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An ana ly t i ca l  method i s  presented f o r  developing sa t i s f ac to ry  
Lateral-directional handling q u a l i t i e s  i n  the landing approach. The 
method includes the  following three  s teps:  

1. Analysis of the  handling q u a l i t i e s  of t he  bas ic  
airframe t o  determine what def ic iencies ,  i f  any, 
e x i s t .  

2. Determination of s t a b i l i t y  augmentation require- 
ments f o r  s a t i s f ac to ry  handling q u a l i t i e s .  

3 .  Assessment of the  operat ional  t radeoffs  among the 
various mechanizational p o s s i b i l i t i e s .  

Twelve f ac to r s  f o r  the handling-quality evaluations of s teps  1 
and 2 a r e  developed. Preliminary estimates of the  values necessary 
f o r  a good p i l o t  r a t ing  are derived from previous s tud ies  and from 
tests of severa l  supersonic t ranspor t  configurations evaluated on 
the Transport Landing Simulator of the  Ames Research Center of the NASA. 

The operat ional  t radeoffs  considered i n  s tep  3 include r e l i a b i l i t y ,  
maintainabili ty,  and cost .  

i v  
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SYMBOLS 

Polynomial coef f ic ien t  A 

“Y 

“Y 
t 

b 

C 

Lateral  accelerat ion sensed by accelerometer a t  t he  center  
of gravi ty  

Lateral accelerat ion sensed by accelerometer a dis tance 1, 
forward ( p a r a l l e l  t o  the  X axis) of t he  center  of grav i ty  
and a dis tance 1, below ( p a r a l l e l  t o  the  Z axis) the  center  
of gravi ty  

Wing span 

Cost,  weight, and bulk index 

Rolling moment coef f ic ien t ,  Rol l  moment/{ 1 /2) pV$oSb 

R o l l  coef f ic ien t  due t o  s ides l ip ,  aCl/ag 

Aileron ro l l i ng  coef f ic ien t ,  aCl/asa 

Rudder ro l l i ng  coef f ic ien t ,  aCl/asr 
~011 damping coef f ic ien t ,  &,/a (pb/2vTo) 

R O ~ I  coef f ic ien t  due t o  y a w  rate, acl/a(rb/2vTo) 

Yawing moment coef f ic ien t  , Yawing moment/ (1 /2) pV2 Sb 

S t a t i c  d i r ec t iona l  s t a b i l i t y  , aCn/ag 

Aileron yawing coef f ic ien t ,  

Rudder yawing coef f ic ien t ,  aC,/asr 

Yawing coef f ic ien t  due t o  r o l l  r a t e ,  &,/a (pb/2V~,) 

Yaw damping coef f ic ien t ,  &,/a ( rb/2vTo) 

L;tteral force coef f ic ien t ,  La tera l  force / ( l /2 )  pv2 s 

Lateral  force coef f ic ien t  due t o  s ides l ip ,  aCy/ag 

Aileron l a t e r a l  force coef f ic ien t ,  aCy/a6a 

Rudder la teral  force coef f ic ien t ,  aCY/a8, 

T O  

TO 

X 



J-x 

L 

LB 
Ls 
Lp 

L, 

L; 

“p 

Acceleration due t o  gravity 

Transfer function 

Moment of inertia about X axis 

Moment of i n e r t i a  about Z ax i s  

Product of i n e r t i a  

Gain 

Distance accelerometer i s  forward of the center of gravity,  
measured parallel t o  the X axis  

Distance accelerometer i s  below the center  of gravity, 
measured p a r a l l e l  t o  the  Z axis  

Rolling accelerat ion due t o  aerodynamic moments 

Mass 

Probable maintenance hours per f l i g h t  

Yawing accelerat ion due t o  aerodynamic moments 

Airfmme motion quantity/control def lect ion t r ans fe r  function 
numerator 

x i  



N r  

P 

PF 

PM 

r 

S 

S 

T i  

UO 

V 

vTo 

WO 

Y 

Y 

, where i r e f e r s  t o  any motion o r  input quant i ty  N i  + (Ixz/Iz)Li 

1 - (IfZ /IxIz)  

R o l l  ra te ,  angular veloci ty  about the  X ax i s ,  pos i t ive  r igh t  
wing down 

Probabi l i ty  of system f a i l u r e  per  f l i g h t  

Probabi l i ty  of maintenance required per  f l i g h t  

Yaw rate, angular veloci ty  about the  Z axis, pos i t ive  nose 
r igh t  

Laplace operator, s = CJ + ju 

Wing area  

T ime  constant par t icu lar ized  by the  subscr ipt  

Steady-state ( t r i m )  l i n e a r  ve loc i ty  along the  X a x i s  

Linear ve loc i ty  along the Y ax i s  

Total  steady-state ( t r i m )  l i n e a r  veloci ty ,  dU$ + W$ 

Steady-state ( t r i m )  l i n e a r  ve loc i ty  along the  Z a x i s  

Lateral  deviation from the  loca l i ze r  beam 

Side accelerat ion due t o  aerodynamic forces  

-1 wo 
UO 

Steady-state ( t r i m )  angle of a t tack ,  tan  

Sidesl ip  angle, tan-1 - 

Aileron def lect ion,  pos i t ive  f o r  left-wing-down r o l l i n g  moment 

- 

v 
VT 

x i i  



Rudder deflection, posi t ive f o r  nose-left  yawing moment 

Denominator of airframe t ransfer  functions 

Damping r a t i o  of second-order mode, part icular ized by the 
sub s c r i p t  

Steady-state ( t r i m )  p i t ch  angle of the X ax i s  with respect 
t o  the l o c a l  horizontal ,  posit ive for nose up 

Mass density of air 

The r e a l  portion of the complex variable s = u + ju, 
Roll angle 

Heading 

The imaginary port ion of the complex variable s = u + jcu 

Heading-control crossover frequency, see page 14 

Undamped natural frequency of second-order mode, par t icu lar -  
ized by the  subscript  

x i i i  



An b p o r t a n t  function of the control system designer i s  t o  determine 

the bes t  augmentation system f o r  a given airplane.  

may be divided i n t o  three sequential  steps: 

This determination 

1 .  A n a l y s i s  of the handling qua l i t i es  of the basic  
a i r f r a m e  t o  determine w h a t  deficiencies,  i f  any, 
exist. 

2. Determination of s t a b i l i t y  augmentation require- 

3 .  
ments f o r  sa t i s fac tory  handling qua l i t i e s .  

Assessment of the operational t radeoffs  among the  
various mechanizational poss ib i l i t i e s .  

This report  presents a method for performing these three steps.  Although 

the analyses presented here were done f o r  the  la te ra l -d i rec t iona l  augmen- 

t a t ion  of large transport-type a i r c r a f t  i n  the  landing approach, portions 

of the method a r e  applicable t o  o ther  a i r c r a f t  types in other f l i g h t  

regimes . 
I n  recent years there  has been a considerable advance i n  the  a b i l i t y  

t o  ana ly t ica l ly  pred ic t  handling-quality cha rac t e r i s t i c s  (Refs. 1 - 4); 
the proposed method uses such ana ly t ica l  predict ion methods. 

ing the  various mneuvers the  p i l o t  w i l l  have t o  perform, a number of 

parameters o r  f ac to r s  which should have important e f f e c t s  on handling 

qua l i t i e s  are determined. In some instances a pa r t i cu la r  phenomenon 

may be described by any of several  factors,  and in the  present study 

a select ion based on computational simplicity has been made. 

