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THE USE OF WIND SHEARS I N  THE DESIGN OF AEROSPACE VEHICLES 

BY 

Robert S. Ryan and James R. Scoggins 

ABSTRACT 

The r e l a t i v e  inf luence  of var ious  wind p r o f i l e  p r o p e r t i e s  and d i s -  

turbances on launch v e h i c l e  f l i g h t  dynamic response i s  s tud ied .  P a r t i c u -  

lar emphasis i s  placed on the  inf luence  of wind shears  and turbulence  on 

dynamic response during the  boos t  phase of the  f l i g h t .  Four hundred and 

seven ind iv idua l  d e t a i l e d  (Jimsphere) wind p r o f i l e s  a r e  the  primary wind 

inpu t s  f o r  t h i s  a n a l y s i s .  Time response of t he  v e h i c l e  t o  each p r o f i l e  

is computed and a s t a t i s t i c a l  eva lua t ion  of the  r e s u l t s  made. Resul t s  

a r e  obta ined  f o r  the  Sa turn  V space v e h i c l e  and conclusions drawn a s  t o  

t h e  r e l a t i v e  in f luence  of wind shea r s  and turbulence  vs  t he  degree of 

re f inement  of the  dynamic model of t he  space v e h i c l e .  



INTRODUCTION 

Wind d is turbances  a r e  one of t he  major in f luences  on space v e h i c l e  

des ign  and ope ra t ions ,  A s  these  d is turbances  i n t e r a c t  w i t h  the  v e h i c l e  

and i t s  con t ro l  system, va r ious  problems a r i s e .  Of paramount concern 

a r e  the r e s u l t i n g  u n i t  compression o r  t ens ion  loads which in f luence  the  

des ign  of the v e h i c l e  s t r u c t u r e .  Another problem is opt imiza t ion  of t he  

v e h i c l e  con t ro l  system. Proper design of t he  con t ro l  system produces 

lower s t r u c t u r a l  loads al lowing more payload i n  o r b i t  and fewer opera- 

t i o n a l  r e s t r i c t i o n s .  These r e s t r i c t i o n s  normally a r i s e  as wind speed 

1 imi t a t ions  f o r  launching the  veh ic l e .  

Assessment of t he  s t r u c t u r a l  des ign  and con t ro l  system op t imiza t ion  

r e q u i r e s  a n  adequate  r e p r e s e n t a t i o n  of t he  wind f i e l d ,  v e h i c l e  dynamics, 

and con t ro l  sys  tem, Accurate methods of a n a l y s i s ,  adequate  wind i n p u t s ,  

and r e p r e s e n t a t i v e  v e h i c l e  response parameters f o r  eva lua t ion  a r e  of 

equal  importance. This paper s a t i s f i e s  t he  v e h i c l e  r e p r e s e n t a t i o n  by 

us ing  a  d e t a i l e d  mathematical model of the  t o t a l  v e h i c l e  dynamics. To 

s a t i s f y  the  wind f i e l d  requirements ,  the  low frequency content  of the  

wind (magnitude) has been separa ted  from the  h igh  frequency ( tu rbu lence ) .  

Thus, t h r e e  p r o f i l e s  a r e  obta ined ,  the  u n f i l t e r e d ,  f i l t e r e d ,  and turbu-  

l ence ,  f o r  use i n  s tudying v e h i c l e  responses.  

Solu t ions  of the  v e h i c l e  responses were obtained using t h r e e  pro- 

cedures: numerical i n t e g r a t i o n  of the  equat ions of motion, analog com- 

pu te r  s o l u t i o n ,  and f o r  the  turbulence po r t ion ,  genera l ized  harmonic 



a n a l y s i s .  E i t h e r  the  bending moment o r  u n i t  compressive load o r  bo th  

a r e  chosen a s  the  parameter t o  eva lua t e  t he  response. 

The a n a l y s i s  shows t h a t  the inc lus ion  of s h o r t  d u r a t i o n  wind d i s -  

turbances i s  s i g n i f i c a n t  i n  bo th  s t r u c t u r a l  des ign  and con t ro l  s y s  tern 

opt imiza t ion .  

Spec ia l  a p p r e c i a t i o n  is expressed t o  M r .  Helmut J. Horn f o r  h i s  

i n s p i r a t i o n  and t echn ica l  l eade r sh ip ,  t o  Mrs. Albe r t a  King f o r  a n a l y s i s  

and a s s  is  tance i n  documenting infonna t i o n ,  and to  Messrs . Floyd Gr iss e t t 

and Wade Pe r ry  f o r  p repa ra t ion  of the i l l u s t r a t i o n s .  A l l  of these  people 

a r e  .members of t he  Aero-As trodynamics Laboratory. 

SECTION I. W I N D  INPUTS FOR SPACE VEHICLE DESIGN 

Engineering and s t a t i s t i c a l  r e p r e s e n t a t i o n  of  the  wind f i e l d  is 

a major problem fac ing  space  v e h i c l e  des ign  engineers .  This r ep re sen ta -  

t i o n  g r e a t l y  inf luences  the  v e h i c l e  des ign, r e q u i r i n g  c l o s e  working 

agreement between me teo ro log i s t s  and v e h i c l e  dynamics s p e c i a l  is ts . This  

paper is  concerned wi th  the  i s o l a t i o n  of t he  small  d u r a t i o n  wind shea; 

from t h e  long d u r a t i o n  wind build-up and mean wind speed s o  t h a t  t h e  

v a r i o u s  inf luences  of wind shea r s  on v e h i c l e  response can be s tud ied  i n  

d e t a i l .  

A. Wind Veloc i ty  P r o f i l e  Measurements 

1. Rawinsonde (GMD) 

The l a r g e s t  s i n g l e  source  of wind d a t a  a v a i l a b l e  is  the  

rawinsonde (GMD) i nd iv idua l  wind p r o f i l e s .  These d a t a  have been c o l l e c t e d  

from many l o c a t i o n s  throughout: t he  world and cover s e v e r a l  years  of 
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measurements. (Within the  1 imi t a t ions  inhe ren t  i n  t he  measurements, it 

is t h e  b e s t  s t a t i s t i c a l  sample a v a i l a b l e  today.) A s  a r e s u l t  of t h e  

smoothing inhe ren t  i n  t h i s  method, small  d u r a t i o n  wind d e t a i l s  a r e  

miss ing  (Ref. 1). Wind magnitude a s  a func t ion  of a l t i t u d e  is obta ined  

by averaging over approximately 600 meters i n  a l t i t u d e .  Approximate 

RMS e r r o r s  i n  wind speed based on s tandard  d a t a  r educ t ion  procedures 

va ry  between approximately 2 and 15 meters  per  second, depending upon 

wind condi t ions  and t r ack ing  geometry. RMS e r r o r s  i n  wind d i r e c t i o n  

a r e  est imated t o  v a r y  between approximately 5 and 20 degrees.  These 

d a t a  s e r v e  a s  a good b a s i s  upon which t o  i n t e r p r e t  sma l l e r  samples and 

i n  cons t ruc t ing  s y n t h e t i c  wind p r o f i l e s .  

2. FPS-16 Radar/Jimsphere 

The FPS-16 Radar /~ imsphere  approach t o  ob ta in ing  wind d a t a  

provides cons iderably  more accu ra t e  wind v e l o c i t y  p r o f i l e  d a t a  than  does 

the  rawinsonde. The measurements a r e  averaged over 25 t o  50 meters  i n  

t he  v e r t i c a l  w i t h  a n  RMS e r r o r  i n  wind speed of approximately 0.5 meters  

per  second and 1 degree i n  wind d i r e c t i o n  (Refs. 2 & 3 ) .  Thus, t hese  

wind p r o f i l e  d a t a  con ta in  information on smal l - sca le  motions as w e l l  a s  

g ros s  motions such a s  provided by the  rawinsonde. Almost two years  of  

p r o f i l e  d a t a  measured twice d a i l y  a r e  a v a i l a b l e  from the Kennedy Space 

Center ,  F lo r ida .  Addi t iona l  d a t a  a r e  a l s o  a v a i l a b l e  from the P a c i f i c  

M i s s i l e  Range, C a l i f o r n i a  and the  White Sands M i s s i l e  Range, New Mexico. 

The Wind Shear Working Group of t he  S t ruc tu re s  and Mate r i a l s  

Panel considered the  problem of documentation of d e t a i l e d  wind v e l o c i t y  

p r o f i l e  measurements and concluded t h a t  i t  would be d e s i r a b l e  t o  
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presen t  them i n  g raph ica l  and t a b u l a r  forms, and s t o r e  t he  da t a  on a 

master  magnetic tape f o r  easy access .  These goa ls  a r e  being met f o r  

the d a t a  measured i n  t h e  United S t a t e s  (Ref, 4) .  Both t h e  t abu la r  forms 

and tapes  were used i n  the  a n a l y s i s  f o r  t h i s  r e p o r t .  

B. Shor t  Durat ion Gusts Associated w i t h  Wind Veloc i ty  P r o f i l e s  

Meaningful i n t e r p r e t a t i o n  o f . t h e  v e h i c l e  r e a c t i o n  t o  t h e  s h o r t  

d u r a t i o n  wind g u s t s  can be made only i f  a n  adequate  d e f i n i t i o n  and 

i s o l a t i o n  of t he  d i s t u r b i n g  func t ion  can be made. 

