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USEOFACTIVECONTROLTECHNOLOGYTOIMPROVE 

RIDE QUALITIES OF LARGE TRANSPORT AIRCRAFT 

Gerald C.  Cohen, Clifford J. Cotter, and Donald L. Taylor 
Boeing Commercial Airplane Company 

SUMMARY 

This  paper d e s c r i b e s  t h e  ana lyses ,  cons t ruc t ion  and 
f l i g h t  t e s t i n g  of t w o  systems, "Beta-vane" and modal 
suppression augmentation system (MSAS) ,.' which w e r e  developed 
t o  suppress  g u s t  induced la te ra l  a c c e l e r a t i o n s  of l a r g e  
a i r c r a f t ,  The Boeing 747 t r a n s p o r t  w a s  used as t h e  test  
veh ic l e .  The purpose of t h e  Beta-vane system is  t o  reduce 
a c c e l e r a t i o n  l e v e l s  a t  t h e  "dutch roll" frequency whereas 
t h e  func t ion  of t h e  MSAS system is  t o  reduce a c c e l e r a t i o n s  
due t o  f l e x i b l e  body motions caused by turbulence.  D a t a  
from f l i g h t  tes t ,  with both systems engaged shows a 50-70 
percent  reduct ion  i n  l a te ra l  a f t  body a c c e l e r a t i o n  l e v e l s .  
Furthermore, t h i s  paper sugges ts  t h a t  p r e s e n t  day techniques 
used f o r  developing dynamic equat ions of motion i n  t h e  
f l e x i b l e  mode r eg ion  a r e  l i m i t e d .  These techniques produce 
r e s u l t s  which are s a t i s f a c t o r y  f o r  analyzing dynamic 
loads and s t a b i l i t y  problems, bu t  may be i n s u f f i c i e n t  
f o r  development of a c t i v e  c o n t r o l  systems ope ra t ing  i n  
t h e  s a m e  frequency region.  

INTRODUCTION 

The a f t  fu se l age  s e c t i o n  of long s l ende r  a i r p l a n e s  
is a p o s i t i o n  of r e l a t i v e l y  high l a t e r a l  a c c e l e r a t i o n  
l e v e l s  i n  moderate t o  heavy turbulence.  These accel- 
e r a t i o n s  can be considered as being due t o  c o n t r i b u t i o n s  
from a r i g i d  a i r p l a n e  wi th  t h e  e l a s t i c  e f f e c t s  super- 
imposed. I n i t i a l l y ,  because of t h e  experimental  n a t u r e  
of t h e  program, t w o  d i f f e r e n t  approaches t o  g u s t  a l l e v i a t i o n  
w e r e  undertaken. One system worked t h e  f l e x i b l e  body 
f requencies  (MSAS system - Sec t ion  I) whereas t h e  second 
system worked p r imar i ly  r i g i d  body f requencies  (Beta-vane 
system - Sec t ion  11). 
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SECTION I 

MODAL SUPPRESSION AUGMENTATION SYSTEM (MSAS) 

INTRODUCTION 

T h i s  s e c t i o n  of t h e  paper w i l l  d e s c r i b e  i n  d e t a i l  t h e  
a n a l y s i s ,  cons t ruc t ion  and f l i g h t  t e s t i n g  of a modal 
suppression augmentation system. T h i s  system w a s  designed 
t o  reduce a f t  body l a t e ra l  a c c e l e r a t i o n s  i n  t h e  1-3 Hz 
r eg ion  when f l e x i b l e  body motions are per turbed by turbul -  
ence. Due t o  t h e  problems a s soc ia t ed  with t h e  l a te ra l  
dynamic equat ions  of motions as d iscussed  i n  t h e  fol lowing 
s e c t i o n  ( t h a t  is ,comparison of a n a l y t i c a l  and measured 
t r a n s f e r - f u n c t i o n s  showed a v a r i a t i o n  i n  t h e  f l e x i b l e  
mode r e g i o n ) ,  a technique w a s  developed which involved 
'curve f i t t i n g B  t r a n s f e r  f u n c t i o n s  t o  experimental  
da t a .  This  method then  allowed a modal suppression 
system t o  be developed without  dependence on t h e  a n a l y t i c a l  
equat ions.  Furthermore, by inc luding  t h e  yaw damper 
a c t u a t o r  wi th  t h e  experimental  d a t a  t h a t  w a s  analyzed v i a  
t h e  curve  f i t  method, t h e  problem associated with p r e c i s e  
mathematical modeling of t h e  s t r u c t u r a l  compliance feed- 
back-actuator system w a s  avoided. 