By examin- 

A key problem i n  t h i s  ana ly t i ca l  technique is  the de f in i t i on  of 

w h a t  a r e  good and w h a t  a r e  bad values of the selected parameters. 

the pa r t i cu la r  f l i g h t  task  considered here it has been possible  t o  make 

preliminary estimates by comparing the ana ly t ica l  r e s u l t s  with the 

simulator study reported i n  Ref. 5 .  

For 

Additional ana ly t i ca l  and simulator 



studies should be made t o  provide b e t t e r  quant i ta t ive  c r i t e r i a .  Such 

studies would undoubtedly a l s o  a i d  i n  b e t t e r  def ining the important 

handling-quality fac tors .  

The second s tep,  determining the  s t a b i l i t y  augmentation require- 

ments, i s  intimately connected t o  the  f irst  s tep .  

w h a t  cons t i tu tes  s a t i s f ac to ry  handling qua l i t i e s ,  t he  determination of 

possible types of augmentation i s  r e l a t i v e l y  simple. 

reduced t o  an educated t r ia l -and-er ror  simulation of various augmentation 

schemes and combinations u n t i l  one o r  more sa t i s f ac to ry  types a r e  found. 

If w e  can def ine 

Otherwise, w e  are' 

In the  t h i r d  s tep  the various ways of mechanizing the  sa t i s f ac to ry  

augmentation a r e  assessed. The bes t  system w i l l  probably not  reflect 

simultaneously a l l  of the desired v i r tues  of being the  most r e l i ab le ,  

the  l i gh te s t ,  the  cheapest, and the  easiest t o  maintain but  w i l l  be a 

compromise among these,  and other,  operat ional  fac tors .  The most d i f -  

f i c u l t  p a r t  of the t h i r d  s tep  i s  t o  obtain r e a l i s t i c  numerical values 

f o r  various parameters, such as the  mean-time-between-failures f o r  a 

par t icu lar  component i n  the  a c t u a l  operating environment. 

numerical values are avai lable  it i s  a straightforward t a sk  t o  evaluate 

the  operational f ac to r s  f o r  each competing system. The f i n a l  se lec t ion  

can then be made i n  a log ica l  fashion with f u l l  knowledge of t he  t rade-  

off  s involved. 

Once the  

The method proposed here evolved during a study of t he  lateral- 

d i rec t iona l  handling-quality problems of a supersonic t ranspor t  during 

landing approach. The configurations being considered were: one 

SCAT 16variable-sweep design, two SCAT 17 (noted here as SCAT 1 7 A  and 

SCAT 17B) canard-delta-wing designs, and a cur ren t ly  operat ional  sub- 

sonic j e t  which w a s  used as a standard f o r  comparison. The SCAT con- 

f igurat ions considered w e r e  only inter im designs and do not represent 

ac tua l  proposed configurations.  These configurations were t e s t ed  on 

%he SCAT designations used here refer t o  the  family of Supersonic 
Commercial A i r  Transports studied and reported on by the  NASA i n  
recent years. 

2 



I 

the  NASA's fixed-base Transport Ianding Simulator a t  the Ames Research 

Center, a s  described i n  Ref. 5 .  
t i on  schemes derived during the simulator t e s t s .  

comments from those t e s t s  have been compared with the ana ly t ica l  fac tors  

developed here t o  provide the i n i t i a l  e s t a t e s  of the parameter values 

which a r e  the  boundaries between good and bad rat ings.  

That report a l s o  describes augmenta- 

The p i l o t  ra t ings and 

It should be noted that the vehicle charac te r i s t ics  which a r e  used 

throughout t h i s  report  a r e  those used on the simulator; cer ta in  rela- 

t i v e l y  unimportant terms, such a s  Cys , were omitted from the simulation. 
r 

B. 0UTLINE:OFTHEREPaffp 

Section I1 b r i e f l y  discusses each maneuver the  p i l o t  may have t o  

perform i n  a landing approach. 

should have the  most e f f ec t  on the p i l o t ' s  a b i l i t y  t o  perform the 

maneuvers a r e  pointed out. 

The physical charac te r i s t ics  which 

Section I11 t rans l a t e s  the physical charac te r i s t ics  i n t o  twelve 

The significance of each f ac to r  spec i f ic  handling-quality factors .  

t o  one o r  more of the maneuvers i s  indicated. 

Section I V  i s  a review of the handling-quality f ac to r s  f o r  the 

subsonic j e t  and the three supersonic transport  designs with and w i t h -  

out various types of augmentation. 

were t e s t e d  on the NASA's simulator (Ref. 5 ) .  
f igurat ions involve alternate augmentation schemes. 

All but two of the  configurations 

The two untested con- 

Examples of assessments of several  means f o r  mechanizing s t a b i l i t y  

The minimum complexity augmen- augmenters a r e  contained i n  Section V.  

t a t i o n  scheme f o r  each of the three supersonic t ransport  designs i s  

considered. 

ments of each i s  selected.  

operational f ac to r s  f o r  the augmentation system f o r  each of the three 

designs. 

A mechanization compatible with the r e l i a b i l i t y  require- 

Finally,  a comparison i s  made of the 

Section V I  i s  a summary. 

3 



Li te ra l  expressions f o r  t he  vehicle t r a n s f e r  functions used i n  

t h i s  report a r e  given i n  Appendix A. 

Appendix B i s  a summary of t he  numerical data on the various 

configurations. 

Appendices C, D, and E a r e  br ief  out l ines  of spec ia l  a n a l y t i c a l  

techniques u t i l i z e d  i n  t h i s  report .  If the  reader i s  unfamiliar with 

any of these, it i s  recommended t h a t  he read the  appropriate appendices 

before making a de ta i led  study of the body of the report .  The subjects 

of the appendices a r e  : 

C. P i l o t  Model (Transfer Function Representation 
of t he  P i l o t )  

D. Unified Servo Analysis Method 

E. Multiloop Analysis Technique 

F. Redundancy i n  S t a b i l i t y  Augmenters 

4 



I .  . 

Any study of the  f ac to r s  which a f f ec t  the handling qua l i t i e s  of an 

airplane should start with a consideration of the basic maneuvers that 

the p i l o t  must perform. This section discusses the important mneuvers 

and the related p i l o t  tasks which a r e  required during an approach and 

landing. The p i l o t ' s  d i f f i c u l t y  i n  performing these tasks  should be 

the primary f ac to r  i n  h i s  evaluation of t h e  a i rp lane ' s  handling quali- 

t i e s .  

a l l  of the maneuvers discussed i n  t h i s  section were ac tua l ly  performed, 

For those configurations which were tes ted  on the NASA simulator, 

A. THE 

When making an instrument approach the p i l o t ' s  p r i m r y  lateral  

task i s  t o  keep the airplane on the local izer  beam, i.e., t o  "track" 

the beam through deviations displayed on h i s  ITS instrument. 

p i l o t  closes the loop by mneuvering the  airplane t o  zero the devia- 

t ion,  preferably by using a i le rons  alone to  make corrections.  