D e f i n i t i o n  

An adequate  d e f i n i t i o n  has n o t  y e t  been developed. The d e f i n i -  

t i o n  of g u s t s  depends upon the  c h a r a c t e r i s  t i c s  of  the v e h i c l e  sys  tern 

considered,  such a s  mass and i t s  d i s t r i b u t i o n ,  aerodynamics, c o n t r o l  sys -  

tem c h a r a c t e r i s t i c s ,  e t c .  Thus, what might be considered as a good def i- 

n i t i o n  of g u s t s  o r  tu rbulence  f o r  a p a r t i c u l a r  v e h i c l e  might no t  be a 

good d e f i n i t i o n  f o r  a d i f f e r e n t  veh ic l e .  The d e f i n i t i o n  of g u s t s  d e t e r -  

mines the  s t a t i s  t i c a l  d i s t r i b u t i o n  of t he  turbulence  f i e l d  and in f luences  

the  i n t e r p r e t a t i o n  of r e s u l t s  obtained.  

An a t t empt  has been made t o  d e f i n e  g u s t s  ( turbulence)  i n  a 

meaningful way by s e p a r a t i n g  a d e t a i l e d  wind v e l o c i t y  p r o f i l e  i n t o  t h r e e  

p r o f i l e s  on the  b a s i s  of frequency content .  The b a s i c  p r o f i l e  r e p r e s e n t s  

t he  t o t a l  wind f i e l d ,  the  ' f i l t e r e d  p r o f i l e  r ep re sen t s  t he  quas i-s teady- 

s t a t e  wind speeds,  and the  d i f f e r e n c e  between t h e s e  two r e p r e s e n t s  g u s t s  

o r  turbulence.  Determinat ion of t he  wind content  t o  be f i l t e r e d  o u t  of 

t h e  t o t a l  wind p r o f i l e  is made by g iv ing  cons ide ra t ion  t o  r e l a t i o n s h i p s  

between t h e  rawinsonde and FPS-16 r a d a r f ~ i m s p h e r e  p r o f i l e s  p lus  frequency 



response c h a r a c t e r i s t i c s  of thr v G h ? c l e  t o  be used ( i n  t h i s  case  the  

Sa turn  V) .  The s ta t i . . r : i ca l  p rope r t i e s  of t l l +  g u s t  p r o f i l e ,  such a s  

normal i ty  and s t a t i o ~ ~  l r i t y ,  *rere a l s o  considered.  A fi.1 tel: f unc t ion  

is def ined  s o  the  r e s u l  t i n g  E i l  t e red  p r o f i l e  approximates t he  rawin- 

sonde measured p r o f i l e ,  The f i l t e r  func t ion  used i n  t h i s  s tudy  is 

shown i n  F igure  1 a s  a func t ion  of g u s t  wave l eng th  (Ref. 5).  

AMPL l TUOE 
RAT I 0  1:11 IN NOT MEASUREMENTS RAW INCLUDT- I NSONOE 

INCLUDED I N  
RAWINSONDE 

0.4 MEASUREMENTS 

I WAVE LENGTH. A(M) 

Figure  1. Approximate Response Function f o r  
Rawinsonde ( 0 - 1 B )  Sys tem Based on 

Standard Rawinsonde Reduction Technique 

The sepa ra t ed  g u s t  o r  t u rbu len t  p r o f i l e  conta ins  f requencies  

t h a t  cover t he  whole frequency spectrum of t he  e l a s t i c  v e h i c l c  

The s t a t i s t i c a l  d i s t r i b u t i o n  of the  g u s t s  i s  approximately 

Gauss i an ,  enhancing i n t e r p r e t a t i o n  of the v e h i c l e  responses ,  and a l s o  

providing a b a s i s  f o r  a s se s s ing  the  inf luence  of g u s t s  on the  v e h i c l e  

which a r e  n o t  measured by the  rawinsonde method. 



This s tudy  uses a sample of 407 d e t a i l e d  wind v e l o c i t y  p r o f i l e s  

measured by the  FPS-16 r a d a r l ~ i m s p h e r e  system; s y n t h e t i c  wind p r o f i l e s  

a r e  a l s o  used t o  some ex ten t .  The Jimsphere p r o f i l e s  a r e  s epa ra t ed  i n t o  

g u s t s  ( turbulence  ensemble), quas i - s t eady- s t a t e  ( f i l t e r e d  ensemble), 

and t o t a l  wind p r o f i l e s  ( u n f i l t e r e d  ensemble), using the f i l t e r  func t ion  

s h o ~ m  above, A t y p i c a l  s e t  of t hese  p r o f i l e s  f o r  one wind measurement 

i s  presented i n  Figures  2 and 3. The time s c a l e  is s h i f t e d  one second 

between the  f i l t e r e d  and u n f i l t e r e d  p r o f i l e s  t o  prevent  over lap  i n  

p l o t t i n g  of t he  p r o f i l e s .  

F igure  2. Unf i l t e r ed  and F i l t e r e d  Wind P r o f i  l e s  



I 0 
FLIGHT TIME (SEC) 

- - - . 
Figure 3.  Turbulence Wind P r o f i l e  

C .  Spec t ra  of Shor t  Durat ion Gusts (Turbulence) 

AS def ined  above, the g u s t  p r o f i l e s  r e p r e s e n t  the motions included 

i n  t he  FPS-16 r a d a r l ~ i m s p h e r e  measurements which a r e  n o t  included i n  the  

s tandard  rawinsonde measurements, Therefore,  s p e c t r a  of t he  motions 

should be added t o  t h e  quas i - s  teady-s t a t e  wind speed p r o f i l e s  t o  o b t a i n  

a r e p r e s e n t a t i o n  of t he  d e t a i l e d  wind p r o f i l e .  The average spectrum of 

the  sma l l - s ca l e  motions a s soc i a t ed  wi th  s c a l a r  (without  regard t o  d i r e c -  

t i o n )  wind p r o f i l e s  i s  presented i n  Figure 4 (Ref. 6 ) .  

This spectrum was computed from the  407 d e t a i l e d  wind p r o f i l e  

measurements by computing the  spectrum as soc ia t ed  wi th  each p r o f i l e ,  

then determining the  average s p e c t r a l  d e n s i t y  a s  a  func t ion  of f r e -  

quency. The spectrum has been transformed from wave numbers t o  f r e -  

quency i n  v e h i c l e  f l i g h t  time near the maximum dynamic p re s su re  r eg ion .  

The spectrum a s s o c i a t e d  w i t h  each p r o f i l e  was computed over  t he  e n t i r e  

a l t i t u d e  range of the  d a t a ,  u sua l ly  between approximately 2 and 16  km. 

This spectrum is used a s  input  i n  computing space v e h i c l e  responses .  



(radlm) v 
I ence 

D. Syn the t i c  Wind P r o f i l e s  

A s y n t h e t i c  wind p r o f i l e  is a n  a t tempt  t o  s u b s t i t u t e  one r ep re -  

s e n t a t i v e  wind p r o f i l e  f o r  a mul t i t ude  of measured o r  s t a t i s t i c a l l y  

def ined  wind p r o f i l e s  t o  i n su re  an  adequate  v e h i c l e  des ign  based on the  

e s t a b l i s h e d  des ign  philosophy (Ref. 6 ) .  Syn the t i c  wind p r o f i l e s  f o r  

space v e h i c l e  des ign  a r e  u sua l ly  based on quas i - s t eady- s t a t e  wind speeds ,  

wind s h e a r s ,  and g u s t s ,  which a r e  combined t o  r e p r e s e n t  phys i ca l ly  

reasonable  condi t ions  t o  i n su re  a  h igh  p r o b a b i l i t y  of success  when t h e  

v e h i c l e  is launched, 
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Syn the t i c  wind p r o f i l e s  a r e  cons t ruc ted  by def in ing  the  quas i -  

s t e a d y - s t a t e  wind p r o f i l e  envelope t h a t  is not  exceeded more than,  f o r  

i n s t ance ,  5 percent  of t h e  time during some r e fe rence  per iod ,  then  

defFning a wind bui ldup  rate whose envelope is not  exceeded more than, 

s a y ,  1 percent  of the  time dur ing  the  r e f e rence  per iod ,  and combining 

these  two i n  a  s u i t a b l e  fash ion .  Gusts a r e  then superimposed on top of 

the  s  teady-s t a t e  wind speed envelope. An idea l i zed  quas i - s  teady-s t a t e  

wind speed envelope r ep re sen t ing  the  95 percent  p r o b a b i l i t y  of occurrence 

us ing  a  monthly r e f e rence  period is shown i n  Figure 5. 