COMPARISON OF ANALYTICAL AND EXPERIMENTAL DATA 

Resu l t s  from 7 4 7  f l i g h t  t e s t i n g  i n  turbulence  ind ica t ed  
t h a t  a f t  end la te ra l  motion was composed of t h e  fol lowing 
two components: 

(1) Rigid Airp lane  (dutch r o l l )  --I 0.2 Hz 
(50% c o n t r i b u t i o n )  

( 2 )  E l a s t i c  effects -L...- 1 . 0  - 3,O HZ 
(50% c o n t r i b u t i o n )  

Within t h e  1 , O  - 3.0 Hz band of f requencies  t h e  
a n a l y t i c a l  equat ions  p r e d i c t  f i v e  f r ee - f r ee  modes, 
a l l  of which are composed t o  s o m e  degree of wing, n a c e l l e  
and body motions, These modes ( co r rec t ed  wi th  r e s u l t s  from 
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t h e  ground v i b r a t i o n  test) are shown i n  Figure 1. 
F l i g h t  tes t  d a t a  reduced v i a  t h e  'curve f i t t i n g '  
technique (explained i n  t h e  following s e c t i o n )  is also 
shown i n  Figure 1. 

Based on t h e i r  composition t h e  modes are i d e n t i f i e d  
as (1) outboard n a c e l l e  v e r t i c a l  bending, ( 2 )  fundamental 
wing bending, (3)  inboard n a c e l l e  s i d e  bending, (4) a f t  
body bending, and (5) outboard n a c e l l e  s i d e  bending. I n  
a d d i t i o n  t o  t h e  above set  of modes, a s t a b i l i z e r  mode 
a t  3.16 H z ,  a fore body mode a t  4 Hz and a v e r t i c a l  f i n  
bending mode a t  6 H z  are of concern i n  conjunct ion wi th  
t h e  development of t h e  MSAS f i l t e r .  

Although t h e  a n a l y t i c a l  equat ions w e r e  reasonably 
close t o  measured va lues  and thus  s u f f i c i e n t  f o r  f l u t t e r  
s t u d i e s ,  t h e  development of an  a c t i v e  c o n t r o l  system, 
however, r e q u i r e s  n o t  on ly  t h a t  t h e  c h a r a c t e r i s t i c  equat ion 
be correct bu t  a l s o  t h a t  t h e  r e s idues  of t h e  t r a n s f e r  
func t ion  ( t h e  zeros  shown i n  Figure 1) be  proper ly  
descr ibed .  

From Figure  1, it i s  seen t h a t  even though t h e  roots 
of t h e  system (poles )  are i d e n t i f i e d  and reasonably c l o s e  
t o  those  obtained v i a  f l i g h t  tes t  d a t a ,  it i s  obvious t h a t  
t h e  a s soc ia t ed  zeros  are misaligned. Various a t tempts  
i n  t h e  form of ref inement  i n  both s t r u c t u r a l  and aero- 
dynamic r e p r e s e n t a t i o n  d i d  n o t  succeed i n  changing t h e  
gene ra l  p i c t u r e .  Fur ther  work along t h e s e  l i n e s  s t i l l  
remains t o  be pursued. 

A s  a p r a c t i c a l  s o l u t i o n  t o  t h e  problem, a curve 
f i t t i n g  technique w a s  app l i ed  t o  t h e  measured t r a n s f e r -  
func t ions  t o  i d e n t i f y  t h e  zeros  and poles  of t h e  system 
t o  be  con t ro l l ed .  