The 

Because of the  long time required t o  correct a l a t e r a l  o f f s e t  it 

i s  generally impossible f o r  the p i l o t  t o  track the  beam by closing 

only the la teral-deviat ion loop. 

a l s o  closes two other a i le ron  loops, r o l l  angle and heading. 

angle cont ro l  i s  addi t ional ly  desirable  because of the necessity for 

l imi t ing  maximum bank angles during approach.) 

loop s i tua t ion  is  shown i n  Fig. 1 ,  where Yv, Yq, and Yy are the  

p i l o t ' s  cont ro l le r  t r ans fe r  functions fo r  roll angle, heading, and 

l a t e r a l  deviation. P i l o t  closure of the  roll and heading loops i s  

discussed i n  subsection 111-A. The lateral-deviation loop i s  not 

considered as a separate f ac to r  here because t h i s  closure i s  normally 

of very low bandwidth which is  s e t  p r i m r i l y  by the bandwidth of the 

heading closure. If the airplane has good heading control,  t he  

la teral-deviat ion control  w i l l  be good. 

To provide an t ic ipa t ion  or lead he 

(Roll 

The complete m u l t i -  

5 



P i l o t  
A i rc ra f t  
Dynamics 

Note: Instrument and control  system dynamics a r e  neglected 

Figure 1 .  Tracking the  Localizer Beam 

While the  p i l o t  i s  tracking the  loca l izer ,  and during other  maneu- 

vers, the  a i rp lane  may be disturbed by s ide gusts .  For the  configura- 

t ions being considered here an important e f f e c t  of the  gusts  w i l l  be t o  

disturb the a i r c r a f t ' s  roll at t i tude.  The s ingle  most s ign i f i can t  

parameter i n  determining the  sever i ty  of the  r o l l  disturbances i s  the  

magnitude of t he  ro l l - to -s ides l ip  r a t i o  i n  the  Dutch-roll mode, I (p/BI DR. 
This parameter i s  discussed i n  subsection 111-B.  

B. LARGE TURNS 

While tracking the loca l i ze r  t h e  p i l o t  w i l l  be making small tu rns  

t o  stay on the  beam, but  a t  other t i m e s ,  such as i n  turning onto the  

beam or i n  a s idestep maneuver, l a r g e r  tu rns  w i l l  be necessary. 

turns a r e  distinguished from small ones by a longer turning t i m e  and 

by a grea te r  emphasis on coordination f o r  maneuver judgment and passenger 

comfort. The p i l o t  makes la rge  turns by bringing t h e  a i rp lane  up t o  

and holding a steady bank angle. 

t h e  desired bank angle i s  reached by commanding a roll rate with a s tep  

Large 

In  an a i rp lane  with good r o l l  dynamics 
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a i le ron ,  holding the a i le ron  and hence a steady roll r a t e  u n t i l  the  

a i rplane nearly reaches the desired bank angle, and then neutral iz ing 

the a i le ron ,  which quickly brings the airplane t o  a zero r o l l  ra te ,  

constant bank angle condition. 

The roll subsidence time constant and the maximum roll rate avail- 

able  a r e  two parameters which a f f ec t  the p i l o t ' s  evaluation of the 

a i rp lane ' s  handling qua l i t i e s  (Ref. 1 and 4).  
a i rplane t o  respond rapidly,  which implies a small r o l l  time constant. 

The most desirable  maximum roll ra te ,  pmx, i s  a compromise between 

values considered too sluggish and too sensit ive.  The two parameters 

a r e  discussed i n  subsection 111-D. 

The p i l o t  would l i k e  the 

The d i f f i c u l t y  of coordinating large turns  i s  related t o  the rudder 

motions required or the  s ides l ip  time h i s to r i e s  i f  the rudder i s  not 

used.* 

cu l ty  a r e  the  i n i t i a l  rudder posi t ion and r a t e  f o r  per fec t  coordination 

with a s tep a i le ron  input. 

rudder required t o  maintain a coordinated steady-state turn,  a r e  

described i n  subsection 111-C. 

Much simpler, a l b e i t  l e s s  informative, measures of the d i f f i -  

These two parameters, plus  the amount of 

c. mGcINE-ovI!REcovEKy 

The primary e f f e c t  of an engine fa i lure  on a conventional multiengine 

a i r c r a f t  i s  a large yawing moment input. The problem i s  par t icu lar ly  

severe i n  an aborted approach if the  f a i lu re  occurs short ly  a f t e r  go- 

around power has been applied. 

appreciable s ides l ip ,  and because of the  

s ign i f icant ly .  

A s  t h e  airplane yaws it w i l l  develop an 

and @ terms may a l s o  roll 

The ana ly t i ca l  determination of how much d i f f i c u l t y  the p i l o t  w i l l  

have i n  regaining control  before the s ides l ip  and r o l l  have become too 

large i s  an extremely complicated task. This problem has not been 

* Br i t i sh  experimental and ana ly t i ca l  studies of large turns  (side- 
s tep maneuver) a r e  described i n  R e f .  6- 9. 
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completely resolved, but ce r t a in  f ac to r s  which should have important 

e f f ec t s  have been noted. The i n i t i a l  yawing-sideslipping motion w i l l  

primarily exc i te  the  Dutch-roll. mode; consequently two f ac to r s  which 

should be important a r e  the  p i l o t ' s  a b i l i t y  t o  damp the  Dutch-roll 

mode with rudder proportional t o  yaw rate, and the  magnitude of cp/p 
i n  the Dutch-roll mode. The second f a c t o r  gives an indicat ion of t h e  

amount o f  ro l l i ng  motion which w i l l  r e s u l t  from t h e  engine f a i l u r e .  

P i lo t  damping of the  Dutch roll by r-& feedback i s  discussed i n  

subsection 1 1 1 - A  and I(p/@IDR i s  discussed i n  subsection 111-B. 

Additional f ac to r s  which are probably s igni f icant ,  but which a r e  

not spec i f i ca l ly  included i n  the  analyses because the  var ia t ions  among 

the SST configurations a r e  r e l a t i v e l y  small, a r e :  

1 .  

2.  

3 .  

L i  - i n i t i a l l y  the primary source of r o l l  
accelerat ion.  
of the  same sign and within a few seconds i s  
of l a rge r  magnitude. 

The $ contribution i s  normally 

L&,/N&, - determines the  amount of r o l l  
accelerat ion introduced when the  p i l o t  puts  
i n  rudder t o  o f f s e t  t he  engine yawing moment. 
The r o l l  due t o  rudder w i l l n o m l l y  be of the 
same sign as t h a t  due t o  yaw rate and s ides l ip .  

N '  - one of the prime f ac to r s  i n  determining 

engine f a i l u r e .  
t !2 e magnitude of the s ides l ip  response t o  

D. D E W  

When approaching i n  a crosswind the  p i l o t  may hold a crab angle 

so  t h a t  t h e  a i rp lane  i s  headed i n t o  the  r e l a t i v e  wind and t h e  ground 

track i s  along the  runway center l ine.  

p i l o t  must decrab f a i r l y  rapidly so t h a t  the  a i rp lane  lands headed 

down the  runway center l ine  with l i t t l e  l a t e r a l  d r i f t  veloci ty .  This 

i s  primarily done by kicking the rudder, but a i l e r o n  cont ro l  i s  also 
required t o  keep the wings leve l .  

