to  ccmrnand a l l  major events; and 2)  provides for simulation of time delays between 
command and action. 

5 



2.1.3.2 Flexible Body Checkout 
A f lexible  body check run, program - - l i s t i ngs  a ~ d  program deck were received from 
LEC. The l i s t i ngs  were examined and marked fo r  :cmection as described i n  

Boeing Memo 5-2581 -HOU-122, The affected subroutir~es were ACTVEH, THRUST, TVC, 

AERO and BEYD. As each subroutine was completed i t  was reexamined for  correct- 
ness. Then working together with the LFC programmer, dynamic checkout runs 
were performed. During t h i s  checkout sgeci a1 printout was provided which wi 11 
remain as a permanent feature tt be output a t  the user ' s  option. The pr in t  
provides a diagnostic tool f o r  simulation s t a u i l i t y  tes t ing as well as providing 
hatld calculating capabil i ty.  

The ;imulation runs were conpared with hand calculations and the remaining 

errors  were detected and corrected. Several computation c y l e  times were tested 
t o  assure tha t  the high speed loops used fo r  the engines and bending would 
automatically adjust  themselves to  complete t he i r  calculations a t  the correct  
time. 

Rockwell bending data was implemented i n  the program a f t e r  appropriate coordinate 
system transformations were- performed. The vehicle proved to  be unstable and 
add'tional simulation tes t ing awaits design and implementation o f  control 
f i  1 t e r s  (and revised bending data) .  

Boeing Memo 5-2581-HOU-127 describes the r a t e  1 ,x i t ing procedure used in  the 
thrust  vector control system of the f l ex ib le  body simulation. I t  was designed 
t o  prevent integrator i n s t ab i l i t y  and is incorporated i n  the model i n  Volume I I .  

2.1.4 Aero Data Program 

The Aero Coeffi c ient  Generator (ACG) program has besn developed t o  a1 1 ow conversion 
of Space Shutt le aerodynamic data, available on magnetic tape, t o  1 inearized 
point-slope form. The program produces punched cards of the data, formatted i n  
data statements fo r  tjirect input i n t o  the NASA-JSC Space Shutt le Functional 
Simulator (SSFS) computer program. The program is documented in  6oeing memo 
5-2581 -HOU-156 dated June 28, 1974. 



2.2 -+nalysis 

Studies were conducted invest igat ing the perforaance o f  the Configuration I V  

Space Shutt le vehicle w i th  one s o l i d  rocket motor TVC actuator f a i l u re .  Primary 

study objectives were t o  determine design cases (worst conditions) f o r  the base- 

l i n e  TVC actuator configurat ion (4S0 - 135O or ienta t ion)  and the o0 - 90' TVC 

( p i  tch-yaw) configuration. These studies are docu~~ented i n  Volume 11 I. 

Simulations vJere performed, ind iv idua l l y  f a i l  in, each o f  the fou r  sol  i d  rocket 

booster (SRB) actuators. Several f a i l u r e  times were tested, from l i f t o f f  t o  

the regior, o f  maximum dynamic pressure (Qmx). Thrust unb3lance betkeen the 

two SRM's was simulated and the e f f e c t  o f  headwinds, ta i lwinds and crosswinds 

was investigated. Staging c r i t e r i a  were implemented Sn the simulation. Nominal 

staging f o r  t h i s  configuratf on occurs a t  123 seconds from 1 i f t o f f .  A l l  simula- 

t i o n  runs t ha t  f a i l e d  t o  meet the staging c r i t e r i a  were terminated a t  !40 seconds. 

I t  was detsrmined tha t  the worst case design conditions f o r  t h i s  vehicle 

configurat ion are tk ;e sumnarized i n  Figure 1 . For those mid-boost conditions 

( l i f t o f f  t o  beyond Max Q) the loads indicator ,  dynamic pressure times s ides l ip  

angle (Q6) was s i g n i f i c a ~ t l y  higher than f o r  other simulat ion cases. Sat isfactory 

compensation was achieved f o r  the mid-boos t cases. 

. A t  th rust  t a i l o f f  the t h r u r t  unbalance between the SRM's caused a yaw transient  

thdt  s ign i f i can t l y  delayed the staging t h e .  For the 45O - 135' TVC actuator 

configuration, adverse re1 1 -yaw torque from the remaining thrust ing ac t t~a to r  

precluded successful cmpcmation; but  f o r  the 00 - 90' TVC configurat ion, 

compensc t i o n  permitted some reduction o f  the delay i n  staging. 

