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DESIGN OF A NONLINEAR ADAPTIVE FILTER FOR 

OSCILLATION TENDENCIES 
SUPPRESSION OF SHUTTLE P I  LOT- INDUCE0 

John W. Smith and John W. Edwards 
Oryden F1 i g h t  Research Center 

I NTROOUCTION 

On the f i n a l  f l i g h t  o f  the space shut t le 's  approach and landing 
tests,  a pilot-induced o s c i l l a t i o n  (PIO) bas experienced during the f l a r e  
and landing. The frequency o f  the PI0 i n  the p i t c h  ax is  was approx- 
imately 3.5 radians per second, and the p i l o t  u t i l i z e d  a s ign i f i can t  por t ion  
o f  h i s  f u l l  control authority. 
ence o f  PI0 tendencies i n  t h i s  configuration, and indicated tha t  the 
source o f  the problem was a combination o f  basic ahut t le  hand;ing 
qual i t ies ,  time delay through the d i g i t a l  f 1 i g h t  control  system computers, 
and ra te  l i m i t i n g  o f  the elevator actuators. I n  addition, the cockpit o f  
the shut t le  vehicle i s  a t  the approximate center o f  ro ta t i on  of the 
vehicle f o r  p i t c h  maneuvers, which may deprive the r f l o t  o f  SGW motion 
cue information. 

Subsequent analysis confirmed the ex is t -  

High p i l o t  gain during a c r i t i c a l  task, coupled w i th  the a b i l i t y  to 
ra te  l i m i t  surface actuators w i th  large p i l o t  inputs, i s  a s ign i f i can t  
factor i n  such PI0 problems (refs.  1 t o  3). Linear compensation tech- 
niques are o f  l im i ted  usefulness i n  solv ing t h i s  problew because o f  the 
phase ?ags they introduce. 
(PICS) f i l t e r  t ha t  was designed t o  reduce p i l o t  gain i n  PI0 s i tuat ions 
w i th  l i t t l e  o r  no phase lag. The f i l t e r  i s  implemented as a nonlinear, 
adaptive 2lement o f  the p i l o t ' s  s t i c k  gearing schedule and operates by 
sensing the frequency and amplitude of the p i l o t ' s  s t i c k  inputs. 

the amount o f  ra te  l i m i t i n g .  Reducing the gain near the crossover 
frequency without phase lag  may also resu l t  i n  some improvement i n  
handling qua l i t ies ,  as shown i n  reference 4. 

This report  describes a PI0 suppression 

The primary e f f e c t  o f  attenuating the comand path gain i s  t o  reduce 

SYMBOLS AND ABBREVIATIONS 

A, B ,  C, D, 
E ,  x ,  y 

ADEP 

dummy variables 

output o f  the smoothing f i l t e r ,  deg 2 

AMP amp1 i tude 

normal acceleration, g n a 



BN 

CPS 

DCGN 

DEC 

DEC 1 

DEP 

EDEP 

F ( S 1  

KC 

K ( i )  

Pe 
K 

M, N 

NPTS 

P i L N  

P I 0  

PIOS 

RKP 

SKQ 

SQAD E P 

SQXPN 
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output of the control  a c t i v i t y  estimator, deg/sec 

samples per second 

output o f  the deadband nonl inear i ty,  deg 

suppressed ogtput o f  the p i t c h  s t i c k  shaping function, deg 

unsuppressed output o f  the p i t c h  s t i c k  shaping function, 

p i l o t  input, deg 

r a t i o  o f  f i l t e r  parameters, per sec 

t ransfer function 

forward loop gain, per sec 

gain constant 

p i l o t  gain 

indexes 

number e f  points 

i n i t i a l  con t ro l l e r  

p i  1 ot-  i nduced osci 

P I 0  suppression 

nput equal t o  DEPN, deg 

a t ion  

control a c t i v i t y  estimation equation 

output o f  the F-2 schedule 

square root o f  the f i l t e r  output along the amplitude 
path, deg 

square root o f  the f i l t e r  output along the rate path, 
deg/sec 

Laplace transform variable, rad/sec 

time, sec 

squared and f i l t e r e d  output along the r a t e  path, 
deg 2 2  /sec 



ZN 

'e 

0 

w 

+ 
Subscripts : 

A/C 

e 

p i l o t  mode1 

output of th. control  a c t i v i t y  estimator squared, deg /sec 

elevator def lect ion,  deg 

2 2  

p i t c h  a t t i t ude ,  deg 

frequency , rad/sec 

phase angle, deg 

a i r c r a f t  

e r r o r  

A dot over a quant i ty denotes the f i r s t  der ivat ive w i t h  respect t o  time. 