01 . . . . . . . . .  4 

0 10 20 30 40 50 60 70 80 W 100 
WIND SPEED ( M I S E C )  1 

Figure  5. Ninety-Five P e r c e n t i l e  Sca lar  Wind Speed P r o f i l e  " 
Envelope f o r  Eas te rn  Tes t  Range 



This p r o f i l e  was es tabl i shed from severa l  years of rawinsonde da ta  

measured a t  the Eastern Test  Range, F lor ida .  Envelopes of the 99 per- 

cent p robab i l i ty  of occurrence wind speed change f o r  various wind 

speeds a r e  shown i n  Figure 6 .  These wind speed change envelopes were 

es tabl i shed by computing the  wind speed change t h a t  occurs below a 

1000 2000 3000 4000 
I 

5000 
SCALE OF DISTANCE ( M )  

Figure 6 .  Envelopes of 99 Pe rcen t i l e  Wind Speed Change (m sec'l)  f o r  
Various Scales-of - D i s  tance Corresponding t o  Wind Speeds 

a t  Top of Shear In te rva l  

given (reference) a l t i t u d e  when the  quas i-s teady-s t a t e  wind speed a t  

the reference  a l t i t u d e  is i n  one of the  ranges shown i n  the f i g u r e ,  

then drawing an envelope of these wind speed change values .  This 

envelope is not  intended t o  imply pe r fec t  c o r r e l a t i o n  between the  

shears  over the various a 1  t i t u d e  i n t e r v a l s .  
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The quas i - s t eady- s t a t e  i n f l i g h t  wind speed envelope presented 

i n  Figure 5 does no t  con ta in  gus t s  (high frequency content )  of the  wind 

p r o f i l e .  The quasi-s teady-s  t a t e  wind p r o f i l e  measurements have been 

def ined  a s  those  obtained by the rawinsonde system. Therefore,  a g u s t  

must be superimposed on the  quas i - s teady-s ta te  wind p r o f i l e  t o  accounC 

f o r  t he  smal l - sca le  motions e l imina ted  by t h e  rawinsonde system. The 

g u s t  which i s  used f o r  t h i s  purpose i s  shown i n  Figure 7 .  

IrSTEADY STATE WIND SPEED ENVELOPE 

Figure  7.  Gust and I t s  Rela t ionship  t o  the  Steady-State  Wind Speed 
and Wind Shear Buildup Envelopes 



An example of the  cons t ruc t ion  of s y n t h e t i c  wind p r o f i l e s  wi th-  

o u t  the  g u s t  superimposed i s  shown i n  F igure  8 (Ref. 6 ) .  

95 PERCENTILE IDEALIZED STEADY 
STATE WlND SPEED ENVELOPE 

O! io 20 30 i o  so 60 i o  0.0 loo 
WIND SPEED (MISEC)  

--- . - J 

Figure  8. Example of Syn the t i c  Wind P r o f i l e  Cons t ruc t ion  

SECTION 11. VEHICLE MODEL 

The mathematical d e s c r i p t i o n  of t h e  space v e h i c l e  includes a  

d e t a i l e d  r e p r e s e n t a t i o n  of the  e x c i t i n g  fo rces .  The e x c i t i n g  f o r c e s  

t h a t  make a  major c o n t r i b u t i o n  t o  responses a r e  aerodynamics, t h r u s t ,  

and con t ro l .  Addi t iona l  requirements f o r  desc r ib ing  the  dynamic 



c h a r a c t e r i s t i c s  of the  v e h i c l e  r e s u l t  i n  equat ions (Ref. 7 )  f o r  r i g i d  

body motions ( t r a n s l a t i o n  of cen te r  of g r a v i t y ,  y ,  r o t a t i o n  about  

cen te r  of g r a v i t y ,  cp), and e l a s t i c  body c h a r a c t e r i s t i c s  ( four  l a t e r a l  

bending modes, 
"P' 

s i x  p rope l l an t  o s c i l l a t i o n  modes, E s ,  and engine 

dynamics, BE). The con t ro l  system i s  represented  by the var ious  senso r s ,  

shaping networks designed f o r  bending mode s t a b i l i t y ,  and servo-ac tua tor  

responses.  Time va r i ance  of v e h i c l e  parameters i s  important.  Equat ions 

f o r  the v e h i c l e  bending moment and u n i t  compression load conclude the  

model d e s c r i p t i o n .  A t y p i c a l  Sa turn  V space v e h i c l e  con f igu ra t ion  used 

i n  t he  a n a l y s i s  i s  shown i n  Figure 9. 

GIMBAL 

GIMBAL 

L i i T E R S  INCHES 

Figure  9. Sa turn  V Vehicle Configurat ion 



Figure 10  shows the  o r i g i n  of the coord ina te  system a t  the undis-  

turbed v e h i c l e  c e n t e r  of g r a v i t y  and i t s  o r i e n t a t i o n  along the tangent  

t o  the  t r a j e c t o r y  poin t ing  i n  t he  d i r e c t i o n  of the  nominal t h r u s t  v e c t o r .  

The slow r o t a t i o n  of the  coord ina te  system fol lowing the  t r a j e c t o r y  i s  

n e g l i g i b l e .  Since the  v e h i c l e  i s  symmetrical,  no c ross  coupling between 

p i t c h  and yaw planes is p re sen t ;  hence, a p lanar  a n a l y s i s  is a p p l i c a b l e .  

F igure  10. Coordinate Sys tem 

The aerodynamic fo rces  a r e  quas i - s  ready, based on normal f o r c e  

d i s t r i b u t i o n ,  measured o r  ca l cu la t ed  along the  long i tud ina l  v e h i c l e  

a x i s .  This f o r c e  is considered t o  va ry  l i n e a r l y  w i t h  the  l o c a l  a n g l e  

of a t t a c k .  Because g u s t  p e n e t r a t i o n  and l i f t  growth e f f e c t s  a r e  s m a l l  

f o r  t h i s  v e h i c l e  con f igu ra t ion ,  they a r e  neglec ted .  



i 1 
The bending e f f e c t s  of t he  launch v e h i c l e  s t r u c t u r e  a r e  apprpxi-  

1 
mated by the supe rpos i t i on  of s e v e r a l  f r e e - f r e e  normal mode shap-ds 

which d e f i n e  the  displacement of the  v e h i c l e  c e n t e r l i n e  (Figure 1 1 ) .  

Figure  11. Bending Mode Shap'es 

Liquid p r o p e l l a n t  dynamics a r e  represented  by a  mechanical model 

f o r  each s lo sh ing  mode by sp r ings ,  dashpots ,  masses,  and i n e r t i a l  

d i s c s  arranged t o  produce fo rces  and moments equ iva l en t  t o  o r i g i n a l  

hydrodynamic equat ions.  Only the dynamics of a n  incompress i b l e ,  i r r o t a -  

t i o n a l  f l u i d  w i t h  small  d i s turbances  i s  included,  and only  one mode per  

p r o p e l l a n t  rank is used. 
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Figure  12. Slosh Model f o r  One Sloshing Mode 

Control  of the  v e h i c l e  i s  maintained by swive l ing  the  engines ,  

using a  hydrau l i c  a c t u a t o r  f o r  pos i t i on ing .  The a c t u a t o r  p o s i t i o n  i s  

determined from a con t ro l  law formulated t o  produce des i r ed  response 

and s t a b i l i t y  c h a r a c t e r i s t i c s .  The con t ro l  law r e s u l t s  from a proper 

choice  of ga ins  a t t ached  t o  the output  s i g n a l  from var ious  con t ro l  

s enso r s ,  whose s i g n a l s  a r e  summed and fed  d i r e c t l y  to  the a c t u a t o r s  

(Figure 13) .  
- - -  - - - - ---- 

.. - 

Figure  13. Block Diagram of Control  System 
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The s i g n a l s  from the  con t ro l  sensors  a r e  a t t i t u d e  p o s i t i o n  gyro  

(qi) , r a t e  gyro (@ ) , and body-f ixed accelerometer  ( A ~ ) ,  super  imposed 
R 

w i th  proper ga ins  ao, al, and g2  according t o  the  con t ro l  law, PC. 

Sensor dynamics a r e  included i n  the equat ions of motion of the  total 

system. Shaping networks a r e  introduced i n t o  each channel t o  s t a b i l i z e  

the va r ious  v e h i c l e  motions. These f i l t e r s  a r e  i nd ica t ed  a s  T ~ ( s ) ,  

and r e p r e s e n t  t he  t r a n s f e r  func t ion  between input  s i g n a l  and output  

s i g n a l .  The t r a n s f e r  func t ion  of the  a c t u a t o r  i s  i nd ica t ed  by A(s).  

The f i l t e r s  used i n  t h i s  s tudy  a r e  as fol lows:  

IU STA 3235 

Figure  14. Transfer  Function of F i l t e r s  



The system can be reduced t o  pure gyro c o n t r o l  by s e t t i n g  t h e  

acce lerometer  g a i n  g2  equal  t o  zero. Varying g2 from zero  al lows t h e  

p o s s i b i l i t y  of load r e l i e f  and f l e x i b i l i t y .  