CURVE FITTING TECHNIQUE 

From i n i t i a l  experimental  d a t a ,  t h e  a f t  body w a s  
found t o  r e s o n a t e  a t  1.8 and 2.4  Hz whereas t h e  fundamental 
frequency of the f o r e  body was 4 H z .  Furtnermore, t h e  
a f t  body could be  per turbed by g u s t s  s t r i k i n g  t h e  f i n  or 
g u s t s  e x c i t i n g  t h e  engine n a c e l l e s  producing wing-body 
coupling suggest ing t h a t  e i t h e r  the a i l e r o n s  or rudders  
could be used f o r  t h e  active c o n t r o l  system. Due t o  t h e  
complexity associated with developing a system i n  
conjunct ion with t h e  a i l e r o n s ,  a rudder suppression 
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system w a s  chosen. Though t h e  coiiuiiand s i g n a l  t o  t h e  
rudder i s  rate l i m i t e d  a t  13 deg/sec coxitpared t o  a 50 
deg/sec requirement f o r  t h e  load a l l e v i a t i o n  system 
developed f o r  t h e  B-52, it w a s  determined t h a t  t h i s  
l o w e r  ra te  l i m i t  would s a t i s f y  t h e  requirement. 

The experimental  d a t a  w a s  obtained by e x c i t a t i o n  
of t h e  la teral  a i r f r ame  degrees  of freedom i n  t h e  1-7 
Hz reg ion  v i a  t h e  upper and lower yaw damper servos and 
t h e i r  r e s p e c t i v e  rudders .  The fo rc ing  func t ion  i t s e l f  
w a s  a cont inuously changing cons t an t  amplitude s i n e  wave 
frequency sweep, i n  t h e  1-7 Hz range, which w a s  produced 
on a computer and s t o r e d  on magnetic tape.  Using t h e  
experimental  d a t a  i n  conjunct ion wi th  a F a s t  Four ie r  
t ransform d a t a  r educ t ion  package, Bode p l o t s  f o r  va r ious  
sensor  l o c a t i o n s  on t h e  aircraft  could be obtained.  

The curve  f i t t i n g '  technique i s  based on t h e  2 papers 
given i n  r e f e r e n c e s  1 and 2. These algori thms w e r e  pro- 
grammed on t h e  CDC 6600 during t h e  development of t h e  
Boeing SST and w e r e  used i n  t h e  des ign  of 3rd and 4 th  
o rde r  p r e f i l t e r s  i n  conjunct ion wi th  thel iorowitz  C i r c l e  
technique. A f t e r  a few a t tempts  a t  de r iv ing  t r a n s f e r  
func t ions  f r o m  t h e  experimental  d a t a ,  t h e  fol lowing 
d e f i c i e n c i e s  i n  t h e  computer program w e r e  observed: 

1. The program could no t  handle 1 4 t h  order systems. 

2. The s m a l l  n o n - l i n e a r i t i e s  associated w i t h  t h e  
amplitude and phase curves w e r e  s u f f i c i e n t  t o  
make t h e  computer program l i m i t  cyc le .  

3. The program w a s  very s e n s i t i v e  t o  end p o i n t  
condi t ions  . 
Transfer  func t ions  t h a t  iltakched t h e  experimental  

data w e r e  obtained by incorpora t ing  t h e  fol lowing procedures: 

1. The t r a n s f e r  func t ions  w e r e  assumed t o  be of minimum 
phase (no r i g h t  h a l f  p lane  z e r o s ) .  Therefore,  on ly  
t h e  amplitude w a s  i n p u t  t o  t h e  program. 

2. A po le  o r  pole-zero combination i s  always included 
on e i t h e r  s i d e  of t h e  band of f requencies  t h a t  i s  
of i n t e r e s t .  
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The t r a n s f e r  func t ions  showed c l e a r l y  t h a t  a l though 
t h e  a n a l y t i c  equat ions could be  manipulated so t h a t  t h e  
modes would have t h e  c o r r e c t  f requencies ,  t h e  zeros 
a s soc ia t ed  wi th  t h e s e  a n a l y t i c  equat ions  (and t h e r e f o r e  
the  phase) w e r e  no t  correct f o r  t h e  2 .1  and 2.4 Hz 
modes. The e f f e c t s  of t h e  d i f f e r e n t  zero l o c a t i o n s  on 
a c o n t r o l  system w i l l  now be  shown. 