SHUTTLE PITCH RATE ComA#D SYSTEM 

A p i t c h  r a t e  colasland system i s  used on the space shu t t l e  f o r  the 
approach and landing phases o f  f l i g h t .  The system i s  implemented as a 
d i g i t a l  f l i g h t  control  system resident i n  the shu t t l e ' s  f l i g h t  cont ro l  
c m u t e r s .  
elements important t o  closed-loop p i t c h  a t t i t u d e  control .  
ignated as Y, (s), applies a torque t o  a ro ta t i ona l  hand c o n t r o l l e r  which 

Figure 1 shows a conceptual block diagram descr ip t ive o f  the 
The p i l o t ,  des- 

coraslands an output given by the 

DEC = (0.36 

The input t o  the s t i c k  shaping 
the p i l o t ' s  s t i c k  posi t ion,  DEP 
comand i s  Kc * DEC i n  (deg/sec 

fo l lowing p i t c h  s t i c k  shaping function: 

+ 0.0484 IDCGN! )@CGN 

L;--+ion, DCGN, resu l t s  from operating on 
w i th  a k1.15' deadband. The p i t c h  r a t e  

/deg; and the gain constant f o r  the 

approach and landing, Kc, remains constant a t  a value o f  0.4. 
control  i s  achieved by pos i t i ve  feedback around the power actuator and 
servo, y ie ld ing  an equivalent system f o r  the actuator loop, w i t h  a ' ' f ree s" 
i n  the denominator. 
the comanded response and a i r c r a f t  p i t c h  rate,  i s  cont inual ly  dr iven t o  
zero. The in tegrat ipn r a t e  i s  proport ional t o  the scheduled gain due t o  
dynamic pressure, K(q), and i s  approximately equal t o  2.446. 
remaining terms l e f t  i n  the closed-loop t ransfer  functions are: 

P i tch ra te  

As such, the e r r o r  signal, which i s  made up o f  

The 

d1.5 + l)(s/1.8 + 1) 
.5 + l)(s/2. I + 1') F ( s )  = 1.395 
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Inside the actuator and servo loop, the ra te  a t  which the actuator can 
move i s  r e s t r i c t e d  t o  *20 deg/sec. 
res t r i c t i ons ,  and p i t c h  s t i c k  shaping funct ion are implemented i n  the 
shu t t l e ' s  d i g i t a l  f l i g h t  cor i t ro l  cmputers. 

The f i l t e r s ,  gains, sunmations, ra te  

PILOT-INDUCED OSCILLATION SUPPRESSION FILTER 

Descr ipt ion and Design Logic 

I n  general, the cbject ives o f  the PIOS f i l t e r  are simple: t o  modify 
the s t i c k  shaping function, DEC = f(DCGN), as a funct ion o f  the frequency 
and amplitude o f  the p i l o t ' s  input  t o  acquire the desired gain reduction; 
and, a t  the same time, t o  minimize phase lags introduced by the f i l t e r .  

The f i l t e r  developed t o  achieve these object ives i s  diagramed i n  
f i gu re  2. 
mathematical computations, and log i c  o f  the f i l t e r  i n  a seqliential manner. 
The dynamic elements, shown as Laplace transformed functions, are imple- 
mented as d i g i t a l  f i l t e r s .  
f i l t e r  i s  l i s t e d  i n  appendix A. 