The bending moment o r  u n i t  compressive load ,  which r e s u l t s  from 

i n e r t i a l  f o r c e s ,  aerodynamic f o r c e s ,  and engine s i d e  f o r c e s ,  can be 

used a s  t h e  load ind ica to r .  The bending moment equat ion  is  

M ~ ( x )  = fi;(x) a t )  + MI (x) B( t )  + c$(x) y ( t )  + ( x )  $ ( t )  + 8: (x) @ ( t )  
B cP CP 

Neglect ing terms of s m a l l  magnitude, 
qC1, 

fip, @, and s u b s t i t u t i n g  

f o r  the  t r a n s l a t i o n a l  and r o t a t i o n a l  a c c e l e r a t i o n  i n  terms of t h e i r  

source ,  a l lows a s i m p l i f i c a t i o n  of t h i s  equat ion (Ref. 8) .  The major 
0 

causes of t hese  a c c e l e r a t i o n s  a r e  aerodynamic and con t ro l  f o r c e s .  

Hence, t he  t r a n s i t i o n a l  a c c e l e r a t i o n  can be expressed a s  

j; = . . .. =3ia+zi 
a + o n t r o  ap 

A s i m i l a r  express ion  f o r  the r o t a t i o n a l  a c c e l e r a t i o n  i s  



S u b s t i t u t i n g  these  express  ions (4) and (5) i n t o  the  bending moment 

* 
equat ion  (3 )  r e s u l t s  i n  a  s i m p l i f i e d  express ion ,  which becomes 

Rigid Bending Dynamics Sloahing 

( 6 )  

The bending moment equat ion expressed i n  t h i s  form i s  s u p e r i o r  t o  

the  o r i g i n a l  formula t ion  (3) s i n c e  va r ious  e f f e c t s  , f o r  example, e l a s t i c  

body dynamics, a r e  completely separa ted .  There a r e  a d d i t i o n a l  advantages 

i n  s a t i s f y i n g  the  boundary condi t ions  of  zero moment a t  each end of the  

v e h i c l e ,  which a r e  au toma t i ca l ly  insured by each bending moment p a r t i a l .  

TI-lis e l imina te s  the  d i f f e r e n c e s  of l a r g e  numerical va lues  which a r e  

genera ted  s  imul taneously w i t h  the  v e h i c l e  responses used i n  equat ion  ( 3 ) .  

A t y p i c a l  s e t  of t h e  bending moment c o e f f i c i e n t s  i s  shown i n  F igure  15. 

-- 
M; and ~b (40' N m l r o d l  

I 1 -3.2 I I I I I I I I I 1 I 

Figure 15. Bending Coef f i c i en t s  f o r  a and p 
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A more comprehensive load i n d i c a t o r  i s  the t o t a l  u n i t  compressive 

load (N,), which i s  composed of the long i tud ina l  v e h i c l e  a c c e l e r a t i o n  

(Flm), t h e  mass (G) supported above the  s t a t i o n  of concern, aerodynamic 

drag (X),  and the  v e h i c l e  bending moment h). 

F(t) fi(x, t l  X(x, tl 6 - s ( ~ ,  t ) )  + 

4Mg(x, t )  

Nc(X)  ' m(t )  a ( x )  + 
(x) m( t )  J [ D ~ ( X )  

~ ( x )  is the  l o c a l  v e h i c l e  diameter .  

SECTION 111. METHODS OF ANALYSIS 

Three approaches a r e  used f o r  determining v e h i c l e  responses t o  

atmospheric  d is turbances :  (1) numerical i n t e g r a t i o n  of equat ions of  

motion on a  d i g i t a l  computer, (2) i n t e g r a t i o n  of equat ions  of motion on 

a n  analog computer, and (3) genera l ized  harmonic ana lys  is us ing s p e c t r a  

of turbulence.  

The f i r s t  method, the  d i g i t a l  approach, o f f e r s  a  high degree of 

accuracy p lus  s o p h i s t i c a t i o n  of t h e  v e h i c l e  s imula t ion .  However, due 

t o  t he  l a r g e  amount of machine time requi red  f o r  one t r a j e c t o r y  s imula-  

t i o n  (40 minutes of IBM 7094 t ime) ,  on ly  a  few ind iv idua l  wind p r o f i l e s  

can e c o n m i c a l l y  be s tud ied .  These s p e c i a l  cases  s e r v e  a s  a good c ros s  

check on the  analog s imu la t ion  (Ref. 9 ) .  

The second method uses  a  General Purpose h igh  speed analog computer 

(Ref. 10) .  Because of t he  p o s s i b i l i t y  of r e a l  time s imu la t ion ,  t he  ana log  



i s  chosen a s  t he  b a s i c  means of eva lua t ing  v e h i c l e  responses t o  many 

ind iv idua l  d e t a i l e d  wind p r o f i l e s .  Four-hundred t r a j e c t o r y  simula- 

t i o n s  of 2 minutes rea l - t ime each can be made i n  approximately f i v e  

minutes of computer time. However, computer l i m i t a t i o n s  a f f e c t  t he  

accuracy and l i m i t  the  complexity of t he  a n a l y s i s ,  n e c e s s i t a t i n g  c ros s -  

checks wi th  d i g i t a l  s  imula t i on .  
I 

Per iphe ra l  equipment cons i s  t s  of tape u n i t s ,  no ise  genera t o r s ,  

counters ,  r e l a y s ,  and osc i l l o scopes  wi th  cameras. The tape u n i t s  a r e  

used f o r  both inpu t  and output .  The d e t a i l e d  wind p r o f i l e s ,  d i scussed  

previous ly ,  a r e  s t o r e d  on tape  and fed d i r e c t l y  i n t o  the  computer. Out- 

pu t  can be s t o r e d  on a n  a d d i t i o n a l  tape  u n i t .  

A r t i f i c i a l  wind turbulence  i s  generated by f i l t e r i n g  the  output  

of a whi te  noise  genera tor  t o  s a t i s f y  the  s t a t i s t i c s  of t he  d a i l y  

va r i ance  and turbulence  of the  wind p r o f i l e s .  The turbulence can be 

superimposed on a monthly wind mean t o  o b t a i n  a n  a r t i f i c i a l  i nd iv idua l  

wind (Figure 16).  While comparable r e s u l t s  a r e  obtained by us ing  t h i s  

- .  - 

Figure  16, Wind Generation f o r  Analog Computer 
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generated wind, only the e f f e c t s  of a c t u a l l y  measured winds a r e  shown 

i n  t h i s  ana lys  i s .  

S t a t i s t i c a l  p r o b a b i l i t y  a s  a func t ion  of magnitude i s  determined by 

s imu la t ing  the  f l i g h t  of t h e  v e h i c l e  through a l l  the  measured winds and 

counting the  number of p r o f i l e s  i n  which the  response exceeds a p r e s e t  

value.  Establ ishment  of t he  p r o b a b i l i t y  l e v e l s  f o r  any s e l e c t e d  

response parameter a l lows a ranking of t he  s e v e r i t y  of the wind p r o f i l e s .  

For d e t a i l e d  a n a l y s i s ,  p a r t i c u l a r l y  i n t e r e s t i n g  wind p r o f i l e s  may be  

captured on a r eco rde r  wi th  closed-loop tape. By p lac ing  the computer i n  

a r e p e t i t i v e  mode of ope ra t ion ,  a g iven  wind p r o f i l e  and i ts  responses 

can be analyzed i n  any d e s i r e d  d e t a i l .  

Generalized harmonic a n a l y s i s  of the  v e h i c l e  response is the  t h i r d  

method used. It al lows the s t a t i s t i c a l  q u a l i t i e s  of a v e h i c l e  response 

t o  be computed d i r e c t l y ,  i f  c e r t a i n  r e s t r i c t i o n s  a r e  met. The r e s t r i c -  

t i o n s  a r e  l i n e a r  equat ions ,  f rozen  c o e f f i c i e n t s  over  a c e r t a i n  a l t i t u d e  

band, and normal i ty  of input  force .  These condi t ions  can be s a t i s f i e d  

only  f o r  t he  wind turbulence.  

This ana lys  i s  fol lows from the  s t a t i o n a r y  random process  theory ,  

which s t a t e s  t h a t  the  mean squared va lue  of a s t a t i o n a r y  random v a r i a b l e  

X( t )  may be determined ve ry  simply i f  we know the  c o r r e l a t i o n  f u n c t i o n ,  

%(T), o r  t h e  s p e c t r a l  d e n s i t y ,  Sx(w), which corresponds t o  RX(' t ) .  Thus, 



Sx(w) (output  s p e c t r a l  dens i ty )  can be shown (Ref. 11) t o  a r i s e  

from the  r e l a t i o n s h i p  between the  c o r r e l a t i o n  func t ion  of t he  inpu t  

and the  c o r r e l a t i o n  func t ion  of the  output  a s  

where 

Therefore,  t he  express ion  f o r  Sx(w) is  i n  the  form: 

This express ion  shows t h a t  the  s p e c t r a l  d e n s i t y ,  Sx(w), of the out -  

pu t  of a l i n e a r  dynamic system is equal  t o  the product of t he  square  of 

. t h e  modulus of i t s  t r a n s f e r  func t ion  and the  s p e c t r a l  d e n s i t y  of thc ' 

input .  Other s t a t i s t i c a l  q u a n t i t i e s ,  exceedances and p r o b a b i l i t y ,  can 

be d i r e c t l y  ca l cu la t ed  from the  va r i ance  and s tandard  dev ia t ion .  These 

s t a t i s t i c a l  va lues  a r e  computed f o r  a l l  v e h i c l e  responses f o r  the  spec- 

trum of t h e  wind turbulence.  The 3 0  s tandard  dev ia t ion  va lues  of t he  

responses were compared wi th  r e s u l t s  obtained from the turbulence  

ensemble. 