It i s  recornended t ha t  the 00 - 900 TVC actuator conf igurat ion Se retained as 
a v iable a1 ternat ive t o  the base1 ine  45O - 135O TVC conf igurat ion and t ha t  

addit ional studies be performed on staging compensation. I t  i s  a lso recom- 

mended tha t  1 oad re1 i e f  studies be i n i t i a t e d  t o  develop techniques f o r  decreasing 

the effect o f  actuator fa i l u res  and winds on vehicle loads during boost. 
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2.3 SIMULATION CALI BRAT1 ON 

Using configuration and trajectory data obtained from Rockwel l International, 
comparison trajectories were run in an attempt to  verify JSC simulator 
results with those of Rockwcll International. Results indicate that  
the trajectory obtained was i n  f a i r ly  good agreement w i t h  Rockwet 1 International , 
however larger actuator def 'mtions were noted and a larger Q-B was observed 

w i t h  tne JSC simulator. I t  is suggested that  the control system and control 
gains of the JSC simulator be checked for  compatibility w i t h  the Rockwell 

Intercati onal system. Results of th i s  study are reported i n  Boei ng Memorundum 
5-2581 -HOU-155, dated June 28, 1974. 



STABILITY ANALYSIS 
- - 

3.1 SUMMARY 

The Space Shuttle Stabi 1 i ty Analysis task included development and check- 
out of a sampled data s tab i l i ty  analysis program for  use i n  the analysis. 
This program i s  described i n  Section 3.2 w i t h  detai ls  in Volume I V  of th is  
report. Equations of motion were derived for  use in the computer program 
and they are described in Sections 3.3 and 3.4. 

Rigid body s t ab i l i t y  (one slosh mode included) analysis was performed for  

both pitch and la teral  axes w i t h  results presented i n  Section 3.5. Effect 
of bending and slosh to  bending - bending t o  'slosh coupling on vehicle 
s tab i l i ty  were invest 

Actuator equations t o  
were derived. Stabi 1 
transfer functions of 
i n  Section 3.7. 

Space Shuttle vehicle 

gated and reported i n  Section 3.6. 

represent +"Dog Wags Tail (Dm)" effect  on the vehicle 
ty margins w i t h  DWT terms i n  the equations were obtained; a 
the DWT terms and DWT s t ab i l i t y  margins are reported 

is r igid body stable a t  a l l  time points. Addition of 
bending terms produces instabi 1 i ty , coup1 ing terms provide $1 ight s tabi l  f ty 
improvement and PWT provides more s t ab i l i t y  re l ie f .  Addition of the selected 
f i  1 ters  s tabi l izes  bending but i s  destabilizing t c  slosh; however, optimization 
of f i  1 te rs  was not attempted during this  analysis. 



3.2 SAMPLED DATA STABILITY ANALYSIS PROGRAM 
The -- Slbmled - Data - Stab i l i t y  - Analysis - Program (SADSAP), formerly known as 

The Boeing-Huntsville ~ r o ~ r a m - 0 ~ ~ - 3 6 9 ,  was converted t o  the SBU 1110 EXECT 8 

syster ,. This program i s  a general purpose sampled data s tabi  1 i ty  analysis  

yro7 - '  n: capable of providing frequency response and root  locus data.  The 

.:on. . nuous system open loop and closed loop poles a1 ong w i t h  open loop zeros 

are 3lso provided. 

SAD'5tP computes R domain open loop frequency response and Z domain gain and 

phase root  locus of a sampled data closed loop control system. The control 

systr: m def ini t ion includes the S-domain charac te r i s t i c  matrix, sampling 

d e ~  i 2 location, sample period, optional zero order hold c i r c u i t ,  and optional 

t ran~ipor t  lag. Output features of the program are  Nichols p lo t s ,  d ig i t a l  

p r i ~ r ;  of the frequency response and root locus analysis ,  and d ig i t a l  p r i n t  

of tt e par t i a l  f rac t ion expansion of the open loop t ransfer  function i n  the 

i! domain and R domain. 

A deta i led  description of the SADSAP computer program is provided i n  Volume IV 

0': t .his report.  Input requirements a r e  specif ied i n  Section 2.0, a discus- 

s , o n  of technical meth ds in  Section 3.0, flow charts  in Section 4.0, a 
simple prcblem i n  Section 5.0, and a complete program l i s t i n g  in  Section 6.0. 



3.3 SPACE SHUTTLE PITCH AXES EQUATION OF MOTION 

3.3.1 Introduction - - 

Equations of motion suitable for  inclusion i n  the - SAmpled - Data - Stabi l i ty  

Analysis Program (SADSAP) were developed and are presented i n  Section 3.3.2 - - 
with a defini ,ion of syrbols. This s e t  of equations was developed specifically 

to  determine the s tab i l i ty  margin fo r  the pitch plane vehicle and control 

systems, and to evaluate the effects of "Dog Wags Tail" and bending on 

s tabi l  i ty . These are trajectory referenced perturbation equations, simp1 i f  ied 

ay having those i tems removed that are negligible and by using small angle 

approximation. Sign cc~wentions are  the same as those discussed in the 

fol 1 owing reference: 

Rockwell ' s  Kernorandurn SD 73-SH-0097A, "Space Shuttle 

Guidance and Control Data Book," dated July 13, 1973. 

S y ~ o ' l s  are defined i n  Section 3.3.3. A matrix representation of the 

equations i s  shown i n  Section 3.3.4. The matrix may be expanded and other 

terms added as required by design iteration. The matrix representation 

was used in the s tab i l i ty  analysis cf Section 3.5.1. 