The blocks o f  the diagram present a l l  the elements, 

The FORTRAN program used t o  implement the 

The PIOS f i 1 t e r  contains a frequency- and amp1 i tude-sensi t i v e  
element composed o f  a second-order 1 ag- 1 ead f i  1 t e r  

m (i -;); two r e c t i f i e r s ;  two f i r s t -o rde r  f i l t e r  smoothers; and 
( s  + 10) 

a sIob i fy ingfunct ion,  SKQ, f o r  the quadratic term o f  the s t i c  
function. 
the dominant frequency o f  the p i l o t ' s  input. 
modify the quadratic term o f  t . r  s t i c k  shaping funct ion i n  order t o  
preclude the p o s s i b i l i t y  o f  ra te  l i m i t i n g  the contro l  surface actuators. 

shaping 
The PIOS f i l t e r  operates by obtaining an estimate, ECEP, of 

This estimate i s  used t o  

The p i l o t ' s  input, DEP, i s  displaced by the deadband (31.15') and 
then goes t o  both the p i t c h  s t i c k  shaping funct ion and the elements o f  
the PIOS f i l t e r .  
shu t t le  ( f i g .  3) i s  give. by- 

The p i t c h  s t i c k  shaping funct ion implemented on the 

CEC 1 = (0.36 + 0.0484 lDCGNl )DCGN 

The combination o f  l i nea r  and quadratic t e r m s  i n  the gearing i s  
intended t o  give acceptable hand1 ing  q u a l i t i e s  f o r  smal 1 inputs whi le 
also al lowing f u l l  control  surface author i ty .  
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The output of the sumation junction in the PIOS filter paths, BN 
(fig. 2 and below), essentially serves as a control activity estinator. 
It i s  &fined as follows: 

BN = [l - DCGN 
+ 10) 

- r3s(s + 13.33) I - 
L 4(s + 1012 

2 This quantity, BN, then is rectified ( X  ) 
filter. The square root of the resulting 
to the freauencv and amlitude of the low 

and smoothed by a low pass 
quantity , SQXPN, i s proportional 
frequency corponents o f  the 

pilot’s input. “The sa& mtheaatical operations are carried out along 
the amplitude-estiaating path, providing a quantity proportional to the 
amplitude of the pilot‘s input. The F-1 sc::adule (fig. /(a)) 
serves two purposes. First and foremost, the schedule is necessary to 
avoid subsequent division by zero. However, to lessen the suppressed 
r e s  onse for step inputs o f  So and less, the m i n i m a  value is limited to 
4.5 . A ratio of the two paths is obtained t o  eliminate the q l i t u d e  
effect, making EOEP primarily proportional to the frequency o f  the control 
activity. The F-2 schedule (fig. 4(b)) controls the amount o f  suppression 
provided by the filter. The minimue value o f  the f-2 schedule (-0.15) 
limits the maxiam suppression of the filter. 
regarding the time constants and schedules f o r  this particular example 
i s  given in appendix B. 

g 

The design philosophy 

Oigital Coaputations and Simulatfons 

Figure 5 presents the results of a digiial sirnulatior, using the 
FORTRAN listing given in appendix A. 
as a function of time when forced by a sinusoidal pilot input, DEP. 
peak input amplitude is 10’ at a frequency o f  3 radians per second for 
3.25 cycles. The “notching” o f  BN and Z# is due to the deadband. 
this effect is smoothed out by the first-order filter. Parameters dovn- 
stream o f  the f i rst-order smoothing f i 1 ters i 1 lustrate the 3.3 second 
settling time. In particular, the SKQ trace i s  approaching its minimum 
value of -0.15. Fop this set of conditions, the F-2 schedule was 
designed to almost iimit the maximum amount of suppression and the final 
value o f  the stick shaping function, DEC. OEC is reduced to about 43 
percent o f  the unsuppressed output, OEC 1, and this value is almost 
reached after three cycles. 
time for this example were chosen as the derig. objectives (appendix 8). 

Cross plots of  the output-to-input re1at’”nships for input amplitudes 
o f  17*, IOo, and So 3re presented in figure 6 .  
frequency i s  3 --dians per second and oscillates for five cosplete cycles. 