A r o o t  locus  diagram of an accelerometer  c o n t r o l  
system based on the a n a l y t i c a l  equat ions i s  shown i n  
Figure 2. The c o n t r o l  system adds approximately t w i c e  
t h e  damping t o  t h e  2nd and 4 t h  modes; ttiese t w o  modes 
c o n t r i b u t e  8 0 %  of the  f l e x i b l e  energy. This  system 
w a s  f l i g h t  tested and r e s u l t s  showed t h a t  t h e  4th mode 
was d e s t a b i l i z e d  and t h e  2nd mode increased i n  frequency 
as t h e  g a i n  of t h e  c o n t r o l  system w a s  increased.  This  
same c o n t r o l  system based on the  a i r p l a n e  t r a n s f e r  func t ion  
obtained v i a  t h e  curve f i t  computer program has t h e  r o o t  
locus diagram shown i n  F igure  3 .  Notice t h a t  t h e  l o c i  
a r e  almost t h e  s a m e  as those obtained i n  f l i g h t .  This 
experimental  v e r i f i c a t i o n  of t h e  curve f i t  technique showed 
t h a t  t h i s  method could be used wi th  confidence. 

The complete design technique i n  t h e  development -. 
of the MSAS is the folluwing: 

1, EXCITE AIRPLANE V I A  RUDDERS - CONSTANT AMPLITUDE 
SINE WAVE 1.0 t o  7.0 H Z .  

2. CURVE F I T  TRANSFER FUNCTION TO AFT BODY SENSORS. 

3 .  ROOT LOCUS METHODS TO D E S I G N  FILTER. 

4 .  EXCITE AIRPLANE V I A  RUDDERS, WITH/WITHOUT MSAS, 
TO VERIFY SUPPRESSION OF MODES. 

5. FLY MSAS I N  TURBULENCE TO VERIFY CONTROL SYSTEM. 

Notice t h a t  t h i s  procedure does n o t  a l l o w  a n a l y t i c a l  
v e r i f i c a t i o n  of g u s t  suppression; it only s u b s t a n t i a t e s  
a n a l y t i c a l l y  whether t h e  c o n t r o l  system adds damping 
t o  t h e  modes, 

Two c o n t r o l  systems were designed a d  f l ight  tes ted  
using t h e  above procedure. The first system used an a f t  
body mounted la te ra l  accelerometer  sensor  whereas t h e  
second system used t w o  yaw rate gyros,  one a f t  body and 
one a t  t h e  cg. F igure  4 shows t h e  reduct ion  i n  a f t  body 
a c c e l e r a t i o n  (Body S t a t i o n  2300) f o r  t h e  t w o  systems when 
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t h e  s i n e  wave fo rc ing  func t ion  i s  fed t o  t h e  l o w e r  rudder 
and t h e  c o n t r o l  systems a r c  commanding tine upper rudder. , 

The accelerometer  system w a s  no t  chosen because t h e  2.4 
Hz mode d e s t a b i l i z e d  a t  high 'q'  condi t ions .  I n  add i t ion ,  
t o  o b t a i n  equal  reduct ion  i n  a c c e l e r a t i o n  levels during 
turbulence,  t h e  accelerometer system requi red  m o r e  rudder 
than  t h e  gyro system suggest ing t h a t  t h e  g u s t  ze ros  f o r  
t h e  t w o  systems w e r e  q u i t e  d i f f e r e n t ,  

DESCRIPTION OF FINAL MSAS SYSTEM 

The MSAS system is  a s i n g l e  channel augmentation 
system working v i a  t h e  lower yaw damper servo.  A block 
diagram of t h e  c o n t r o l  system is  shown i n  F igure  5, The 
augmentation system provides  damping t o  t h e  1 .8 ,  2.1, and 
2.4 Hz a f t  body l a t e r a l  modes without  d i s t u r b i n g  t h e  
dutch r o l l  mode. The s a l i e n t  f e a t u r e s  of t h e  system 
are t h e  following: 

1. Two l a t e r a l  yaw r a t e  gyros. 

2. S ing le  channel ' r e a l  t i m e '  monitoring. 

3 .  Scheduling of f i l t e r  ga in  wi th  c a l i b r a t e d  
a i r  speed (CAS) .  