Shortly before touchdown the  

8 



' I  
For good handling qua l i t i e s  the p i l o t  must have enough rudder power 

so that he can y a w  the airplane through the decrab angle before the 

l a t e r a l  d r i f t  veloci ty  builds up t o  an excessive level .  

have su f f i c i en t  a i le ron  power t o  keep the wings leve l ,  with some reserve 

f o r  counteracting gust disturbances. 

a i l e ron  power are discussed i n  subsection 111-E. 

H e  must a l s o  

Two simple measures of rudder and 

Another fac tor ,  which a l s o  includes the e f f e c t s  of other  parameters 

such as d i r ec t iona l  s t i f fnes s ,  i s  t h e  amount of time required t o  yaw 

the  airplane through a specified angle. 

ea s i e r  t o  compute i s  the yaw angle which can be achieved i n  a specif ied 

time; t h i s  l a t t e r  fac tor  is  used i n  the  comparisons of Section IV and 

is  described i n  de ta i l  i n  subsection 111-E. 

An equivalent f a c t o r  which is  

Some of the fac tors  which are important f o r  engine-out recovery a r e  

a l s o  s igni f icant  f o r  decrab as there  are  many similarities between the 

two maneuvers. 

w i t h  rudder as t h i s  provides near ly  a l l  the damping of the Dutch-roll 

mode while the p i l o t  is  t rying t o  keep the nose aligned with the  runway 

center l ine;  t h i s  loop closure i s  discussed i n  subsection 111-A. 

Par t icu lar ly  important i s  the p i l o t  control  of y a w  r a t e  
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SECTION I11 

HANDLING-QUALITY FACTORS 

From the previous discussions it should be c l ea r  that numerous 

handling-quality fac tors  must be considered t o  assess each configuration. 

In  t h i s  section twelve of the f ac to r s  which appear t o  be the most s ign i f -  

i c a n t w i l l  be described. 

parameters which can be assigned a numerical value while others require 

interpretat ion of p i l o t  loop closures. Additional discussion has been 

provided a s  appropriate t o  a i d  i n  the understanding of the  l a t t e r  type 

of factor.  

Some of the f ac to r s  may be expressed a s  e x p l i c i t  

Because many of these f ac to r s  a r e  important f o r  several  of the basic 

mneuvers and there  a r e  a grea t  many in te r re la t ionships  among the fac tors ,  

it i s  impossible t o  divide them i n t o  independent groups. 

ing presentation the twelve f ac to r s  a re  divided in to  f i v e  categories,  

with each category being a grouping of the fac tors  w i t h  the most i n t e r -  

dependence. 

In  the follow- 

It should be noted t h a t  by approaching the problem from the viewpoint 

of p i l o t  d i f f i c u l t i e s  i n  performing various maneuvers, cer ta in  handling- 

quali ty parameters, such as Dutch-roll frequency and damping, a r e  not 

considered expl ic i t ly .  

included ind i r ec t ly  i n  that they a f f e c t  the numerical values of some 

factors  and a f f e c t  p i l o t  loop closures by changing the t r ans fe r  function 

poles and zeros. 

The e f f e c t s  of the conventional parameters a r e  

For some of the fac tors  pas t  research provides an indication of 

desirable values, and these a r e  noted i n  the discussion. For the other 

factors  desirable values w i l l  be s ta ted  on the bas i s  of analysis  of the 

NASA simulator experiments (Section I V ) .  

A. CLOSED-IXXIP CONTROL 

Three loop closures 

simultaneous bank angle 

w i l l  be considered a s  handling-quality f ac to r s  : 

and heading t o  a i le ron ,  and yaw r a t e  t o  rudder. 
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The control  of bank angle with a i le ron  forms the basic inner loop f o r  

a l l  l a t e r a l  control.  

a i le ron  feedback are shown i n  Fig. 2. 

form of the (P/6a numerator has a frequency, 9, which can be grea te r  

than o r  less than the Dutch-roll frequency, q. 
Fig. 2 t h a t  when 4% < 1 the Dutch-roll mode m y  be s tab i l ized  (damp- 

ing  increased somewhat) by controll ing the bank angle, whereas i f  

u+,/w > 1 the  feedback des tab i l izes  the Dutch r o l l .  

Typical root l o c i  f o r  a pure-gain bank-angle-to- 

Note that the usual second-order 

It can be seen i n  

The most common s t a b i l i t y  problem i n  bank-angle feedback i s  that 

due t o  4% > 1 .  

qual i ty  parameter (Ref. 1 ,  2, and 3) .  
exp l i c i t l y  as a handling-quality f ac to r  i n  t h i s  report ,  i t s  e f f ec t s  

a r e  included by considering bank-angle control a s  a factor ;  however, 

bank-angle control  depends on more than the 9/q m t i o .  Other param- 

e t e r s  which are important a r e  q, I!+ fa, and the roll-subsidence time 

constant, TR (Ref. 1,  2, and 3 ) .  
f o r  a good p i l o t  ra t ing  the  p i l o t  m u s t  be ab le  t o  control  bank angle 

with a i le rons  alone without destabi l iz ing the Dutch-roll mode. This 

closure i s  t rea ted  as a handling-quality f ac to r  i n  this report .  

I n  fact ,  U+/CQ=J i s  frequently used as a handling- 

Although 4% w i l l  not be used 

The key point t o  be mde here i s  that 

When f ly ing  the loca l izer  beam, heading control  w i t h  the a i le ron  

i s  an outer  loop and bank angle t o  a i leron i s  an inner loop. 

f o r  the  rp '6, inner loop can be seen i n  Fig. 3 (these root l o c i  a r e  

f o r  the subsonic j e t  i n  Landing approach). 

closures appear i n  modifications t o  the e f fec t ive  values of l/Ts, ~ / T R ,  

q, (d a s  determined from p l o t s  similar t o  Fig. 2. 

loop the  closed-loop system is  unstable f o r  a l l  gains if  the s p i r a l  

mode i s  unstable; i f  the  s p i r a l  i s  stable it couples with the free s 

t o  form a second-order mode which goes unstable a t  a very low frequency 

and f o r  a very small gain. 

s tab le  the  heading response w i l l  be poor because the dominant mode* i s  

r e s t r i c t e d  t o  low frequencies. 

The need 

The e f f ec t s  of inner loop 

Without the inner  

Consequently, even if  the  s p i r a l  mode i s  

q h e  dominant mode i s  that mode which contains the l a rges t  port ion 
of the  response t o  a commnd input. 
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A low gain cp - 6, inner  loop increases l/Ts, decreases ~ / T R ,  and 

s l igh t ly  modifies the Dutch-roll mode. 

closure i s  increased, the new s p i r a l  mode and the  f r ee - s  are driven 

together, couple, and f i n a l l y ,  f o r  high enough gain,  go unstable.  The 

heading response can be g rea t ly  improved over the  no-inner-loop case 

because the dominant mode can be of much higher frequency. 

the  frequency separation, the heading closure has a negl igible  e f f e c t  

on the Cp - 6a inner  loop. 