Pertinent filter elements are shown 
The 

However, 

The steady-stat- suppression and setil ing 

The sinusoidal input 
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For the 17' input ( f i g .  6(a)) the f i n a l  suppressed output i s  approximately 
S o ,  and was nearly reached a f t e r  two cycles. 
i s t i c  o f  the PIOS f i l t e r  i s  due t o  the time constant o f  the f i r s t -  
order f i l t e r  and the F-2 schedule. 
28 percent of the unsuppressed output shown i n  f i gu re  3. 
l i t t l e  hysteresis, even a t  the extreme input, and none a t  0" o f  DEP. 
Figure 6(b) presents the cross p l o t  f o r  a loo input. The same general 
trends as f o r  the 17' input  aaiplitude response are evident. 
suppressed output f o r  a loo input  i s  3', which i s  about 43 percent o f  the 
unsuppressed output. 
input  r a t i o  f o r  5' o f  input  amplitude. 
The f i n a l  output i s  about 75 percent o f  the unsuppressed value. 
character is t ic  is due pr imar i l y  t o  the minimum value (4.5) se t  on schedule F-1. 

This pa r t i cu la r  character- 

The f i n a l  suppressed output i s  about 
There i s  very 

The f;nal 

Figure 6(c) shows a cross p l o t  o f  the output- to-  
Very l i t t l e  suppression i s  evident. 

This 

Information s im i la r  t o  tha t  presented i n  f igure  6 can be summarized 
over the frequency range o f  in terest .  
pressed output o f  the PIOS f i l t e r  f o r  three d i f f e r e n t  input  amplitudes 
(17', loo, and 5') over a frequency range from 0 t o  7 radians per second. 
Two character is t ics  are apparent. F i r s t ,  a t  frequencies above 4 radians 
per second the suppressed output i s  constant f o r  a l l  conditions. This i s  
because the minimum value i n  schedule F-2 (-0.15) has been reached. 
Second, a t  frequencies below 3 radians per second, the r e d u c t i m  i n  
output i s  almost l i nea r  w i th  frequency. 
frequencies, t;:ere i s  very l i t t l e  suppression f o r  an input  amplitude o f  
5'. 

Figure 7 presents the f i n a l  sup- 

F ina l l y ,  a t  low input  

Figure 8 presents the time response o f  the p i l o t  command w i th  and 
without the PIOS f i l t e r  f s r  a 5" and 10" step input. 
5' step input  shows the e f f cc ts  9 f  the design consideration placed on the 
F-1 schedule i n  tha t  SQADEP bad a minimum value o f  4.5 ( f i g .  4(a)). The 
output o f  the PIOS f i l t e r ,  D E f .  f-r a 5" step i s  w i th in  85 percent of the 
unsuppressed value. For a lo3 :L-&-.? i n m t ,  the output o f  the shaping 
funct ion varies from a qinimum value 01' 3.7" a t  0.25 second t o  almost 6O 
a t  4 seconds. The r i s e  ra te  o f  the outpf.it response, DEC, i s  governed by 
the t i m e  constant (3.3 set) i n  the f i r s t - c r d e r  smoothing f i l t e r .  
time-dependent response would reduce the  amount o f  surface ra te  1 im i t i ng  
due t o  large step iriputs. 

The trace f o r  the 

This 

Open-Loop Response 

The actual p i l o t  input,  DEP, dur ing the shut t le  landing when the PI0 
occurred was used as the input  t o  the f i l t e r  t o  i l l u s t r a t e  the P I O S  f i l t e r ' s  
behavior. Even though t h i s  simulated approach i s  s t r i c t l y  cpen loop, the 
output o f  t h e  P I O S  f i l t e r  i s  ind ica t ive  o f  the control  surface motion t o  
be expected under s imi la r  circumstances w i th  the PIOS f i l t e r  i n  operation. 
Figure 9 presents the response of per t inent  P I O S  f i l t e r  parameters due t o  
the p i l o t  input,  DEP, as generated f r o m  the data recorded during the 
f l i g h t .  During the  approacl from 0 t o  approximately 20 seconds, the 
amount o f  suppression v a r i e s ,  as i s  evident i n  the governing parameter 
SKQ. 
0.5. During the  P I O ,  between 25 and 35 seconds, the peak inputs were 