4 .  Output of system l i m i t e d  t o  + 0.8 degrees  
of rudder (yaw damper a u t h o r i t y  is - + 3.5 
degrees  of rudde r ) .  

5. Operation of system l imi t ed  t o  f l a p s  "up" 
condi t ion .  

F igure  6 r e p r e s e n t s  a f u n c t i o n a l  block diagram of 
t h e  computational path.  

1. MSAS Damping S iqna l  

The MSAS s i g n a l  is der ived  f r o m  t h e  s u b t r a c t i o n  of 
t w o  yaw rate  s i g n a l s ,  The l o c a t i o n  of t h e  senso r s  
are the following: 

a. Aft  End G y r o :  

Body S t a t i o n  2280, WL190, RBL20 
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b. CG Gyro: 

Body S t a t i o n  1307, WL195, RBL5 

Due t o  t h e  placement, the a f t  end gyro is s e n s i t i v e  
t o  dutch r o l l  and f l e x i b l e  mode f requencies  whereas 
t h e  cg gyro is s e n s i t i v e  only t o  dutch r o l l  f requencies ,  
Upon s u b t r a c t i o n  of t h e  t w o  yaw rate  s i g n a l s ,  t h e  remaining 
s i g n a l  con ta ins  only f l e x i b l e  mode frequencies .  

2. Band Pass F i l t e r  

A t  f l a p s  up condi t ion ,  t h e  yaw rate  s i g n a l  passes  
thrwgh a band pass f i l t e r  into the yaw damper servo 
amplifier. The band pass f i l t e r  is canposed of R-C 
components, operational amplifiers am3 multipliers. 
The transfer function of the f i l t e r  can be expressed i n  
Laplace form as the following: 

A Bode p l o t  of t h e  f i l t e r  is  shown i n  Figure 7. 

The func t ions  of t h e  band pass  f i l t e r  are: 

a. To wash o u t  t h e  s t eady- s t a t e  yaw rate  s i g n a l s  
and t o  e l imina te  n u l l a f f s e t  of sensors .  

b. T o  reduce high frequency s i g n a l  amplitudes so 
as  t o  minimize coupling with t h e  higher  s t ruc -  
t u r a l  modes. 

c, T o  o b t a i n  t h e  proper phasing between yaw rate 
s i g n a l  and lower rudder so as  t o  add damping t o  
t h e  a f t  body l a t e r a l  f l e x i b l e  modes. 

F igure  8 r e p r e s e n t s  t h e  t r a n s f e r  func t ion  of yaw 
rate/lower rudder a t  BS-2300 whereas F igure  9 shows t h e  
e f f e c t s  of t h e  MSAS f i l t e r  on t h e  above dynamics, The 
reason for  t h e  complexity of t h e  f i l t e r  is  t h a t  t h e  1.8 
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mode requi red  ' l ag '  and the  2.4 mode ' lead '  i n  o rde r  f o r  
t h e  system t o  add t h e  maximum damping t o  t h e s e  niodes. 
Although va r ious  body s t a t i o n s  w e r e  i nves t iga t ed ,  sensor  
p o s i t i o n s  a f t  of t h e  cg, along t h e  Eloor ' w a t e r  l i n e '  
shwd that there was no change i n  the phase relationship 
between t h e  1.8 and 2.4 cps  mode. 

F igure  1 0  r e p r e s e n t s  a f u n c t i o n a l  block diagram 
of t h e  monitoring system and pre-engage mode. The 
func t ion  of t h e  monitor system is t h e  following: 

a. Checks t h e  p r i n c i p a l  g a i n s  and phase charac te r -  
i s t ics  of t h e  f i l t e r .  

b. Detects f a i l u r e  of e i t h e r  gyro. 

c. Detects f a i l u r e  of t h e  l i m i t e r .  

d. Detects f a i l u r e  of ga in  scheduler .  