A s  the  gain i n  the  heading 

Because of 

For a high-gain inner  loop, the  s p i r a l  and roll-subsidence modes 

have coupled so  t h a t  the  a i rp lane  now has two second-order modes, one 

of which i s  located near the  zeros of t he  (P/6a t r ans fe r  function and 

the second p a i r  a t  higher frequency. In  t h i s  case it i s  the  p a i r  of 

roots near the Cp/6a zeros t h a t  a r e  driven unstable by the heading loop 

and the dominant mode i n  the  heading response i s  the f i r s t - o r d e r  pole 

which or iginated a t  the  f r e e  s. The heading-loop gain i s  l imited by 

the  requirement of keeping the  second-order mode from going unstable; 

t h i s  i n  turn limits the  locat ion of t he  dominant f i r s t - o r d e r  mode. 

Whether the high-gain inner loop provides b e t t e r  heading response than 

the  low-gain inner  loop depends pr imari ly  on the  damping of t he  second- 

order mode i n  the  high-gain case and on the  locat ions of  t he  +/Za zeros. 

For the comparison of various configurations it i s  des i rab le  t o  

have a simple quant i ta t ive  parameter which i s  a va l id  ind ica tor  of 

r e l a t ive  speeds of heading response. The parameter q0, crossover 

frequency, appears t o  be usefu l  as that ind ica tor  because qo i s  an 
approximation t o  the  dominant response frequency and the bandwidth of 

the  heading control.  The crossover frequency i s  e a s i l y  determined 

from the Bode p l o t  of  t he  + - 6, loop by the  following s teps  which 

also provide the  de f in i t i on  of coco: 

1 .  Determine the  zero-db l i n e  f o r  the  highest  loop 
gain which provides a gain margin of a t  l e a s t  
6 db and a phase margin of a t  least 45 deg. 

the  low frequency asymptote, K/s. 
2. Locate the  in te rsec t ion  of t h a t  zero-db l i n e  and 
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3 .  The frequency a t  which t h a t  in tersect ion occurs 
i s  u + ~ .  

I 
I It should be r e i t e r a t ed  t h a t  good heading control  a l so  depends on 

favorable locat ions f o r  the zeros of the  (P/6a and $/6a numerators. The 

zeros of the l a t t e r  change d ras t i ca l ly  with r e l a t ive ly  small changes i n  

the aerodynamic der ivat ives  C 

are d i f f i c u l t  t o  pred ic t  and my vary substant ia l ly  with minor config- 

urat ion changes. 

heading control  may change s igni f icant ly  during the  design evolution. 

and enp. I n  prac t ice  both of these 
nga 

I Consequently the values of Cnsa and C, and the  
P 

The t h i r d  loop closure t o  be considered a s  a handling-quality 

f ac to r  i s  the control  of yaw r a t e  with rudder t o  damp the  Dutch-roll 

mode. The yaw-rate-to-rudder numerator i s  t h i r d  order w i t h  one root 

usually near the roll-subsidence mode and a second-order p a i r  of very 

low frequency, q, and damping. 

shown i n  Fig. 4. 
to-rudder feedback can add a grea t  dea l  of damping t o  the Dutch r o l l .  

For U)I"/CQ near 1 t h i s  feedback can do l i t t le  t o  damp the  Dutch r o l l  

and i n  an extreme case may reduce the damping. 

Examples of good and bad closures a r e  

Normally u+/w is  very small so that the  yaw-rate- 

The conditions which can produce a poor yaw r a t e  closure can be 

seen from t he  approximte fac tors  of Ref. 10. 

This equation c l ea r ly  indicates  that the elements which can contribute 

t o  a poor yaw rate closure are:  

1 .  Low speed 

2. Low di rec t iona l  s t a b i l i t y  

3 .  Low rolldamping 

4. High dihedral  effect  
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The approximation of Eq 1 is  given only t o  indicate  the e f f ec t s  of 

various parameters. 

t r ans fe r  functions are used. 

In  the comparisons of Section IV the exact r/fjr 

B. ROL;L/BIDEBLIP RATIO 

The magnitude of q//3 i n  the Dutch-roll mode is  a measure of the 

r o l l  response t o  y a w  input-inadvertent rudder motions, engine out, 

rudder t o  decrab, and s ide gusts. 

have the magnitude of cp/p small, 

Consequently it i 5  desirable  t o  

Normally (Ref. I ) ,  

From Eq. 2 it can be seen t h a t  lcp/pl, can be reduced by decreasing the 

e f fec t ive  dihedral  (reducing $), increasing the d i rec t iona l  s t i f f n e s s  

(increasing the Dutch-roll frequency), o r  increasing the r o l l  damping 

(decreasing the roll-subsidence time constant). 

The approximtion of Eq. 2 i s  given only t o  indicate  the e f f ec t s  

of various parameters. In  the  comparisons of Section I V  the exact 

values of I cp / f3 I~~ (as determined from the r a t i o  of numerators) a r e  used. 

The problem of turn coordination can be examined from two aspects, 

the rudder def lect ion necessary t o  keep the s ides l ip  zero o r  the amount 

of s ides l ip  which develops i n  an aileron-alone turn.  

w i l l  be used here since i n  commercial transports there  i s  considerable 

emphasis on maintaining zero s ides l ip  for p i lo t ing  precision and passenger 

comfort. 

The f irst  approach 

Sample calculat ions f o r  a s tep aileron input have shown that the 

rudder motion t o  maintain zero s ides l ip  i s  qui te  complicated. 

the d i f f i c u l t y  i n  coordinating turns  can be a t  l e a s t  qua l i ta t ive ly  

Generally 



determined by examining the  three f ac to r s  considered i n  t h i s  subsection: 

1 .  The i n i t i a l  s tep  rudder def lec t ion  required f o r  
per fec t  coordination with a s tep  a i l e ron  input.  

2. The i n i t i a l  (immediately a f t e r  the s tep)  r a t e  of 
change of rudder def lec t ion  required f o r  per fec t  
coordination with a s tep  a i l e ron  input. 

3 .  The rudder required t o  coordinate a s teady-state  
turn.  

For a s tep  a i l e ron  input a s tep  i n  rudder pos i t ion  i s  a l s o  neces- 

sary so t h a t  the  resu l tan t  angular accelerat ion i s  about the a i rp lane  

velocity vector. Thus, the  r a t i o  of t he  i n i t i a l  rudder s tep  t o  the  

a i le ron  input  i s  ( f o r  cYga = cYsr = 0 )  

(2)o = -e,,, Ng r ( 3 )  

where the  subscript  SA indicates  t h a t  t h e  der iva t ives  a r e  evaluated 

i n  s t a b i l i t y  axes. For body axes incl ined nose-up an angle a. with 

respect t o  t he  veloci ty  vector, Eq. 3 becomes 

- ~i~ tan  a. 