f o r  t h i s  time span, SKQ i s  always l e s s  than 1.0 and averages about 
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about 210’ a t  a frequency o f  between 3 and 4 radians per second. 
parameter f o r  t h i s  period o f  time would have reached a min iam value a t  
about 25 seconds. This would have occurred j u s t  p r i o r  t o  landing and 
throughout the landing phase. The suppressed output, DEC, cotspared w i th  
the unsuppressed output, DEC 1, i s  noticeably less throughout the l a t t e r  
p a r t  o f  the f l a r e  and landing manuever. For t h i s  example and w i th  respect 
t c  the predicted ra te  l im i t i cg ,  the PIOS f i l t e r  i s  designed t o  o f f e r  the 
desired amount o f  suppression fol lowing the log ic  developed i n  appendix 6. 

The SKQ 

Closed-Loop Analysis 

Observation o f  the actual clssed-loop behavior o f  the PTOS f i l t e r  
would undoubtedly permit a more Pleaningful assessment o f  i t s  worth. 
Therefore, a constant gain p i l o t  model K ( f i g .  1) was mechanized on a 

simulator o f  the shut t le  f l i g h t  dynamics. Simulator ( f i g .  1) responses 
were obtained w i th  and without the PIOS f i l t e r  included. Figure lO(a! 
shows the character ist ics o f  the simulated shu t t l ec ra f t  w i th  p i t c h  a t t i t ude  
feedback and basic s t i c k  shaping f o r  a p i l o t  gain, K This gain 

was selected f o r  th is  example as the gain where i n s t a b i l i t y  would begin t o  
occur. 
stibsidence r a t i o  o f  -0.38. and would have taken about one cycle t o  damp out. 
Both systems were pulsed w i th  a p i t c h  input o f  lo. 

pe 

, o f  7.2. 
pe 

With the PIOS f i l t e r  ( f i g .  10(b)), the system was stable, with a 

Figures l l ( a )  and l l ( b )  present the var ia t ion o f  subsidence r a t i o  
and frequency, respectively, wi th  gain. 
are w e l l  damped. With the PIOS f i l t e r ,  about twice the gain margin i s  
real ized, and f o r  higher gains the osc i l l a t i ons  are bounded. 
o s c i l l a t i o n  frequency approaches 3 .0  radians per second. 
frequency i s  the same f o r  low p i l o t  gain and somewhat less w i th  the PIOS 
f i l t e r  below the divergent gain. 

A t  a p i l o t  gain o f  4, both systems 

The 
The damped 

CO#CLUSIONS 

A nonlinear adaptive f i l t e r  was designed t o  suppress the p i l o t -  
induced osc i l la t ions (PIO) tendencies o f  the space shut t le  vehicle. 
d i g i t a l  computations and simulations, it cdn be concluded that: 

function without adding phase lag t o  the system. 

From 

(1) The PIOS f i l t e r  attenuates the gain o f  the p i t c h  s t i c k  shaping 

(2) With the p i t c h  a t t i t ude  1000 on a shut t le  simulator model 
closed, the PIOS f i l t e r  demonstrated a gain margin increase by a factor  
o f  about two. 
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APPENDIX A - COMPUTER PROGRAM FOR PILOT-INDUCED 
OSCILLATION SUPPRESSION WITH SINE WAVE INPUT 
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APPENDIX B - CONSIDERATIONS ZN PILOT-INDUCED 
OSCILLATION SUPPRESSION FILTER CESIGN 

Duribrg the f i n a l  f l i g h t  o f  the shu t t l e  approach arld landing * .  
' 

i ,  
uts  during the per iod when the p i l o t  was experiencing a P I O ,  ccn t ro l  

were beirlg made a t  a r a t e  o f  3 t o  4 radians per  second a t  peak amp1 Iiudes 
o f  klOo o f  ro ta t i ona l  hand con t ro l l e r  t ravel .  
s u f f i c i e n t  t o  r a t e  saturate the elevator, t h i s  experience was an exce:: 
example of the type o f  encounter a suppression f i l t e r  should be designed 
t o  prevent. 