The purpose of t h e  pre-engage mode i s  t o  v e r i f y  
t h a t  t h e  IvISAS e l e c t r o n i c  u n i t ,  inc luding  monitor, is  
ope ra t ing  c o r r e c t l y .  

TEST Rl2SULTS 

A system corresponding t o  t h e  f i l t e r  shown i n  
F igure  7 w a s  f l i g h t  tested (no monitor system, etc.). 
Af t e r  i n i t i a l  c a l i b r a t i o n  and s t a b i l i t y  c r i te r ia  w e r e  
s a t i s f i e d  ( 6  db g a i n  margin and 60' phase s h i f t ) ,  t h e  
system w a s  flown i n  turbulence.  Figure 11 shows one 
of t h e  many t i m e  h i s t o r i e s  obtained.  Figure 1 2  r e p r e s e n t s  
t h e  cumulative a c c e l e r a t i o n s  f o r  t h e  t i m e  h i s t o r y  
p l o t s  of Figure 11. T h e  MSAS system reduces t h e  a f t  
body f l e x i b l e  mode con ten t  by approximately 50% (although 
Figure  1 2  shows a 66% r educ t ion ) .  F igure  1 3  shows t h e  
cumulative a c c e l e r a t i o n  a t  t h e  p i l o t  s t a t i o n .  I t  may be 
noted t h a t  there i s  very l i t t l e  1 .8  and 2.4 Hz content  
a t  t h e  p i l o t  s t a t i o n  and very l i t t l e  4 Hz con ten t  i n  t h e  
a f t  end. 

A production type  u n i t  has r e c e n t l y  been flown 
( inc luding  monitor system, etc.) and t h e  next  step w i l l  
be t o  c e r t i f y  t h e  system togekher with t h e  Beta-vane 
system. The combined systems w i l l  then  be  i n s t a l l e d  
on a production airplane for in-service evaluation. 
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BETA-VANE SYSTEM 

I I\JTROL>U c T I Oi\J 

This s e c t i o n  d i scusses  a method devised f o r  t h e  747 
a i r p l a n e  of reducing those  a c c e l e r a t i o n s  due t o  g u s t  
induced r i g i d  a i r p l a n e  motions. 
t he  previous s e c t i o n ,  trie l e v e l  of €94S a c c e l e r a t i o n s  due 
to  turbulence  i s  approximately 5 0 %  due t o  r i g i d  body 
motions and 50% due t o  f l e x i b l e  m o k i o i i s  (Figure 1 4 ) .  
Consequently, a system designed t o  reduce t h e  r i g i d  
body a c c e l e r a t i o n s  offers  only  ha l f  t h e  p o t e n t i a l  reduct ion  
i n  t he  t o t a l  l e v e l .  

A s  w a s  pointed o u t  i n  

SYMBOLS 

6 vane r o t a t i o n  

U, l o n g i t u d i n a l  body a x i s  v e l o c i t y  

V, l a te ra l  body a x i s  v e l o c i t y  

t o t a l  v e l o c i t y  VP 

Ws v e r t i c a l  body a x i s  v e l o c i t y  

Pe body a x i s  r o l l  ra te  

RB body a x i s  yaw rate 

L ,  l o n g i t u d i n a l  d i s t a n c e  from 
C.G. t o  vane s t a t i o n  

H, w a t e r l i n e  d i s t a n c e  from a i r p l a n e  
p r i n c i p a l  a x i s  t o  vane s t a t i o n  
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Ay accelerometer  o u t p u t  