3 . 3 . 2  Equations o f  Hotion - P i t c h  ( X Z  Plane) 
-. 

R i g i d  Rotat ion 

R i g i d  Trans1 a t i  on .. .. F-D Z z Y + l  e+, 
? 

Angular Re1 a t ionsh ip  

Bending (N Equations) . . 
5 ' 5 .. 2 

( ~ ' + 2 ~ ~ ~ ~ ~ ~ ~ ~ " ~ ~ 2 ) t ~ 1 ~ ~ ~  = j:l ' E ~ ' B E ~  @~@i  * ' (SEizBEi K ' k i  "BE: K) ' ~ 8 1  urns jzBj Ks 2 
i=l 

Slosh Equations (2) - .. 
2 e* N 

Sj ]zSj = -Z+I .8 + - 2 F-D 
s J m - k=1 ' ['BsjKs (7) "BsjK] 'K 



3 . 3 . 2  Equations o f  Mction - P i t c h  (XZ Plane) (Continued) 

Sensed A t t i t u d e  
N 

Sensed At t i tude  Rate 

Sensed Acceleration 
9 

Control Equation 

' f  

i l Actuator Equations (5) 



3 . 3 . 3  Definition 01' Symbols - Pitch (XZ Plane) 

Symbol Units Description 

8 rad Attitude er ror  angle of undeformed 
vehicle i n  the XZ plane 

Acceleration of r i g i d  vehicle a t  
accelerometer 1 ocation 

Bending di  spl acement of Kth  mode 

. Sloshing f luid displac~ment i n  the 
Jth tank 

'coi rad Pitch comnanded engine angle f o r  
the i t h  engine 

m/sec 2 Acce;zration i n  the Z direction of the CG 

a rad Pitch angle of attack 

oi - rad Engine angle of the i t h  engine 

9 rad Attitude er ror  angle a t  iner t ia l  
platform 

% radlsec Angular velocity a t  ra te  gyro location 
2 .YT m/sec . Lateral a ~ c e l c r ~ t i o n  a t  accelerometer 

1 ocati on 

Calculated Data 

1 /sec 2 
C1 

c~ 1/sec2 



3 . 3 . 3  Def in i t ion  of Synibols - P i t c h  (XZ Plane) (Continued) 

Symbo 1 Units 
. . Description 

F-D - 
m 

Newton meters 

's j's j * kg-m 

Newtons 

m/sec 2 

Distance from cg t o  Slosh a t t a d  
point (X  -X .) 

cg SJ 

Distance from cg t o  accelerometer 

'XCfXy 

Distance from ith engine Cg t o  Gimbal 

('ET g X ~ c g i  ) 

Moment arm o f  the actuators 



3 . 3 . 3  Def in i t i on  o f  Symbols - P i t ch  (XZ plane) (Continued) 

Vehicle D a t a  

Symk 1 Units Descript ion 

m 
2 kg-m 

m/sec 

Newtons 

kg-m 

kg-m 2 

kg 

Newton 

New ton 

kg 

- 

Der ivat ive o f  moment about Y axes w i t h  
respect t o  a 6 a 

Der ivat ive o f  p i t c h  l i f t  coe f f i c i en t  w i th  
respect t o  a 4 

.- 
i 

Derivat ive o f  p i t c h  drag coe f f i c i en t  w i t h  l j  
respect. t o  a 

Dynamic pressure b ,  
Wing surface area 

Length o f  mean aerodynamic chord 

Moment o f  i n e r t i a  about the Y axis 

Fotward ve loc i t y  

Thrust o f  the i t h  engine 

i t h  engine f i r s t  moment about gimbal 

i t h  engine 2nd moment about gimbal 

Slosh mass j t h  t.ank 

Total  t h r u s t  (a1 1 engines) 

Longi tud i  rial drag force 

Vehicle mss 

Damping f a c t o r  k t h  bending mode 

Laplace t r ans fe r  var iab le  

Bending mode natural  frequency 
k t h  bending mode 
Generalized mass kth  bending mode 

k t h  bending mode shape a t  gimbal o f  
i t h  engine 



3 . 3 . 3  Definition of Symbols - Pitch (XZ Plane) (Continued) 

Synibo 1 llni t s  lles cri  p t i  on 

Z ' ~ ~ i  K rad/m k t h  bending mode slope a t  gimbal of 
i t h  engine 

k t h  bending mode shape a t  aelvdynamic 
reference point 

Ss j Slosh damping factor  j t h  tank 

WsJ: rad/s c c Slosh natural frequency, j t h  tank 
- ,  

'BS j k 
- k t h  bending mode shape a t  j t h  tank 

" ~ s j  k rad/sec k t h  bending mode slope a t  j t h  tank 

' BPK rad/sec kth bending mode slope a t  p;&tform 
location 

BRGK rad/sec k t h  bending mode slope a t  rate gyro location 1 
- . k t h  bending mode shape a t  accelerometer f 

Z ~ y ~  i locations I 
'oe 

- 
\ 

'1 0 sec . 