Since the inputs were 
t 

Fiaure 12 presents the r a t e  saturat ion boundaries, the maximum 
surface t rave l  l i m i t s ,  and the l i n e a r  response o f  the e levator  f o r  10' of 
con t ro l l e r  t rave l ,  a l l  as a funct ion o f  frequency. 
represent nonlinear ca lcu lat ions o f  the actual  r a t e  l i m i t  response. The 
s o l i d  l i n e  indicates the t o t a l  r a t e  l im i t ing  t h a t  would occur i n  a 
sawtooth fashion. The dashed l i n e  represents the frequency and amplitude 
where barely percept ib le  r a t e  l im i t ing  would occur. The PI0 frequency, as 
pointed out, i s  between 3 and 4 radians Der second. For example, i f  the 
PIOS f i l t e r  i s  t o  avoid percept ib le  r a t e  l imi t ing,  the forward loop gain 
would have t o  be reduced t o  approximately 38 percent o f  the l i n e a r  value 
a t  4 radians per second. 

Tne c i r c l e  symbols 

Since the frequency i s  less than 10 radians per  second, a ra te  - 
1 ( s  + 20 

(s + 10) 
sensing element o f  1 - A2 was selected. This expression 

can be s imp l i f i ed  t o  ?. w~. Figure 13 presents the 

frequency response o f  t h i s  rate-sensing ful ict ion ana i 1 lus t ra tes  the 
d i f f e r e n t i a t i o n  a t  low frequencies caused by the " f ree  s" o f  the l a t t e r  
expression. 
0 t o  4 radians per second. 
estimator o f  frequency. 
cont ro l  input  i s  squared ( f i g .  Z ) ,  then f i l t e r e d  w i th  a f i rs t -o rder  l ag  
w i th  a 3 . 3  second time constant. 
then reverted back as the square root .  
dependent parameters, ~&+, may thus be used as an estimate o f  the 

input  frequency. EDEP. The F -1  schedule ( f i g .  4) avoids d i v i s i o n  by zero 
and i s  further removed than necessary t o  give an unsuppressed step 
response fo r  smail con t ro l l e r  inputs ( inputs less than 4.5'). 
schedule ( f ig .  5 )  i s  used t o  l i m i t  the maximum amount o f  suppression. 
Selecting t h i s  value causes the output o f  EDEP t o  be determined as a 
function o f  frequency and amplitude ( f i g .  14). F o r  a sinusoidal input, 
w i th  a peak amplitude of 10' a t  the PI0 frequency, the f i n a l  value o f  
EDEP would be approximately 0.3. I n  order t o  reduce the forward loop 
gain t o  0.38 a t  10' o f  con t ro l l e r  input,  the output o f  the p i t c h  s t i c k  

- ( s  + 10) 

As indicated, the g a i r  i s  f a i r l y  l i n e a r  w f ' . p  frequency from 
Therefore, t h i s  funct ion would be a reasonable 

The output o f  the rate-sensing function p lus the 

The smoothed output o f  the f i l t e r  i s  
The r a t i o  o f  the two time- 

S XPN 

The F-2 

9 



shaping function would have t o  be reduced fm 6.98' to  2.62O. This will 
make the desired mini- value 'or SKQ equal to  -0.15. The schedule then 
i s  designed to  intersect the minimum value o f  EOEP a t  0.3, as .:%wn i n  
figure 4(b). 
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( a )  CEP = 17' s i n  at. 

Figure 6. 
complete s i n e  wave cycles a t  a frequency o f  3 rad/sec. 

Cross p l o t  of t h e  PIGS f i l t e r  c h a r a c t e r i s t i c s  through f i v e  
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(b )  DEP = 10' s i n  ut. 

F i S u r e  6 .  Cont inued .  
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Figure 7. 
w i t h  ?.he PIOS f i l t e r  implemented. 

Final suppressed output o f  the pitch stick shaping logic 
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Output t o  a step resonse i n  the p i t c h  s t  ck shap n? log  C 
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Figure 30. 
gain  for a p i lot  model, K 

Shuttle simulation using a closed loop attitude system with pure 
= 7 . 3  (see f i g .  1). 
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