- L& t an  a0 

The i n i t i a l  rudder r a t e  i s  necessary t o  counteract t h e  e f f e c t s  of 

the  cross-coupling term N i  and the  gravi ty  term i n  t h e  s ide force 

equation. In a perfect ly  coordinated tu rn  
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Therefore the rudder required f o r  coordination i s  

The above can be used t o  calculate  the i n i t i a l  rudder posi t ion and 

r a t e  (from that posit ion) f o r  a step ai leron by means of the i n i t i a l  

value theorem of Laplace transforms. The required rudder r a t e  i s  

given by 

or i n  body axes 

(k)o = pir cos uo - G~ s i n  ao)2 

+ ($ - N:) s i n  uo cos a. + & s i n 2  (8) 1 
If (6r/6a)o and (6r/6a)o a r e  of opposite sign, extra  precautions 

i n  the in te rpre ta t ion  of t he  results should be taken. When these two 

parameters a r e  of opposite sign t h e i r  e f fec ts  tend t o  cancel and it 

m y  be that, even though the magnitudes of both a r e  large,  l i t t l e  

s ides l ip  would develop if  the  p i l o t  d id  not apply rudder. 

The necessity f o r  holding la rge  amounts of rudder i n  a steady-state 

turn i s  an undesirable charac te r i s t ic .  For constant-alt i tude steady-state 



tu rns  within the  bank angles n o r m l l y  used f o r  commercial t ransports ,  

the  rudder required f o r  zero s ides l ip  implies r (g/vTo)9 i s  w e l l  

approximated by 

or i n  body axes 

D. ROLL RESPONSE 

The r o l l  response cha rac t e r i s t i c s  are pr inc ipa l ly  defined by the  

roll-subsidence t i m e  cons+ant and the  maximun r o l l  r a t e .  The r o l l - r a t e  

response t o  a i l e ron  inputs i s  predominantly a f i r s t - o r d e r  lag, TR. 
Superimposed on the  f i r s t -o rde r  response are osc i l l a t ions  which a r e  

due t o  t he  Dutch-roll mode. For most maneuvers the  s p i r a l  mode w i l l  

have a small e f fec t  because of the very low frequency of t h i s  mode. 

The time t o  achieve a steady roll r a t e  (following a s tep  a i l e ron  

input) and the  t i m e  t o  stop ro l l i ng  after the a i l e ron  has been neutral-  

ized a re  both proportional t o  the roll-subsidence time constant, %. 
Therefore it i s  desirable  t o  have a small value of TR. 

experimental data on the  e f f e c t s  of TR on p i l o t  r a t ing  (Ref. 4 )  indi-  

ca te  t h a t  TR must be l e s s  than 1.3 see f o r  a sa t i s f ac to ry  rat ing;  

however, these experiments w e r e  f o r  f i g h t e r  a i r c r a f t  operating a t  

combat speeds. 

greater than 1.3 see should be acceptable f o r  commercial t ranspor t s  i n  

the  approach condition, the  NASA simulator s tudies  of the  SST config- 

uration show a d e f i n i t e  p i l o t  des i r e  f o r  values l e s s  than 1 sec. 

The only 

While it might appear t ha t  values of TR somewhat 



The maximum r o l l  rate i s  a d i r e c t  measure of the a i rp l ane ' s  r o l l  

For t h i s  parameter t h e  R e f .  4 experiments showed that exces- power. 

s ive ly  la rge  o r  small values are unacceptable; i f  p,, i s  too small 

the  p i l o t  complains t h a t  the  a i rp lane  i s  sluggish and i f  bX i s  too 

la rge  he complains t h a t  t he  airplane i s  too  sensi t ive.  A s  would be 

expected, t h e  numerical values of pmax for sa t i s f ac to ry  ratings i n  

R e f .  4 are not applicable here. 

r a t ing  w a s  60 deg/sec, while i n  t h e  NASA simulator s tudies  of SST 

approaches values of 1 &15 deg/sec were sa t i s fac tory .  

The minimum pmX for a sa t i s f ac to ry  

Neglecting the  s m a l l  e f f e c t s  of t h e  s p i r a l  mode, a very good 

approximtion of t he  mximum r o l l  r a t e  can be found from the  Cp/Sa 

t r a n s f e r  function, i.e., 

E. D E W  

A key f a c t o r  i n  the  decrab mneuver is rudder power, and a good 

indica t ion  of rudder power i s  the yaw angular accelerat ion produced 

by the  rudder. 

used as a handling-quality fac tor .  

Consequently, the dimensional der iva t ive  N d r  w i l l  be 

To determine the  a i le ron  power required t o  maintain the  wings 

leve l ,  the  d e t a i l s  of the  decrab maneuver must be considered. If t h e  

p i l o t  kicks the  rudder t o  yaw the  airplane's nose t o  the  r igh t ,  the  

rudder w i l l  a l s o  produce a left-wing-down r o l l  accelerat ion.  

a i rp lane  i s  prevented from r o l l i n g  very much i n  t h i s  d i rec t ion  by the  

The 

term which lags  t h e  rudder term ( 5  Ndr6r) and gives a right-wing- 

term (f3 A -r), a l s o  down accelerat ion.  

produces a right-wing-down accelerat ion and after the  first f e w  seconds 

i s  the  dominant source of r o l l  motion. The primary requirement on 

a i l e ron  power appears t o  be the  a b i l i t y  to  cancel t he  4; o r  d ihedra l  

term; therefore,  

The $ term, which lags t h e  

w i l l  be used as a handling-quality fac tor .  

21 



The t h i r d  decrab parameter t o  be considered is  the  yaw angle which 

can be obtained i n  a specif ied time. It w i l l  be assumed t h a t  t he  p i l o t  

puts  i n  a s tep rudder def lec t ion  and holds it while using the  a i l e rons  

t o  keep the  wings level .  With the wings held l e v e l  t he  yaw response i s  

the  same as i t  would be with an inf in i te -ga in  bank angle feedback. 

Using the  multiloop ana lys i s  technique described i n  Appendix E gives 

'psa 
N 

For Cyg a - - Cy6r = 0 the  'p-'6a, r-+6r coupling numerator i s  given by 

Consequently, the  yaw angle f o r  a s tep  rudder input i s  

For the comparisons of the next sect ion it i s  assumed that the  

f u l l  rudder au thor i ty  of 25 deg i s  used and the angle i s  evaluated a t  

a time of 2 sec, which i s  considered near the desirable  maximum f o r  

the  decrab maneuver. It should be noted that f o r  t he  approach speeds 

being considered a crosswind of 25 knots gives a crab angle of approx- 
imately 10 deg. 

AS discussed i n  the  previous section, there  a r e  o ther  parameters 

besides t h e  th ree  considered above which a r e  important i n  the  decrab. 

Nevertheless, these three,  combined with some of t h e  f ac to r s  discussed 

e a r l i e r  i n  t h i s  section, should give a f a i r  indicat ion of p i lo t ing  

problems i n  decrab. 
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This section reviews the handling qua l i t i es  of the subsonic j e t ,  

which is  used as a standard fo r  comparison, and the three SST con- 

f igurat ions with and without various methods of augmentation, The 

major emphasis i s  on the handling-quality fac tors  described i n  

Section 111. A tabular  summary of these f ac to r s  f o r  a l l  configura- 

t ions  i s  given i n  Table I,* page 65. The review of each configum- 

t i on  considers the fac tors  i n  the le f t - to- r igh t  order l i s t e d  i n  the 

table;  the configurations a r e  reviewed i n  the v e r t i c a l  order shown. 