2 
920 rad-see /m 

Pitch at t i tude control gain - 

Pitch at t i tude rate  control gain 

Pitch acceleratiol, control gafn 

Attitude ' f i l t e r  t ransfer  function 

Attitude rate  f i l t e r  transfer function 

Acceleration f i l t e r  transfer function 

Pl atfonn transfer function 

  ate gyro transfer function 

Accelerometer transfer function ' 
. *  , 

Engine actuator transfer 'iuncti rn 
Ratio o f  6Qi t o  external force on encine 

. .  . . . .  
Engine actuator t rans f  cr fvncti  on 

Center of gravity along the X,Z axis 



3 . 3 . 3  Defini t i  on of Symbols - Pitch (XZ Plane) (Continued) 

Symbol Units . - Descripti on 

Slosh mass location along the X,Z axes 

Aerodynami c reference poi n t  a1 onj the 
X,Z axes 

Accelerometer location a1 ong the X,Z axes 

Engine gimbal location &long the X,Z axes 

Rate gyro natural frequency 

Accelerometer natural frequency 

Platform natural frequency 

Rate gyro damping factor 

Accelerometer damping fac tor  

Pl atform damping factor  



3 . 3 . 4  Mat r i x  Representation - P i t ~ h  ( X Z  Plane) 

- Nss i  a 'ei - - - N f s i  dERi = o 
% s i  coi D~~~ 

A N.11 gt"'N y - 6  = O  (A~NeRpG + 1 o RG 4 + 2 Y A 
T cei 

DeDp D 6 D ~ ~  DyDA 



3.4 SPACE SHUTTLE LATERAL AXES EQUATION OF MOTION 
- - 

3.4.1 Introduct i~n - 
Lateral axes equations of motion are presented i n  Section 3.4.2 w i t h  a 

definition of symbols. The defined equations .lf motion are suitable for  
inclusion in the - SAmp led - Data - Stabi l i  ty - Analysis - Program (SADSAP). This 
s e t  of equations was daveloped specifical ly to  determine the stabi 1 i ty 

margins for the lateral  axes vehicle and control systems. Trajectory 
referenced perturbation equations are simp1 i f ied by the removal of negl i g i  ble 

effect  terms and the pitch axes cross coupling terms. Further simplification 
is made by limiting .,e perturbations to  small angles which i s  acceptable 
for  ~ o i n t  time s tab i l i ty  analysis. Sign conventions are the same as those 
discussed i n  the following reference. 

"ockwel 1 Memorandum SD73-SH0097AS "Space Shuttle 
Guidance and Control Data Book," dated July 13, 1973. 

Symbols are defined in- section 5.4.3. The eggations are r e w i  t ten i n  a farm 
szitable for  i n c l u s i ~ n  i n  matrix format i n  Section 3.4.4. 

Expansion of t;;e equations t o  include the terms neglected needs t o  be investigat- 

ed; especially such terms as "Dog Wags Tail" and aerodynamic dayping. Bending 
equations may require expansion t o  account for  tne slosh and engine representation 
in the structural dynamic analysis. 



3.4.2 Equations of Motion - (Lateral Axes) 
- - 

Yaw Rotati on 

Yaw Translation 

Lateral Accclerati on 



3.4.2 E q u z t i ~ n s  o f  Motion - I La te ra l  Axes ) (Continued) 

Rol l  Rotat i  9n 

Yaw Slosh Equations (3=1,21 

Yaw Bending Equations (k=1,2, . . . N l  



3.4.2 Equations o f  Motion - (Lateral Axes) (Continued) 

- - 
Torsion Esuaticns (k=1,2.3, . . .N) 

Sensed At t i tude 

Sensed At t i tude Rate 

N + = yS + I YBRGk f i $ '  
k=l 

Sensed kcel era ti on 

Control Equations 

D 



I 3.4.2 Equations o f  Motion - (Lateral  Axes) {Continued j 

k. a,, = -2r-w a 
t ss $ 

Rudder Equations 

dr 6q 



3.4.3 Definition of  Symbols - (Lateral Axes) 

Symbol Units - - Description - 
Variables 

4 s$ 

.. 
y 

"K 

;Irk 

'sj 

64 

$ci 

'$ci .. 
Y 

B 

'+i ,'$i 

%r 

6r 

IT, *T 

iT, + 
.. 
Y~ 

rad 

mlsec2 

rad 

rad 

rad 

rad 

m 

r ad 

m 

rad 

rad 

rad 

rad 

m/sec* 

;.ad 

radlsec . 

mlsec 

Atti tude error angle of undef o m d  
vehicle in the yaw and roll axes 

Acceleration of rigid vehicle a t  
accelerometer location 

Bendi ng d i  s p l  acemen t of kth mode 

Tcrrsional displacement of the kth mode 

Sloshing fluid displacement i n  the 
jth im!: 