SECTION IV. PARAMXTERS FOR EVALUATION 

The assessment of a space v e h i c l e  response t o  atmospheric turbu- 

lence  cannot be genera l ized  t o  one v e h i c l e  parameter. The optimum 

design i s  a  compromise between the  a b i l i t y  t o  wi ths tand  a s  l a r g e  

d i s tu rbances  a s  poss ib l e  ( p a r t i c u l a r l y  wind d i s tu rbances ) ,  w i t h  accep t -  

a b l e  con t ro l  fo rces  and a  minimum of s t r u c t u r a l  weight.  Depending on 

the  gene ra l  c l a s s  of m i s s i l e s ,  e i t h e r  t he  a v a i l a b l e  con t ro l  fo rces  o r  

t he  s t r u c t u r a l  loading,  o r  both,  w i l l  become the  c r i t i c a l  parameters .  

On l a r g e  l i qu id -p rope l l ed  space v e h i c l e s  l i k e  the  Sa turn  V,  t he  

weight cons ide ra t ion ,  which is mainly a f f e c t e d  by the  s t r u c t u r a l  loading ,  

i s  u sua l ly  t h e  most dominant aspec t .  There i s  no con t ro l  problem w i t h  

t h i s  type v e h i c l e  s i n c e  four  of t h e  f i v e  f i r s t - s t a g e  engines have con- 

t r o l  c a p a b i l i t y .  Without t h i s  problem, the  des igner  has  t o  d e a l  on ly  

w i t h  the  s t r u c t u r a l  response parameter f o r  op t imiza t ion  of t he  v e h i c l e ,  

The r educ t ion  of s t r u c t u r a l  loads r e s u l t i n g  from wind d i s tu rbances  

decreases  t h e  v e h i c l e  weight and increases  payload c a p a b i l i t y .  Opera- 

t i o n a l  f l e x i b i l i t y  is thereby insured because the v e h i c l e  can f l y  more 

seve re  t r a j e c t o r i e s  wi thout  endangering the  miss ion. For t h i s  s tudy ,  

s i n c e  winds have l i t t l e  e f f e c t  on long i tud ina l  loads ,  t he  bending 

moment is a n  adequate  load i n d i c a t o r  . 



SECTION V. FUNDAMENTALS 

Two v e h i c l e  models a r e  used t o  i l l u s t r a t e  the  i n t e r a c t i o n  of e x c i t -  

ing f o r c e ,  v e h i c l e  dynamics, and cont ro l :  r i g i d  body response,  and t o t a l  

v e h i c l e  dynamics. Solu t ions  a r e  obtained f o r  t he  bending moment us ing  

d i s c r e t e  wind inputs .  

A. React ion of a Rigid Vehicle t o  Atmospheric Loads 

As a f i r s t  s t e p ,  t he  problem i s  r e s t r i c t e d  t o  the  a n a l y s i s  of a 

r i g i d  v e h i c l e ,  and a n  angle-of -a t tack  feedback i s  used i n  t he  c o n t r o l .  

The equat ions f o r  a n  accelerometer  feedback con t ro l  system can be sub- 

s t i t u t e d  wi thout  d i f f i c u l t y  s i n c e  it is easy t o  equate  accelerometer  

feedback t o  angle-of -a t tack  feedback. The equat ions of motion appear  

then  a s  

jt + Klcp + K s  + K3p = 0 Trans l a  t i o n  (1 2a) 

@ + c la  + c2j3 = 0 Rotat ion (1  2b) 

Angle of a t t a c k  ( 1 2 ~ )  

p = aocp + al+ + boa  Control law (1 2d 

MB(x) = M;(X) a ( t )  + M;?(x) ~ ( t )  Rigid body bending moment. ( l 2e )  
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Thc s o l u t i o n  of these  equat ions g iv ing  v e h i c l e  responses depends on the  

s o l u t i o n  of t h e  cha rac t e r  i s  t i c  equat ion:  

Assuming t h a t  t he  s o l u t i o n  t o  the  above equat ion  has one r e a l  r o o t  

and a  p a i r  of complex conjugate  r o o t s ,  i . e . ,  

a l lows  the  c h a r a c t e r i s  t i c  equat ion  t o  be  w r i t t e n  a s  

The r e l a  t i o n s h i p  between any of t h e  parameters desc r ib ing  the  sys  tem 

can e a s i l y  be der ived  using equat ions (12a) through (15);  f o r  example, 

p o s i t i o n  gyro ga in ,  r a t e  gyro ga in ,  and d r i f t  r o o t  can be used a s  a func- 

t i o n  of frequency, damping and angle-of -a t tack  meter ga in .  

This express ion  f o r  t h e  r e a l  root: Al i s  



where 

The dependence of t he  con t ro l  frequency, wc, on the  d r i f t  r o o t  A l  

and the angle-of -a t tack  g a i n ,  bo, i s  p a r t i c u l a r l y  i n t e r e s t i n g  (Fig- 

u re  17) .  It can be seen  t h a t  Al  goes p o s i t i v e  only  a s  bo is increased .  

Control  damping has l i t t l e  e f f e c t ,  whi le  increas ing  con t ro l  frequency 

decreases  s t a b i l i t y  of Al f o r  small va lues  of a,; f u r t h e r  i nc reases  of 

w, have v i r t u a l l y  no e f f e c t  on Al. The l i m i t i n g  case of s t a b i l i t y  occurs  

when A1 = 0, which is the  much publ ished d r i f t  minimum cond i t i on  (Ref. 12) ,  

and r e p r e s e n t s  t he  l a r g e s t  bo va lue  poss ib l e  wi thout  d r i v i n g  A l  uns t ab le .  

To s u b s t a n t i a l l y  change the r e a l  r o o t  of t he  system r e q u i r e s  t he  i n t r o -  

duc t ion  of angle-of -a t tack  feedback o r  i t s  equiva len t .  The changing of 

t h i s  r o o t  A l h a s  a  major in f luence  on v e h i c l e  responses ,  a s  w i l l  be 

shown i n  t h e  fol lowing r e s u l t s .  
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Figure 17. D r i f t  Root v s  Control Frequency 

Using these  r o o t s  a s  parameters,  the  a n a l y t i c a l  s o l u t i o n s  t o  t he  

equat ions were obtained.  The s o l u t i o n  f o r  a  s t e p  wind inpu t ,  ~ f ,  = vW/v = K, 

i s  g iven  t o  i l l u s t r a t e  c e r t a i n  t rends  s i n c e  i t  ve ry  c l o s e l y  approximates 

t h e  seve re  g u s t  condi t ion  and the  g u s t  of the  s y n t h e t i c  p r o f i l e .  

2 ics0 + alc2 u + u2 - w 2 F  + w2(alc2 + 201 11, 

a ( t )  = - 5 [ I CTt e s i n  (wt+ql) 
W A: - 20 Al + P + rs2 



K(cl + boc2) 1 
w( t )  = 

a t  
W 1"' 

e s i n  (wt + q2) 
TW2) (A: - 2uA1 + u2 + J) 

where 

where 



u t  e  [a s i n  ( w t  - 9)  + w cos ( w t  - 9)  ] 

where 

w(-2b a - a ) 
+ = tan"(- ) + t an - I  + 2 tan - l  2 . 

Al + 0 Al + a a + 2b u2 - b (a2 + w") u 
Y Y Y 

The bending moment responses were s t u d i e d  i n  d e t a i l  f o r  a  t y p i c a l  

Sa turn  V v e h i c l e  a t  a  f l i g h t  time corresponding t o  t h e  maximum dynamcc 

pressure .  Also, c o n t r o l  frequency and damping were chosen: 



Defining 

the bending moment becomes, f o r  gyro cont ro l  (AL=-0.03) , 

MB(x) = -K M' (x) e-0*72t ( 0 . 0 5 1 ~ ~ ( x )  + 0.12R(x) + 0.09)'/" s in(0 .882t  + 7 )  B I 
+ K M I  (x) (0.714R(x) + 0.13) e-o.03t , 

B 

where 

y = tan' 1 0.22R(x) + 0.3 
0.244R(x) + 0.27 

For the d r i f t  minimum case (Al = O), the bending moment i s  

+ K M' (x) (0.64R(x) + 0.113), 
B 

where 

Since, f o r  most s t a t i o n s  of Saturn V veh ic les ,  R(x) r; 0.3, p con- 

t r i b u t e s  the major por t ion  of the  t r a n s i e n t  p a r t  of the  s o l u t i o n  f o r  the  

bending moment, while angle of a t t a c k  has more influence on the  



quas i - s  teady-s t a t e  por t ion .  Changing of t he  d r i f t  r o o t  from nega t ive  

t o  zero  inc reases  t he  ampli tude caused by the  t r a n s i e n t  s o l u t i o n ,  b u t  

decreases  t he  p a r t  caused by the d r i f t  r o o t .  The choice then becomes 

one of the t r adeo f f  between the  t r a n s i e n t  and s t e a d y - s t a t e  s o l u t i o n .  