For those configurations which were tes ted on the NASA's approach 

simulator (a l l  but two), the correlation between major comments of 

the p i l o t s  and the handling-quality factors  w i l l  be discussed. 

f ac to r s  which appear t o  be def ic ien t  for  each configuration are 

indicated by shading. 

The 

A. SUBSONIC JET 

P i l o t  closure of the 'p-6a loop requires that the  p i l o t  generate 

a moderate amount of lead t o  provide damping f o r  the higher frequency 

mode which or iginates  a t  the Dutch roJ.1 (see Fig, ?)." The p lo t s  of 

Fig. fs are for a p i l o t  lead of 0.67 see, which i s  cer ta in ly  adequate 

and may be s l igh t ly  more than ac tua l ly  used. Although the closure does 

require p i l o t  lead, the amount i s  not great enough t o  s ign i f icant ly  

degrade p i l o t  opinion (Ref. 1 7 ) .  

*his tab le  has been prepared a s  a fold-out so the reader can 
readi ly  r e f e r  t o  it while reading t h i s  section. 

described below (and summarized i n  the f i r s t  three columns of Table I) 
a r e  obtained requires a working knowledge of the material  given i n  
Appendices C and D. 
obtain an (imperfect) appreciation f o r  the e f f ec t s  of importance by 
reading only the  tex t .  
p i l o t  closures a r e  together a t  the back of t h i s  section, page 38-63. 

To f u l l y  understand the manner i n  which the closed-loop r e su l t s  3Hc 

However, the casual reader w i l l  s t i l l  be able  t o  

The root locus and Bode p l o t s  f o r  a l l  the 
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To evaluate the $--6a cont ro l  it i s  necessary t o  make some 

assumption as t o  how t h e  p i l o t  has closed the  q-6, inner  loop. 

Throughout the  comparisons of t h i s  sect ion it w i l l  be assumed t h a t  

the  p i l o t  c loses  the 'p-6a loop with a phase margin of 45 deg. 

Fortunately, the heading-loop bandwidth i s  r e l a t i v e l y  insens i t ive  t o  

the  gain i n  the  cp-6, loop; therefore,  a comparison based on t h i s  

assumption should be va l id  even i f  the  p i l o t  i s  ac tua l ly  using a 

somewhat higher o r  lower gain. 

Closure of the  $ 4 F j a  loop with the  inner q-6, loop closed as 

above i s  shown i n  Fig. 6. 
frequency, q0, i s  only 0.12 rad/sec and the  dominant f i r s t  order i s  

s l i gh t ly  higher, 0.16 sec-1. 

than tha t  f o r  a l l  other  configurations except SCAT 16, bare a i rp lane  

((uco = 0.1 0 rad/sec) . 
control on the  SCAT 16, bare a i rplane,  it would seem t h a t  t h e  same 

problem might e x i s t  on the subsonic j e t  as the two values of wo a r e  

quite close; however, there  i s  nearly a two t o  one difference i n  the  

frequency of the  dominant f i r s t -o rde r  modes, 0.1 6 sec-' f o r  the  sub- 

sonic j e t  versus 0.085 sec-l f o r  the  SCAT 16. 
comments on the  subsonic j e t  are not avai lable ,  it i s  known t h a t  many 

of these a i r c r a f t  have been equipped with yaw dampers and t h a t  the  

a i r l i n e  p i l o t s  prefer  t o  have the damper on during approach. This i s  

a s ignif icant  point as a yaw damper can g rea t ly  improve the  heading 

control ( increase q0) as wel l  as eliminate the  need for p i l o t  lead 

i n  the cp - 6, closure.  

For a 6-db gain margin the  crossover 

Table I shows t h i s  value t o  be lower 

Since the p i l o t  complained of t he  poor heading 

Although de ta i l ed  p i l o t  

The p i l o t ' s  a b i l i t y  t o  damp the  Dutch roll with r-6r  feedback 

i s  very good, a s  shown i n  Fig. 7. 

The magnitude of cp/f3, 1.4, i s  comparatively small and there  i s  no 

s ignif icant  problem due t o  the  roll s e n s i t i v i t y  t o  l a t e r a l  inputs.  

The tu rn  coordination i s  very good. The angular accelerat ion due 

t o  the a i le rons  i s  about the ve loc i ty  vector so  no i n i t i a l  rudder 
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displacement i s  necessary f o r  a s tep ai leron input.  

r a t e  and the steady-state value a re  a l so  low. 

The i n i t i a l  rudder 

The roll response i s  sa t i s fac tory  but could be improved; an 

increase i n  maximum r o l l  rate would appear desirable.  

The rudder i s  qui te  powerful.; N i r  and the yaw angle achievable i n  

2 sec are grea te r  than f o r  any other configuration. 

appears marginal; f o r  a 10-deg s idesl ip ,  nearly f u l l  a i le ron  authority 

i s  necessary t o  o f f s e t  the  dihedral effect .  

Aileron power 

B. 8 W  16, BARE AIRPfAlQE 

A s  shown i n  Fig. 8, p i l o t  closure of t he  T-6a loop can s ign i f i -  

cantly increase the Dutch-roll frequency and damping even i f  the  p i l o t  

doesn't use lead. Thus, the  ( P d 6 a  closure i s  considered very good, 

The Jr-8, closure i s  shown i n  Fig. 9. For a 6-db gain m r g i n  

the crossover frequency is  s l i g h t l y  less than 0.1 rad/sec and the 

dominant f i r s t -o rde r  mode i s  on ly  0.083 sec-l , Table I shows t h i s  

value t o  be considerably smaller than t h a t  f o r  the other SCAT config- 

urations.  

value of 5 Tu+* which i s  i n  turn due t o  a low value of N; (see 

Appendix B) .  
i n  the $ numerator. 

di rec t iona l  s t a b i l i t y ,  d i f f i c u l t  t o  hold a heading," i s  obvious. 

The primary cause f o r  the poor heading control  i s  the low 

A secondary cause i s  the existence of low-frequency zeros 

The correlat ion w i t h  the  p i l o t  commnt, "Low 

The p i l o t ' s  a b i l i t y  t o  damp t he  Dutch r o l l  by feeding r-6r i s  

very good, as shown i n  Fig. 10. 

The magnitude of cp/p f o r  SCAT 16 i s  considerably l e s s  than f o r  

SCAT l7A o r  l7B because of the reduced dihedral effect  obtained with 

the wings extended for  the approach. As a r e s u l t  t h i s  configuration 

w i l l  be less ro l l - sens i t ive  t o  lateral inputs. 

* With the (p-6, loop closed there i s  a p a i r  of poles near the wcp 
zeros of the  Cp/& t r ansfer  function. The damping (50) of these poles 
determines the magnitude of the peak on the $-6a Bode and conse- 
quently i s  the main f ac to r  i n  se t t i ng  the maximum gain and the  cross- 
over frequency. 
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The tu rn  coordination cha rac t e r i s t i c s  show t h a t  i n i t i a l l y  a la rge  

amount of rudder in to  the tu rn  i s  necessary t o  l i m i t  s i des l ip ,  but  the 

steady-state value i s  qui te  low. The p i l o t s  did object  t o  the  large 

amount of adverse s ides l ip  which developed i n  tu rn  en t r i e s .  