Roll engine comnand signal 
- 

Roll comnanded engine angle for the 
i t h  engine 

Yaw ?t :g iq~  command signal 

.Yaw commanded engine angle for the i t h  engin9 

Acceleration of the cg in the Y direction 

Side slip angle - 
Fbll, yaw engine angle of the i t h  engine 

Ccmnnanded rudder deflecti on angle 

Rudder deflection angle 

b l l  , yaw 'attitude error. angle a t  inerti a1 
pl  atform 

Roll , yaw angular velocity a t  rate gyro 
location b 

Lateral acceleration a t  accelemneter 
1 ocati on 



A * 
i 

t 

3 .4 .3  Definition of Symbols - (Lateral Axes) (Continued) 
f 

S y ~ b  o 1 Units Descript.ir?r, i .. 
110 

Vehi cle Data (Envi ronment and Xonfi yuration) .. 5 

Dynamic pressure 

King  surface area I 
Wing span i/ 

'Z 

Vehi ci e Data (Mass and Trajectory) 

m kg 

F Newtons 

Vehicle Data (Engine) 

F ~ i  Newtons 

' ~ i  kg-m 

kg-m 2 

d ~ ~ i s  d ~ ~ i  m 
Vehicle Data (Slosh) 

- 
Aerodynamic reference point almg the 
X ,  Z axes i 

d 

Longi t u d i  nal drag force i 

Moment of inertia about the X ,  Z axes 
t- ! 
J 

Forward veloci ty 
I 

Vehicle mass 

Total thrust (a1 1 engines) 

Thrust of the i t h  engine 
. - 

i t n  engine f i r s t  moment about gimbal 

i th' engine 2nd mo:nent- about gimbal 

i th engine gimbal location along the X ,  
Y ,  Z axes 
Distance from cg to  i t h  engine a1 ong X ,Z axes. 

=sj 
.. Slosh darnpt ng factor, j t h  tank 

Os j rad/sec Slosh natural frequency, j t h  tank 

m 
s S kg Slosh mass, jth tank 

X s a j ~ s ~ l , z s a j  m Slosh mass location along tne X, Y ,  t 
axes 



---. 

3 . 4 . 3  Definition of Symbols - (Lateral Axes) (Continued) 

Symbol ' Units Description 

Vehicle Data (Bending) - - 

rad/sec 

2 k-m 

- 
Damping fac tor  kth bending mode 

Bending mode natural frequency k t h  bending 
mode 

General i zed mass k t h  bendi ng mode 

kth bending mode shape e t  gimbal of ith 
engine 

kth bending mode slope &t gimbal of i th 
engine . 

kth bending mode shape a t  aerodynamic 
reference poi n t  

kth bending mode shape a t  j t h  tank 

k t h  bending mode slope a t  j t h  tank 

kth bending mode slope a t  platform 
l ocati on 

kth bending mode slop? a t  ra te  gyro location 

kth bending mode shape-at accelerometer 
location 

Damping factor kth torsional mode 

kth torsional mode natural frequency 

Generalized moment of i ner t i  a ,  kth torsional 
mode 

Kth torsional mode shape a t  gimbal of i t h  
engine 

Kth torsional mode shape a t  j t h  slosh attach 
poi n t 

K t h  torsional mode shape a t  aerodynami c 
reference point 

Kth torsional mode shape a t  platform 

Kth torsional mode shape a t  .rate gyro 



3.4.3 Defi~~i  tion of Symbols - (Lateral Axes) (Continued) 

Synlbol Units Ik- ription I 
3 - 
4 

Vehicle Data (Sensor, Control System & TVC) 3 

- - I 
Roll and yaw at t i tude control gains - 

Ao$ 

sec 
CI 

Rall 2nd yaw at t i tude ra te  control gains 

g2492$ rad-secc/m Roll and yaw acceleration control gains f 

Roll and yaw a t t i tude  f i l t e r  transfer functions - 
& 

ci 
Roll and yaw at t i tude ra te  f i l t e r  t ransfer  
functions 

Acceleration f i l t e r  transfer function r 

Platform transfer  furxtion 

uate gyro transfer function 

F~ 
- Accelerometer t ransfer  function 

Engine actuator transfer function 

- Rudder actuator transfer function 1 WRR I 
XcgYcgzcg m Center of .gravity along the X,Y ,Z axes 

X Y  Z m Accelerometer location along the X,Y ,i axes 
Y Y Y  

ORG 
radisec Rate gyro natural frequency 

0- rad/sec Accelerometer natural frequency 
Y  

"'? rad/sec Platfonn natural frequency 

';RG 
- Rate gyro damping fac tor  

';; - Accelerometer damping factor  

=P 
- PI a t  "om damping fac tor  

Lap1 ace transform variable 



3.4.3 Def i n i  ti on o f  Symbols - (Lateral Axes) (Continued) 

$ 
$ ymbol Units Description A - *; 

25 - - 
Vehicle Data (Aerodynamics) 

' ~ 3  
1 /rad 

c n ~  
l / rad  

. . 