This e f f e c t  can be r e l a t e d  t o  changing the ga ins  s i n c e ,  by inc reas ing  

bo, t he  d r i f t  r o o t  becomes more p o s i t i v e ;  t h i s  reduces quas i-s teady-s  r a t e  

loads b u t  increases  t r a n s i e n t  loads even more. I n  gene ra l ,  f o r  a r i g i d  

v e h i c l e ,  a n  o v e r a l l  load r educ t ion  is poss ib l e  by increas ing  bo. 

B. E l a s t i c  Body React ion t o  Atmospheric Loads and Control  Law 

The i n t e r p l a y  of t o t a l  f l e x i b l e  v e h i c l e  dynamics w i t h  the  con- 

t r o l  law is much more complicated than a r e  the r i g i d  v e h i c l e  responses .  

T rans i en t  response becomes more s i g n i f i c a n t  f o r  s imula t ions  inc luding  

f l e x i b l e  body dynamics t o  the e x t e n t  t h a t  load reduct ions  obta ined  

through in t roduc t ion  of a lpha  con t ro l  a r e  o f f s e t  by load inc reases  from 

f l e x i b l e  body t r a n s i e n t  loading.  To show t h i s  e f f e c t ,  t he  t o t a l  v e h i c l e  

dynamics i s  t r e a t e d  f o r  a s y n t h e t i c  wind p r o f i l e .  The more r e a l i s t i c  

acce lerometer  feedback con t ro l  system i s  used f o r  t h i s  p a r t  of the  

a n a l y s i s ;  however, a n  equ iva l en t  w i t h  the  ang le -o f - a t t ack  con t ro l  law 

can e a s i l y  be e s t a b l i s h e d ,  The ef  f e c t  of bending dynamics on the  bend- 

ing moment is i l l u s t r a t e d  by s p l i t t i n g  the  moment i n t o  two p a r t s  (Ref. 

13):  t h a t  due t o  r i g i d  body loads ,  



and t h a t  due t o  e l a s  t i c  body dynamics, 

% (e lae  t i c )  

Figure 18 shows the  time response of t he  r i g i d  body and t o t a l  ( e l a s t i c  

body) bending moment, i l l u s t r a t i n g  the  e f f e c t  of e l a s t i c  dynamics on t he  

response.  The f a i r l y  smooth curve r ep re sen t s  the con t r ibu t ion  from 

Figure  18. Bending Moment Response (Sta .  90) 
f o r  Rigid and E l a s t i c  Vehicles 



r i g i d  body and shows the  h igh ly  damped t r a n s i e n t  response r e s u l t i n g  

from the  des ign  p r o f i l e .  The e f f e c t  of bending dynamics i n  t h i s  r e g i o n  

inc reases  the bending moment by 40 percent .  This i nc rease  can be s e e n  

from the  t o t a l  bending moment response t h a t  i s  superimposed over t h e  

r i g i d  body bending inoment response and is d i s c e r n i b l e  because of t h e  

l a r g e  va r i ance  and frequency content .  

Because of t he  small amount of damping p re sen t  i n  the  v e h i c l e  

s t r u c t u r e ,  the  inf luence  of bending dynamics l a s t s  f o r  a long period of 

time. This p e r s i s t e n c e  of o s c i l l a t i o n s  can add s i g n i f i c a n t l y  t o  t he  

bending moment i f  c y c l i c  shea r s  a r e  p re sen t ,  p a r t i c u l a r l y  i f  t h e i r  f r e -  

quency content  occurs  near  bending mode f requencies .  

The r a t i o  of e l a s t i c  body bending moment t o  r i g i d  body bending 

moment was computed by the  following: 

p' r a t i o  = 

The e f f e c t  i s  summarized i n  F igure  19 by p l o t t i n g  the  r a t i o  

ve r sus  v e h i c l e  l ong i tud ina l  s t a t i o n s  using acce lerometer  g a i n  (g2 )  

a s  a parameter (Ref. 1 3 ) .  

The bending dynamics e f f e c t  dominates the  load near  t he  upper 

end of t he  v e h i c l e ,  while  loads i n  the  f i r s t  and second s t a g e s  a r e  

dominated by the  r i g i d  body . Depending on the  v e h i c l e  s t a t i o n ,  t he  

r educ t ion  i n  r i g i d  body loads w i l l  b e  over r idden  by the  inc rease  i n  



Figure 19. Rat io  of  Bending Moment Due t o  Bending Dynamics 

the  dynamic loading.  Increas ing  the  accelerometer  ga in ,  g2, i nc reases  

t h e  bending dynamic e f f e c t s  whi le  reducing t h e  r i g i d  body e f f e c t s .  

This  causes a  problem i n  c o n t r o l  system opt imiza t ion .  The compromise 

s o l u t i o n  r e s u l t s  i n  a  t r ade -o f f  between the  r educ t ion  of r i g i d  body 

loads  and inc reas ing  e l a s t i c  loads a s  g, i nc reases .  



SECTION V I .  RESULTS 

A .  Ind iv idua l  P r o f i l e s  

To o b t a i n  some i n s i g h t  i n t o  the causa l  r e l a t i o n s h i p s  between 

f a c t o r s  c o n t r i b u t i n g  t o  the  v e h i c l e  loading,  the  responses of t he  

v e h i c l e  t o  a  d i s c r e t e  measured wind p r o f i l e  (Figure 2)  were s tudiecl 

f i r s t  (Ref. 9) .  Figures  20 and 21 show a  d i r e c t  c o r r e l a t i o n  between 

e f f e c t  of t he  turbulence  f o r  s p e c i f i c  v e h i c l e  s t a t i o n s  and the  in f luence  

of bending dynamics on the  bending moments a t  S t a t i o n  25. 

F igure  20. Bending Moment Response (Sta .  25) 
f o r  U n f i l t e r e d  and F i l t e r e d  Wind 
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Figure  21. Bending Moment Response (Sta .  90) 
f o r  Unf i l t e r ed  and F i l t e r e d  Winds 

Figure 19 shows the  bending dynamics con t r ibu t ion  t o  the  bending 

moment t o  be about  5 percent  of the  r i g i d  body con t r ibu t ion .  As shown 

i n  Figure 20, t he  turbulence increases  the  bending moment a t  t h i s  sta- 

t i o n  about  7 percent .  A t  s t a t i o n  90, where the  bending dynamic e f f e c t  

on the  bending moment was about  equal  t o  the  r i g i d  body e f f e c t ,  turbu- 

l ence  con t r ibu ted  about  20 percent  of t he  t o t a l  bending moment (Fig- 

u re s  19  and 21). " 

The in f luence  of s h o r t  du ra t ion  wind c h a r a c t e r i s t i c s  is due 

t o  two f a c t o r s :  (1) a  h igh ly  e l a s t i c  v e h i c l e  w i t h  low s t r u c t u r a l  damp- 

ing ,  and (2)  wind d is turbances  wi th  c h a r a c t e r i s  t i c s  t h a t  w i l l  e x c i t e  

t hese  e l a s t i c  responses.  For the  f i r s t  condi t ion  the  v e h i c l e  e l a s t i c  
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body f requencies  a r e  one and two 112 f o r  t he  f i r s t  and second bending 

modes, r e s p e c t i v e l y .  The s t r u c t u r a l  damping of t hese  modes is approxi -  

mately 1 / 2  percent  of c r i t i c a l ;  however, a d d i t i o n a l  damping (5 pe rcen t )  

is provided by t h e  con t ro l  system f o r  t h e  f i r s t  mode. No c o n t r o l  damp- 

ing is introduced i n  the  second mode. The second cond i t i on  i s  s a t i s f i e d  

i n  t h a t  the  wind conta ins  a s u b s t a n t i a l  amount of tu rbulence  a t  t he  one 

t o  two Hz l e v e l  ( see  Figure 4 ) .  

The importance of v e h i c l e  response t o  a n  ind iv idua l  p r o f i l e  

cannot be overest imated i n  a p p l i c a t i o n  t o  f l i g h t  opera t ions  procedures ,  

such a s  prelaunch wind monitor ing s imula t ions .  However, t h e i r  a p p l i c a -  

t i o n  t o  v e h i c l e  des ign  i s  l imi t ed  un le s s  a l a r g e  sample i s  s t u d i e d .  

B. Ensemble of Wind P r o f i l e s  

I n  a d d i t i o n  t o  t he  s i n g l e  d i s c r e t e  p r o f i l e  case  j u s t  p re sen ted ,  

b a s i c  ques t ions  a r i s e  t h a t  t he  des igner  must answer. "What is  t h e  

p r o b a b i l i t y  that a v e h i c l e  can be launched?" "What a r e  loads f o r  design-  

ing the  s t r u c t u r e  that w i l l  i n s u r e  t h i s  g iven  launch p r o b a b i l i t y ,  inc lud-  

ing the  p r o b a b i l i t y  of wi ths tanding  the  environment?" The launch 

p r o b a b i l i t y  can be def ined  e i t h e r  a s  a n  o v e r a l l  p r o b a b i l i t y  o r  t he  

p r o b a b i l i t y  of launching dur ing  a s p e c i f i c  per iod of t he  yea r ;  f o r  

example, t he  wors t  wind magnitude month. For t h i s  reason ,  r e s u l t s  w i l l  

be presented  f o r  t he  worst  month (March) a t  Cape Kennedy, F l o r i d a  and, 

f o r  t he  t o t a l  wind ensembles, u n f i l t e r e d ,  f i l t e r e d  and turbulence ,  be ing  

spread  over  a two-year per iod.  For comparison, a d d i t i o n a l  r e s u l t s  a r e  

shown on t h e  graphs f a r  t he  s y n t h e t i c  p r o f i l e  w i th  and wi thou t  g u s t .  