8 p i t c h  ang le  

@ r o l l  ang le  

i'4ETHOL) OF SOLUTION 

The method used f o r  g u s t  a l l e v i a t i o n  on t h e  7 4 7  i n  
t h e  frequency range 0 - 1 H z  i s  snown i n  F igure  15. T h e  
b a s i c  sensor  i s  a r e l a t i v e  wind vane which i s  used t o  
sense  l a t e ra l  g u s t s ;  t h e  ou tpu t  of the vane i s  used t o  
d r i v e  t h e  7 4 7  upper rudder  i n  a sense  t h a t  reduces t h e  
a i r p l a n e  tendency t o  t u r n  i n t o  t i r e  g u s t .  The wind vane 
o u t p u t  s i g n a l  i s  composed of t h e  r a p i d  change due t o  t h e  
l a t e r a l  g u s t  p l u s  changes due t o  a i r p l a n e  motion from p a s t  
d i s t u r b a n c e s .  An approximate s e p a r a t i o n  of these s i g n a l s  
i s  accomplished through d e r i v i n g  a i r p l a n e  motion from 
la te ra l  a c c e l e r a t i o n ,  yaw r a t e  and r o l l  a t t i t u d e  as 
shown i n  F igure  15.  The r e s u l t i n g  s i g n a l  which i s  
p r o p o r t i o n a l  t o  t h e  l a t e ra l  g u s t  i n p u t  i s  p u t  tnrough 
a band pass  f i l t e r  be fo re  being summed wi th  t n e  e x i s t i n g  
yaw damper s i g n a l  t o  d r i v e  t h e  upper rudder .  The purpose 
of t h i s  f i l t e r  i s  t o  remove s t e a d y - s t a t e  sensor  e r r o r s  
and t o  prevent  e x c i t a t i o n  of t h e  f l e x i b l e  body modes. 
The approximate l o c a t i o n  of t h e  wind vane and o t h e r  system 
components on t h e  7 4 7  a i r p l a n e  i s  shown i n  F igure  16 .  

ANALYSIS 

For t h e  purposes of the a n a l y s i s ,  it w a s  assumed 
t h a t  t h e  l a t e ra l  dynamics could be  considered independently 
and t h a t  on ly  l a t e r a l  g u s t s  w e r e  p re sen t .  The assumed 
form of t h e s e  g u s t s  w a s  t h e  t y p i c a l  Von Karman spectrum. 

The vane o u t p u t  can be descr ibed  as: 
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where t h e  l a s t  t h r e e  t e r m s  g i v e  t h e  s i d e s l i p  a n g l e  a t  
t h e  vane l o c a t i o n .  

To d e r i v e  a s i g n a l  p r o p o r t i o n a l  t o  t h e  g u s t  i n p u t  
use is made of a l a t e r a l  accelerometer  mounted a t  t h e  
vane s t a t i o n .  The accelerometer o u t p u t  i.s: 

consequent ly ,  

or approxiniat e l y  

It is t he re foye  p o s s i b l e  t o  r e w r i t e  (1) as: 

all t h e  l e f t  s i d e  t e r m s  of ( 5 )  are a v a i l a b l e  and t h i s  
equat ion  i s  t h e  b a s i s  f o r  mechanization of t h e  system 
as shown i n  F igu re  15. 

The a n a l y s i s  w a s  made using a Boeiny der ived  computer 
program which a c c e p t s  ma t r ix  inpu t s .  This  program provides  
root  locus  p l o t s  of t h e  system and power s p e c t r a l  d e n s i t i e s  
of des igna ted  p a r a n e t e r s  i n  response t o  given f c r c i n g  
func t ions .  The complete a n a l y s i s  inc luded  cons ide ra t ion  
of the la teral  airplane Ciynmics, roll,  autopilot, yaw h y x r  
and gust suppressioa syste;?.. The pzfomacce of the q s t  
suppression systm was. investigated thrmqhout the f l ight  
envelope of the airplane with the intext of determining 
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op t i inun  sys t em ga in  f o r  reduct ion  of t h e  r e a r  fuse l age  
l a t e r a l  a c c e l e r a t i o n  and a lso t o  determine system s t a b i l i t y .  
Some p a r t i c u l a r  r e s u l t s  of t h e  a n a l y s i s  are shown i n  
F igure  1 7 .  F igure  1 7  shows a r o o t  l ocus  p l o t  f o r  d i f f e r e n t  
g a i n s  of the g u s t  suppression system w i t h  t h e  cor res -  
ponding RMS '9' l e v e l s  a t  an a f t  body s t a t i o n  shown i n  
F igure  18. It  can be seen t h a t  a reduct ion  of about 30% 
i n  t h e  RMS ' g '  l e v e l  can be obtained a t  the  bucket of 
t n e  curve shown i n  F igure  18 .  Tnis  p a r t i c u l a r  ga in  
a f f e c t s  t h e  a i r p l a n e  s t a b i l i t y  very s l i g h t l y  as can be 
seen i n  F igure  17 .  S imi la r  r e s u l t s  w e r e  obtained f o r  
va r ious  a i r p l a n e  a l t i t u d e s  and speeds, t h e  va lue  of g u s t  
suppression ga in  remaining e s s e n t i a l l y  t h e  s a m e  f o r  
minimum '9' l e v e l s .  