Cnr 1 /rad 

'nar 1 /rad 

1 /rad E e  

'YP 
1 /rad 

c ~ r  
l l r a d  

5 6  r l / rad  . 

b  I /rad 

' 3  P 
1 r'rad 

'1 r 1 /rad 

'I tir l / rad  

Moment coef f ic ient  about 2 axes 
respect t o  $ 

Moment coef f ic ient  about Z axes 
respect t o  6 
Moment coef f ic ient  about Z axes 
respect t o  9 

Moment coeff ic ient about Z axes 
respect t o  s r  

Aerodynamic force coef f i c i  ent a  
Y axes w i th  respect t o  B 

with 

w i th  

wi th  

w i th  k 

> 

1 ong 

Aerodynamic force coef f i c i  ent a1 ong 
Y axes w i th  respect t o  4 
Aerodynami c  force coef f ic ient  a1 ong 
Y axes w i th  respect t o  $, 
Aerodynamic force coef f ic ient  along 
Y axes w i th  respect t o  ar 

Moment coef f i c ien t  about X axes w i th  
respect to B . - 

Moment coef f ic ier i t  about X axes w i th  
respect t o  5 
Moment coef f i c ien t  about X axes wi th  
respect t o  @ 

h n t  coef f ic ient  about X Exes w i th  
respect tn sr 



---- , /&: 

3 . 4 . 3  Def ini ti on o f  Symbols - (Lateral Axes) (Continued) 

Syrnbo 1 Units  Descr ipt ion 

Vehicle Data (Cal cul ated constants) 



3 . 4 . 3  D e f i n i t i o n  o f  Symbols - (Laterai  Axes) (Continued) 

Symbol Uni ts  Descr ipt ion 

Vehicle Data (Calculated Constants) 
n 

F - D  - 
m 

Newtons 

kg-m 



3 . 4 . 3  D e f i n i t i o n  o f  Symbols - (Latera l  Axes) (Continued) 

Symbo 1 Units  Descr ipt ion ! 
3 

Vehicle Data (Calculated Constants) 
" 

Distance from cg t o  slosh at tach p o i n t  
(Xcg,  - XSaj) along the X axes 

'zs j m Distance from cg t o  slosh at tach po int  - Z .) along the  Z axes (*ce s a  

Distance f v m  cq t o  accelerometer 

Distance from cg t o  accelerometer 
( 2  - z 1 r 



3 .4 .4  Matrix Representation - (Laterdl Axes) 

Rewriting the sets of equations - for - use i n  a matrix, we have: 

5 2 
5 

+ - 1 z (FEi + SeiS Z)a 6 - 
('7ar + Cg6V')6r + i fpCFEi  + SEiS I d y ~ i 6 + i  i = l  . - Z E i  ~ l i  





. __.-- -L 

3.4 .4  M a t r i x  Representation - (Lateral Axes) (Continued) 



3.5 R I G I D  BODY STABILITY ANALYSIS 

Frequency response data was ~ b t a i n e d  f o r  each axes o f  the Space Shut t le  

Vehicle. This i s  a r i g i d  body vehic le w i th  one slosh mode. S t a b i l i t y  

margins are obtained by Nyquist analysis w i t h  the sompler a t  the 

conmanded engine angle location. A l l  vehic le data was taken from the 

fo l lowing reference: 

Rockwell Memorandum DS 73-SH-0097A, "Space Shutt le 

Guidance and Control Data Book" dated Ju ly  13, 1923. 

3.5.1 P i t ch  Axes 

P i t ch  axis frequency response data i n  Nichols p l o t  format i s  shown i n  

r igures 2 through 9. The minimum jain margin i s  13.3db a t  SRM shutdown 

and the minimum phase margin i s  42.0 degrees a t  SRM shutdown (Figure 4). 

3.5.2 Yaw Axis 

S t a b i l i t y  margins are obtained w i t h  a closed loop r o l l  systeni and the 

yaw system sampler a t  the comanded engine angle locat ion.  Yaw axis 

frequency response data i n  Nichols p l o t  format i s  shwon i~ Figures 10 

through 17. The minimum gain margin i s  0.55 db a t  max Q and minimum 

phase margin i s  7.01 degrees a t  max Q ( f i gu re  12). 

3.5.3 Rol l  Axis - - 
S t a b i l i t y  margins are obtained w i th  a closed loop yaw system and the r o l l  

system sampler a t  the comnanded engine angle locat ion.  Rol l  ax is  frequency 

response data i n  Nichols p l o t  format i s  shown i n  Figures 18 through 25. 

Minimum gain margin i s  15.5 db a t  70 seconds and minimum phase margin 

i s  63 degrees a t  70 seconds (Figure 21). 



PHASE (DEG) 

FIGURE 2. PITCH AXES NICHOLS PLOT AT XNITICN 



i - -  . -  

I.. I - 

I . .  
.. . . . - - 1 

I 

FIGURE 3. PITCH AXES NICHOLS PLOT AT 60 SECONDS 



FIGURE 4. PITCH AXES NICHOLS PLOT AT MAX Q 



PHASE (DEG) 

FIGURE 5. PITCH AXES tlICHOLS PLOT AT 70 SECONDS 



FIGURE 6. 