The p r o b a b i l i t y  of a  bending moment va lue  not  being exceeded 

i n  f l y i n g  through a n  ensemble of winds i s  shown on Figure 22 f o r  

v e h i c l e  s t a t i o n  25 (Ref. 14) .  The inf luence  of turbulence on t h i s  bend- 

' ing  moment is smal l ,  c o r r e l a t i n g  aga in  the  inf luence  of tu rbulence  w i t h  

the  bending dynamics inf luence  on bending moment va lues .  When one 

p r o b a b i l i t y  l e v e l  of the  v e h i c l e  response t o  the  turbulence is added t o  

the same p r o b a b i l i t y  l e v e l  of t he  v e h i c l e  response t o  t he  f i l t e r e d  

ensemble, t he  r e s u l t i n g  va lue  c l o s e l y  approximates t he  response va lue  

obtained f o r  t he  t o t a l  ensemble. 

F igure  22. P r o b a b i l i t y  of Bending ~ o m e n t  (Sta .  25) f o r  Wind Ensembles 

The s y n t h e t i c  p r o f i l e  w i t h  g u s t  produces a  response va lue  that 

has approximately a n  0.1 percent  p r o b a b i l i t y  of being exceeded i n  terms 

of the  t o t a l  ensemble, and approximately a  1.0 percent  p r o b a b i l i t y  i n  

terms of March winds. S imi l a r ly ,  the  s y n t h e t i c  p r o f i l e  wi thout  g u s t  

\ 

produces a  response va lue  wi th  a n  0.1 percent  p r o b a b i l i t y  of being 

exceeded i n  terms of the  f i l t e r e d  ensemble. 



Resu l t s  from s t a t i o n  90 (Figure 23) show the  same t rends .  How- 

eve r ,  t h e  turbulence  in f luence ,  as was expected,  i s  much h ighe r  (30 per- 

cen t ) .  As  has been pointed ou t ,  t h i s  corresponds t o  a r eg ion  w i t h  l a r g e  

bending dynamic in f luence  on the  bending moment. The s p e c t r a l  d e n s i t y  

of the  turbulence  shows a l a r g e  concent ra t ion  of energy i n  t he  one t o  

two Hz r eg ion  (Figure 4) i n d i c a t i n g  the  source  of bending dynamics 

e x c i t a t i o n .  

-__-  - .- _ _  _ - --.- 

Figure  23. P r o b a b i l i t y  of Bending Moment (Sta.  90) f o r  Wind Ensembles 

The t o t a l  u n i t  compressive load fol lows the  same t rend  a s  the  

bending moment, except  t h a t  the  long i tud ina l  loading d i l u t e s  the  bending 

dynamics e f f e c t  (Figures 24 and 25). A t  s t a t i o n  25, tu rbulence  c o n t r i -  

bu te s  on ly  about  four  percent  t o  t h e  t o t a l  load. The turbulence  con- 

t r i b u t i o n  t o  t h e  t o t a l  load a t  s t a t i o n  90 is approximately 10  percent .  
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24. P r o b a b i l i t y  of To ta l  Load (Sta .  25) f o r  Wind 
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F igure  25. P r o b a b i l i t y  of To ta l  Load (Sta.  90) f o r  Wind Ensembles 
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A v e h i c l e ' s  bending moment o r  load can be inf luenced s i g n i f i -  

chnr iy  by wind rurbuience (Ref. 1 5 ) .  E-ne anount or' in f iuence  is 

determined by the  frequency c h a r a c t e r i s t i c s  of t he  veh ic l e  and of the  

turbulence.  It w a s  shown t h a t ,  when these  frequency condi t ions  were met,  

the  inf luence  of turbulence could be r e l a t e d  t o  the  inf luence  of e l a s t i c  

body dynamics on t h e  t o t a l  bending moment. 

C. Severe P r o f i l e s  

Addi t iona l  i n s i g h t  i n t o  the  turbulence  e f f e c t  i s  gained i f  pro- 

f i l e s  causing excess ive  bending moment va lues  a r e  i s o l a t e d .  Severe 

p r o f i l e s  were i s o l a t e d  using the  bending moment a t  s t a t i o n  90. Two 

d i s t i n c t  types of p r o f i l e s  were found: (1) h igh  wind magnitude, 

moderate wind s h e a r s ,  and (2) moderate wind magnitude, l a r g e  wind 

shea r s .  Both types of  p r o f i l e s  were severe  us ing  the  loading a t  sta- 

t i o n  90 as a n  i n d i c a t o r ,  whi le  only the  l a r g e  wind magnitude p r o f i l e  pro- 

duced seve re  loads a t  s t a t i o n  25. 

A t y p i c a l  p r o f i l e  (Figure 26) shows the  bending moment a t  s ta- 

t i o n  25 r e s u l t i n g  from the high wind magnitude wi th  only a  n e g l i g i b l e  

i nc rease  caused by t h e  turbulence (Figure 27). S t a t i o n  90, f o r  t h i s  same 

wind, shows a  h igher  s e n s i t i v i t y  t o  the  turbulence compared t o  the mean 

wind magnitude (Figure 28); however, t h e  inf luence  is s t i l l  moderate, 

w i t h  t he  l a r g e  wind speed c r e a t i n g  a  s u b s t a n t i a l  p a r t  of t h e  load. 





Figure 28, Bending Moment Response (Sta. 90) vs F l i g h t  Time 

The low wind magnitude, high wind turbulence p r o f i l e ,  found 

t o  be severe  a t  s t a t i o n  90 (Figures 29, 30 and 31), shows l a r g e  

e x c i t a t i o n  of the  bending dynamics. The small mean wind value  of t h i s  

p r o f i l e  r e su l t ed  i n  only a moderate bending moment response a t  s t a t i o n  

25. This p a r t i c u l a r  p r o f i l e  produced the  l a r g e s t  bending moment va lue  

obtained from the  whole ensemble a t  s t a t i o n  90 (5.2 x l o 5  Nm). The 

previous wind ( l a rge  wind magnitude) produced a bending moment va lue  of 

4.8 x l o 5  Nm a t  t h i s  s t a t i o n .  Of the twenty most severe  wind p r o f i l e s  

f o r  s t a t i o n  90, s i x  were of t h i s  low wind speed, l a rge  turbulence 

v a r i e t y  (Figure 29). It is  obvious t h a t  t h i s  type of wind w i l l  i n f l u -  . 

ence opera t ional  procedures. That i s ,  a decis ion  t o  launch cannot be 

made on wind measurements alone;  i t  must: include prelaunch monitoring. 

This prelaunch monitoring s imulares the  v e h i c l e  f l i g h t  through winds 



measured during va r ious  periods before  t he  predic ted  launch and d e t e r -  

mines launch dec i s ions  as t o  s t r u c t u r a l  loads versus  s t r u c t u r a l  

c a p a b i l i t y  using s t a t i s t i c s  of wind pe r s i s t ence .  

F igure  29. Wind Veloc i ty  v s  F l i g h t  Time 
- -- -- - 
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Figure  30. Bending Moment (Sta.  25) v s  F l i g h t  Time 



Figure 31. Bending Moment (Sta. 90) vs F l i g h t  Time 

D. Small Duration Wind Disturbance Effec ts  on Control 
Sys tem Optimization 

The influence of wind shears on cont ro l  system design is more 

complicated t o  a s sess  than s t r u c t u r a l  loads. Many f a c t o r s  a r e  important; 

f o r  example, t rade-off  of veh ic le  response versus s t a b i l i t y  margins. 

Again, the  e f f e c t  of turbulence on the  r e s u l t s  corresponds t o  the  region 

of high bending dynamic influence. Control ga ins ,  using an  accelerometer  

optimized f o r  bending moment a t  s t a t i o n  25, show n e g l i g i b l e  inf luence  of 

t r ~ r l ~ u l  cncc, ind  icnc Lng thn r a rcnnonablc rcduct ion i n  bending momcnt can 

bu obtuincd by incrcatling tllc uccclcrcnncLcr ga in ,  g,. T h i s  i e  i l l u s  trtrted 

using both  the f i l t e r e d  and u n f i l t e r e d  p r o f i l e s ,  wi th  both  showing approxi- 

mately the  same percentage reduction.  The d i f fe rence  i n  t o t a l  va lue  is 

due t o  the  higher peak winds of the  u n f i l t e r e d  p r o f i l e s .  J 1  



Figure  32.  P r o b a b i l i t y  of Bending Moment (Sta.  25) f o r  Wind Ensemble 
w i t h  Accelerometer Gain a s  Parameter 

A t  s t a t i o n  90, the  inf luence  of  turbulence is pronounced. 