The reason for  t h e  change i n  a i r p l a n e  s t a b i l i t y  is  
t h e  approximate form adopted f o r  compensating t h e  vane 
ou tpu t  for a i r p l a n e  motion. Theore t i ca l ly ,  t h i s  s i g n a l  
could be p e r f e c t ,  i n  which case, t h e  r o o t  locus  shown 
i n  Figure 1 9  r e s u l t s  for  a l l  system ga ins .  The approx- 
i m a t e  method of compensation was chosen f o r  p r a c t i c a l  
implementation, 

TEST RESULTS 

A system corresponding t o  t h a t  shown i n  Figure 1 5  
w a s  cons t ruc ted  and tes t  flown i n  t h e  7 4 7  a i rp l ane .  
I n i t i a l  f l i g h t s  w e r e  made t o  c a l i b r a t e  t h e  wind vane 
sensor  and t o  i n v e s t i g a t e  a i r p l a n e  handling with t h e  system 
enyaged i n  c a l m  a i r .  P i l o t  comments w e r e  t h a t  t h e  ope ra t ion  
of t h e  system had undetec tab le  effect  on handling charac- 
teristics i n  e i t h e r  normal o r  emergency maneuvers. Sub- 
sequent ly ,  s e v e r a l  f l i g h t s  t o  i n v e s t i g a t e  performance 
during turbulence  w e r e  made. Typical  d a t a  from one such 
f l i g h t  i s  shown i n  F igures  20 and 21. Figure 20 shows a 
t y p i c a l  g u s t  s i g n a l  command measured a t  t h e  i n p u t  t o  
t h e  B e t a  f i l t e r  summing ampl i f i e r  whi le  F igure  2 1  shows 
t h e  RMS '9' l e v e l s  recorded a t  t h e  a f t  body s t a t i o n  wi th  
t h e  system ON then  OFF i n  sequence. The reduct ion  i n  
a c c e l e r a t i o n  l e v e l s  w i th  t h e  system ON i s  of t h e  s a m e  
magnitude as t h a t  pred ic ted .  
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SERVICE EVALUATION 

To ob ta in  m o r e  d a t a  on t h e  system, it has been 
i n s t a l l e d  on a commercial carrier a i r p l a n e  wi th  a l i m i t e d  
ins t rumenta t ion  package, Because t h i s  i n s t a l l a t i o n  
ope ra t e s  a t  a reduced g a i n  while  information is  being 
c o l l e c t e d ,  t h e  r e s u l t s  do n o t  show such a l a r g e  reduct ion  
i n  a c c e l e r a t i o n  l e v e l s  as those  obtained during Boeing 
tests. A t y p i c a l  example of some of t h i s  d a t a  is  shown 
i n  F igure  22, where a comparison of t h e  a c c e l e r a t i o n  l e v e l s  
a t  an a f t  body s t a t i o n  during turbulence  is  shown wi th  
t h e  system ON and OFF.  

CONCLUSION 

The development and t e s t i n g  of t h e  Beta-vane and 
MSAS systems have been descr ibed.  D a t a  from f l i g h t  t es t  
have ind ica t ed  t h a t  a 50-70 percent  reduct ion  i n  a f t  
body l a t e r a l  a c c e l e r a t i o n  l e v e l s  can be achieved with 
t h e  above systems. Non-linear f i l t e r i n g  and d i f f e r e n t  
sensors  w i l l  be  t h e  s u b j e c t  of f u t u r e  research. 
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