PHASE (DEG) 

PITCH AXES NICHOLS PLOT AT 95 SECONDS 



FIGURE 7,  PITCH AXES NICHOLS PLOT AT 11 5 SECONDS 



FIGURE 8. PITCH AYES NICHOLS PLOT AT 120 SECONDS 

44 



FIGURE 9. PITCH AXES NICHOLS PLOT AT SRM BURtlOUT 



PHASE (DEG) 

FIGURE 10. YAW AXES NICHOLS PLOT AT IGNITION 



PHASE (DEG) 

FIGURE 11. YAW AXES NICHOLS PLOT AT 60 SECONDS 



FIGURE 12. YAW AXES NICHOLS PLOT AT MAX Q 





FIGURE 14. YAW AXES NICHOLS PLOT AT 95 SECONDS 
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FIGURE 15. YAd AXES NICHOLS PLOT AT 115 SECONDS 



FIGURE 16. YAW AXES IiICHOLS PLOT AT 120 SECOIIDS 



Comnanded angle 

I 

PHASE (DEG) 

FIGURE 17. YAW AXES NICHOLS PLOT AT SRM GURNOUT 



PHASE (DEG) 

FIGURE 18. ROLL AXES NICHOLS PLOT AT IGIJITION 



PHASE (DEG) 

FIGURE 19. ROLL AXES NICHOLS PLOT AT 60 SECONDS 

5 5 



PHASE (DEG) 

FIGURE 2 0 .  ROLL AXES NICHOLS PLOT AT MAX Q 



FIGURE 21. ROLL AXES NICHOLS PLOT AT 70 SECONDS 



PHASE (DEG) 

FIGURE 22. ROLL AXES NICHOLS PLOT AT 95 SECONDS 



PHASE (DEG) 

FIGURE 23, ROLL AXES NICHOLS PLOT AT 115 SECONDS 
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PHASE (DFG) 

FIGURE 24, ROLL AXES NICHOLS PLOT AT 120 SECONDS 



PHASE (DEG) 

FIGURE 25. ROLL AXES NICHOLS PLOT AT SRM BURIIOUT 
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3.6 i iENDING STABILITY 

Pitch axes s tab i l i ty  margins with rigid body and one slosh mcds were 
determined (see Section 3.5,1). The irax Q time point was selected t o  
perform an evaluation of the effect  of belldins on vehicle s t ab i l i t y .  
Bendsng data was obtained and is l is ted i n  Table I. - 
Prel imi nary f i 1 ters  were selected and described in Ttbl e,  I I. Optimi z- 
ation of the f i l t e r s  was not attempted, '[he f i l t e r s  were taken fron, the 1 
following reference: 

NASA Memorandum EV3-74-25, "Minutes of the Eighth 
Flight Control Panel Meetjag; Part I - Ascent, 
February 28, 1974," dated March 12, 1974. 

are unstable by 31.1 and 23.6 db, respectfvely. Bending modes 2,  3, ail1 1 

Bending data was prepared and included in the max Q data decks. A dichols 
plot of the max Q time p o i n t  i s  shown i n  Figure 26. Bending modes 7 2nd 9 

10 are stable b u t  only because they are well phased. Additiol-, of the 
f i l t e r s  improved modes to 11.5 db unstable, stabilized mode 9 to  16.6 db 
stable, and destabilized the ;josh mode to 3.8 db unstable as shown in 
Figure 27. 

Addition of slosh t o  bending and bending t o  slosh coupling produce the 
effects shown i n  Figures 28 and 29. The slosh is slightlyworse,  3.8 

to  4.2 db unstable, as seen i n  Figures 27 and 29; other chanses are 
slight.  



. . . . . .  
I l l  h l  

I  

knG 
c o o  





Figure 26 - Pftch Axes Nichols Plot a t  Max Q-6 3ending Modes 
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Figure 27 - Pitch Axes Nichols P l o t  a t  Max Q-6 Bznding Elodes - Filters 



PHASE (Deg) 

Figure 28 - Pitch Axes Nichols P l o t  a t  Max Q-6 Bending Modes - Slosh t o  Bendirlg 
and Bending t o  flash 



PHASE ( k g )  

Figure 29 - Pitch Axes Nichols Plot a t  Max Q-6 Bending Modes - Slosh t o  Bending 
and Bendins t o  Slosh - Filters 



3.7 DOG WAGS TAIL - - - 
3.7.i Derivation of Actuator Equations 

Shuttle actuator equations are presented in the following reference: 

MSFC memorandum S&E-ASTP-SD-11-73, "SSME TVC Frequency 
Response" dated February 15, I973 

Figure 30 shows the block diagram and definition of terms. A transfer 
function from engine comnand ( B ~ )  to engine gimbal angle (B,) i s  given in 
the References. The transfer function from external force (F) to engine 

gimbal angle ( B ~ )  w r s  derived and is  given 5elow. 

and 'e in radians/Newton is 
F 

'e = Wfs of Section 3.3. - 
F 

A frequency response plot o f  WfS i s  shown i n  Figure 31. 