Very l i t t l e  r educ t ion  i n  bending moment i s  poss ib le  using the  u n f i l t e r e d  

p r o f i l e s ;  however, the f i l t e r e d  p r o f i l e s  show a good r educ t ion  i n  bend- 

ing moment a s  g2  iricreases (Figure 3 3 ) .  

The e f f e c t  is summarized by p l o t t i n g  the  99 percent  bending 

moment va lue  f o r  the  t h r e e  wind ensembles versus  t h e  r a t i o  of accelerom- 

e t e r  g a i n  t o  p o s i t i o n  gyro g a i n  (Figure 3 4 ) .  Also included a r e  t he  

r e s u l t s  obtained us ing  the  spectrum of the  turbulence.  This f i g u r e  shows 

t h a t  i nc reas  ing the  accelerometer  ga in  increases  the  bending moment f o r  

the  turbulence  p r o f i l e  whi le  decreasing the  moment f o r  the  u n f i l t e r e d  



Figure  33. P r o b a b i l i t y  of Bending Moment (S ta .  90) f o r  Wind Ensembles 
w i t h  Accelerometer Gain a s  Parameter 

F igure  34 .  Comparison of Analog Resul t s  Using De ta i l ed  Wind P r o f i l e s  wi th  
General ized Harmonic Analysis  Using Spectrum f o r  Turbulence 
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a n d  f i l t e r e d  ensemble, where the reduct ion  i s  l e s s  f o r  the u n f i l t e r e d  

ensemble. Turbulence o r  small  shea r s  must be included i f  con t ro l  . 
system ga ins  a r e  t o  be optimized f o r  forward s t a t i o n s .  S t a t i o n s  where 

bending dynamics e f f e c t s  a r e  small  show v e r y  l i t t l e  change i n  t he  o p t i -  

mal ga ins  between the f i l t e r e d  and u n f i l t e r e d  winds. The e f f e c t  of 

small  s c a l e  shea r s  on con t ro l  sys  tem design i s  t h e r e f o r e  d i c t a t e d  by 

the  c r i t i c a l  v e h i c l e  s t a t i o n  f o r  which the  ga ins  a r e  t o  be optimized. 

I n  gene ra l ,  t h i s  can be determined only a f t e r  the  s t r u c t u r e  has been 

designed. A t  t h i s  s t a g e  of des ign ,  t he  v e h i c l e  response i s  eva lua ted  

and compared t o  the  s t r u c t u r a l  design va lues  i n d i c a t i n g  weak a r e a s .  If  

t he  ind ica t ed  weak a reas  oc.cur i n  the forward t h i r d  of the  v e h i c l e ,  

turbulence should be included i n  f i n a l  con t ro l  sys  tem opt imiza t ion .  

This approach was used f o r  the Saturn V v e h i c l e s ,  and c o n t r o l  

sys  tem ga ins  optimized f o r  an  accelerometer  sys  tem. A 1  though t h i s  

system produced some load r e l i e f  (5 pe rcen t ) ,  the  a d d i t i o n a l  complexity 

of implementation does n o t  warrant  i t s  choice;  t hus ,  a  gyro system is  

used. 

E.  Comparison of Methods 

The m e r i t s  of the d i f f e r e n t  approaches f o r  handling wind inpu t s  

have been indica ted  on previous graphs by showing va lues  obtained from 

the  s y n t h e t i c  p r o f i l e ,  wi th  and wi thout  g u s t ,  u n f i l t e r e d ,  f i l t e r e d  and 

turbulence  ensembles, and f o r  genera l ized  harmonic a n a l y s i s .  The 

fol lowing t a b l e  compares the  99.8  percent  va lues  obtained from the  

ensembles w i t h  the  s y n t h e t i c  p r o f i l e s  and the  s p e c t r a l  a n a l y s i s  f o r  a n  

a t t i t u d e  con t ro l  system. 
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7'c Bending moment (%) given i n  Nm x lo6 .  
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The va lues  obta ined  from genera l ized  harmonic a n a l y s i s  a r e  

s l i g h t l y  conserva t ive  when compared t o  the turbulence  ensemble w i t h  t h e  

except ion  of  the  engine d e f l e c t i o n  p. The s y n t h e t i c  p r o f i l e  w i t h  g u s t  

produced a n  excess ive  bending moment a t  s t a t i o n  90 when compared t o  the  

u n f i l t e r e d  ensemble. Otherwise, a  good comparison i s  ob ta ined  between 

the  s y n t h e t i c  p r o f i l e  wi thout  g u s t  and f i l t e r e d  ensemble, and between 

s y n t h e t i c  p r o f i l e  w i t h  g u s t  and u n f i l t e r e d  ensemble. These r e s u l t s  

i n d i c a t e  t h a t ,  f o r  t h e  Sa turn  V c l a s s  v e h i c l e ,  a  good s t r u c t u r a l  des ign  

could be  obta ined  us ing  almost  any combination of approaches which 

accounted f o r  t he  gus t o r  turbulence.  

The in f luence  of the  va r ious  methods of handl ing wind inpu t  on 

op t imiza t ion  of con t ro l  system is determined by comparing the  bending 

moment a t  s t a t i o n  90, using va r ious  accelerometer  ga ins  (gL?). 

I , 
I 1 Variab le  Unf i l te red  I F i l  rered Turbulence 

i 
Syn the t i c  

Gust 

l 

a 1 9.8" 

1.07" 

24 

I 

Genera l ized  
1 

Ann 1 ys is I I 

Syn the t i c  
w/Gust 

11.74" 

1 . 1 7 "  

2 7  

I 
/$(90) 0.45 1 0.59 

I 

11.5" 10.3" 1 0.86" 0.92" 
! 

0.035" 1.05" 1.00" 

25.5 

I 1 
0.52 0.4 0.13 0 . 1 (1 

I 
1 

! \ 

0.055" 

2.5 



Comparison of the  s y n t h e t i c  p r o f i l e  wi th  the u n f i l t e r e d  wind ensemble a t  

s t a t i o n  25 shows t h a t  i t  i s  a  good r e p r e s e n t a t i o n  fo r  gyro c o n t r o l .  For 

d r i f t  minimum con t ro l  (g2 = 0.03) ,  t he  s y n t h e t i c  p r o f i l e  i s  a  good 

r e p r e s e n t a t i o n  of  the bending moment a t  both s t a t i o n s ;  however, f o r  gyro  

con t ro l  i t  i s  too  seve re  a t  s t a t i o n  90 where t h e r e  i s  more s e n s i t i v i t y  

t o  turbulence  than t o  wind magnitude. Also, f o r  h igh  load r educ t ion  

acce lerometer  g a i n s ,  t he  s y n t h e t i c  p r o f i l e  i s  too o p t i m i s t i c  a t  s  t a -  

t i ons  t h a t  a r e  s e n s i t i v e  t o  turbulence .  The r e s u l t s  i n d i c a t e  t h a t  t he  

s y n t h e t i c  p r o f i l e  can be a  very  use fu l  t o o l  once i t  has been v e r i f i e d  

f o r  a p a r t i c u l a r  c l a s s  of v e h i c l e s .  

I 

Acc. Gain/  Syn the t i c  
w / ~ u s t  

I 0 1 59 
I 
I I 

CONCLUSIONS 

Syn the t i c  i / ~ e n e r a l  ized  
I F i l t e r e d  Turbulence 1 Iktrmonic 

w/o Gust 1 ! ; Analys is  
I 1 

44.8 1 51.5 I 40 12.5 I 1 13.5 
i 

I 
I 

The r e s u l t s  presented i n  t h i s  paper f o r  a  Sa turn  V space v e h i c l e  

using smal l  s c a l e  wind p r o f i l e  e f f e c t s  have ind ica t ed  s e v e r a l  important  

impacts on space v e h i c l e  design.  

1. Small s c a l e  wind p r o f i l e  e f f e c t s  a r e  important i n  s t r u c t u r a l  

des ign  e s p e c i a l l y  f o r  forward v e h i c l e  s t a t i o n s .  These a r e  important  i f  the 

j 0.03 49.5 1 42 1 49.5 1 37.5 1 13.4 ' 14.4 
I 

i 0.05 1 46.5 
I I 

15.0 

>'t 

I Bending moment a t  s t a t i o n  90 g iven  i n  Kin x 10" i 
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frequency content  of the  wind turbulence  i s  near  bending mode f r e -  

quencies o r  i f  the  shea r  has the c h a r a c t e r i s t i c  of a  s t e p  inpu t .  

2.  Optimizat ion of con t ro l  systems should inc lude  t h i s  smal l  

s c a l e  wind shear  e f f e c t  i n  order  n o t  t o  pena l i ze  v e h i c l e  s t r u c t u r a l  

des ign.  

3. P r o f i l e s  w i th  h igh  wind speeds and moderate wind shea r s  c r e a t e  

h igh  s t r u c t u r a l  loads a t  a l l  s t a t i o n s ;  however, a  p r o f i l e  wi th  low wind 

speeds b u t  high wind shea r s  can c r e a t e  l a r g e  loads when the  in f luence  

of bending dynamics i s  high. 
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