3.7.2 Dog Wags Tai 1 Effect on Vehicle Stabi l i ty  

Dog wag t a i l  terms as discussed i n  Section 3.7.1 and 3.3.2 were added 
to the Data Matrices used i n  Section 3.6. Comparison of Figure 52 
with Figure 28 shows the effect  produced when Dog Wags Tail terms are 
added to the uncompensated system. The 9th mode s tab i l i ty  i s  upward 
from 23.6 to  2.8 DB unstable. F i rs t  mode s tab i l i ty  i s  upward from 31.4 
to  23.0 DB unstable b u t  i s  phase stab12 by 47.5 degrees. Ciosed loop 
freqL:encies of the bending modes are increased. 

A compar5son of Figure 33 wi t h  Figure 29 shows the effect  produced 
when Dog Wags Tail terms are added to the cornpensat-ed system. F i rs t  
mode and higher frequency modes are stabilized while lower frequencies 
are unaffected. 



PHASE (Deg) 

Figure 32 - Pitch Axes Nichols P lo t  a t  Max 4-6 Bending Modes - Slosh to  Bending 
and Bending to  Slosh - DWf 

7 3. 



PHASE (Deg) 

Figure 33 ... Pitch Axes Nichols Plot a t  Max 4-6 Bending Modes - Slosh to Bending 
and Bending to Sl  os h - DWT - F i  1 ters 



4.0 GUIDANCE ANALYSIS 

The original powered f? ight giidance software proposed-for Shuttle consisted 

of several specialized routines to  handle the various phases of f l igh t  (as 
Saturn V/Apol lo).  The Boeing developed Linear Tangent Guidance (LTG) 
equations were basel ined for  Shuttle nominal ascent. Investigation revealed 
that  Apollo-type guidance was inadequate to  handle some phases of Shuttle 
f l igh t  ( i  .e . ,  low thrust deorbit). I t  was l a t e r  discovered by the Mission 
Planning and An6lysis Division (MPAD) of JSC that  the basic LTG algorithm 
was accurate and flexible enough to  handle some of these d i f f icu l t  phases. 
MPAD then developed the concept o f  extending the basic ascent LTG equations 
t o  hand;e a l l  phases of Shuttle powered f l ight ,  including Abort Once Around 
(AOA) and Return to Launch Site (RTLS) abort. Brand, Brown, and Higgins 
of the Massachusetts Inst i tute  of Technology (MIT) l a t e r  developed concepts 
that  made i t  feasible to  extend the ascent LTG to  handle various phases of 
Shuttle f l igh t .  

The basic Boeing guidance task under th is  contract was t o  coor~~ina te  with 
MPAD, MIT and Rockwell International Corporation in development of the Unified 
Linear rangent Guidance (ULTG) and to  implement th is  capability in the JSC 

Space Shuttle Functional Sin,!~l a tor  (SSFS) . Emphasis was plased on abort 
capabi 1 i ty. Various candidate abort techniques were critiqued. I t  was 

determined that  a l l  of the existing candid3tes fo r  RTLS abort guidance had 
certain 1 imitations and disadvantages. As a resul t  , Boei ng developed a 
complete solution t c  the RTLS abort problem satisfying a1 1 constraints 
and compatibl~ with ttx ULTG as a simple option (Section 5.0, Volume V). 
In order to  solve the RTLS problem, the original LTG algorithm was s ignif i -  
card.1~ modified. A uni f i r 6  optimum guidance algorithm, involving h i g h  
order accuracy and more flexi b i  1 i ty  , was devel oped. T h i  s accuracy and 

f lex ib i l i ty  made range throttl ing possible and made i t  possible for  the 
steering t o  modul ate to  deplete excess propellant and simultaneously sat isfy 
velocity and position constrairl ts  (during RTLS powered f l ight) .  

The guidance work performed under this contract, and doc~rented i n  Volume V ,  
contributes to  a i l  phases of Shuttle powered f l ight  guidance. A technique 
for hand1 i ng the Orbiter Maneuvering Sys tern (ONS) ascent phasc was developed 



and i s  presented i n  Section 4.1. This technique has beep implemented in the 

ULTG of the SSFS and incorporated into the currently baselined - Shuttle powered 

f l ight  guidance equations. Theoretical background and development of the 

unified optimum guidance algorithm are presented i n  Sections 2.0 and 3.0 of 

Volume V. Methods of handling various sets  of end-conditions are presented 

in Section 4.0. Two explicit  powered f l ight  guidance algori thnis for  RTLS 

I are presented in Section 5.0. And f inal ly ,  Section 6.0 contains a method 

for implementing the steering computations for  a l l  Shuttle phases. RTLS 
* time-to-go and range throttl ing equations are a1 so included. The RTLS 

powered f l ight  option i s  presently being proarz-24 in the SSFS by NASA-JSC 

and LEL. 