The roll-response time constant i s  very good, but t he  maximum r o l l  

rate may be a l i t t l e  low; however, there  w a s  no record of a p i l o t  

complaint . 
For the  decrab maneuver, t he  yaw accelerat ion due t o  rudder and 

the  yaw angle achievable a r e  low. This coupled with the  d i f f i c u l t y  

i n  minta in ing  a heading could e x p h i n  the  p i l o t ' s  d i f f i c u l t i e s  i n  

making crosswind landings. 

I n  sum.n~ry, the  major def ic iencies  of t h i s  configuration are the  

d i f f i c u l t y  i n  maintaining heading, t he  la rge  adverse s ides l ip  i n  tu rn  

en t r ies ,  and low rudder power. 

a l l  p i l o t  r a t ing  i s  marginally sa t i s f ac to ry  f o r  normal operation. 

In s p i t e  of these problems the  over- 

C. SCAT 16, TESTED AUCIMENTATIOIV 

The augmentation determined by experiments on the NASA approach 

simulator i s  
CnP 

= 2 x basic  

Cn, = 3 x basic  

Cnp = -1 x basic  

that is, a f3-to-rudder feedback so that the  e f f ec t ive  Cnp i s  twice the 

bare-airplane value ( t h i s  a l s o  changes the  e f f ec t ive  C v), an r-to-rudder 

feedback so that the  e f fec t ive  Cnr i s  three t i m e s  the  bare-airplane 

value ( t h i s  a l s o  changes the  e f f ec t ive  C l r ) ,  and a p-to-rudder feedback 

so that  t h e  e f fec t ive  Cnp i s  the  negative of the  bare-airplane value 

( t h i s  a l s o  changes t h e  e f fec t ive  C l p ) .  

The p i l o t  closure of t he  cp -8a loop i s  shown i n  Fig. 1 1  . By 

comparison with Fig. 8 it can be seen t h a t  t he  augmentation has 

increased the  Dutch-roll damping and increased 9 so  tha t  t he  9 and 
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roots nearly cancel. AS f o r  the bare airplane,  the q-6, control 

i s  very good and the p i l o t  does not have t o  generate any lead. 

The loop i s  shown i n  Fig. 12. The heading control i s  inuch 

b e t t e r  than f o r  the bare a i rplane because the augmentation has 

increased (e and has modified the $/Sa numerator so t h a t  a p a i r  of 

zeros nearly cancel the low frequency second-order mode which previ- 

ously l imited the heading-loop gain and bandwidth. The heading con- 

t r o l  i s  now very good, with the crossover frequency of 0.59 rad/sec 

s e t  by a 45-deg phase margin. 

0.65 sec-l. 

. 

The dominant f i r s t -o rde r  mode i s  a t  

The p i l o t ' s  a b i l i t y  t o  damp the Dutch roll by an r--tir feedback 

i s  s t i l l  very good, a s  seen in Fig. 13. 

The magnitude of cp/B i s  essent ia l ly  unchanged as the s l i g h t  

increase i n  Dutch-roll frequency has been o f f s e t  by an increase i n  

the magnitude of I$. 

The coordination problem on turn entries has been eased by creating 

7 0) t o  o f f s e t  the  adverse a i le ron  a proverse y a w  due t o  roll r a t e  (Cn 

yaw. 

coordination from a large posi t ive value t o  a large negative one. A s  

mentioned i n  Section 111, the canceling e f f ec t s  of d i f f e ren t  signs of 

the i n i t i a l  posi t ion and r a t e  may resul t  i n  negligible s ides l ip  i f  the 

p i l o t  does not use the rudder. 

reversing the sign of Cn mde  t u r n  en t r ies  much eas ie r .  

P 
T h i s  i s  evidenced by the  change i n  the i n i t i a l  rudder rate f o r  

In  fac t ,  the  p i l o t  commented that 

P 

The augmentation of Cnr has resulted i n  a large increase i n  the 

amount of rudder required t o  hold a steady turn,  a fea ture  the p i l o t s  

complained about. 

i n  the  r-6, feedback ra ther  than a pure gain; the  washout would 

eliminate the steady-state feedback of opposing rudder during a turn.  

This problem could be overcome by using a washout 

The augmentation gives a s l i g h t  improvement i n  the roll-subsidence 

time constant and a considerable increase i n  the m a x i m u m  roll r a t e  (due 

t o  the increase i n  9). The roll response should be very good. 



The rudder power i s  s t i l l  low; i n  f ac t ,  the  achievable yaw angle 

has been reduced. 

powerful rudder. 

The p i l o t s  indicated that they would p re fe r  a more 

rP 6 ,  6 

P i l o t  ' s Actual K1 K2 

The augmentation included a f3-6, feedback t o  increase the  

d i rec t iona l  s t i f fnes s .  During the decrab maneuver t h i s  feedback w i l l  

de f l ec t  t h e  rudder i n  opposition t o  the  p i l o t ' s  input and slow down 

the  yaw motion. One solut ion i s  t o  have small limits on t h e  augmenter 

authori ty  so that  the  p i l o t  can e a s i l y  overpower it; but, i n  doing so, 
he e f fec t ive ly  cu ts  out a l l  rudder feedbacks. 

NBSr 
a 

Another solut ion i s  t o  use large augmenter au thor i ty  with t h e  

p i l o t ' s  rudder input e f fec t ive ly  ac t ing  as a s ides l ip  command. From 

Fig. 1 4  it can be seen t h a t  t h e  s ides l ip  response t o  the  p i l o t ' s  rudder 

input  i s  

pos i t ion  

L-n- 
input 

Figure 14. Sideslip-to-Rudder Feedback 

Thus the response t o  the  p i l o t ' s  input can be increased without changing 

the  loop gain by 

1 .  Increasing K1 

2. Increasing K2 and reducing K 3  so that 
K2K3 i s  constant 

3. Combination of the  above 
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All these methods allow a high loop gain without making it d i f f i c u l t  

f o r  the p i l o t  t o  kick out a crab angle; however, there i s  the  poten- 

t i a l  problem of a severe disturbance i n  case of a hard-over failure 

i n  the augmenter. 

hard-over f a i lu re s ,  such a s  hard-over detectors, a r e  described i n  

Section V. 

Various mechanizational techniques f o r  eliminating 

This a r t i c l e  describes an a l t e rna te  method of augmentation which 

was not tes ted  on the  simulator. The basic objective i s  t o  provide 

the simplest possible augmentation, i.e.,  a minimum number of feed- 

backs using only eas i ly  sensed quantit ies.  

Two m j o r  def ic iencies  of the bare airplane (heading control  and 

turn coordination) c m  be a l lev ia ted  by increasing the Dutch-roll 

frequency and damping. 

l a t e r a l  acceleration feedback t o  rudder ra ther  than a s ides l ip  feed- 

back. An accelerometer should be e a s i e r t o  i n s t a l l ,  more re l iab le ,  

and simpler t o  maintain than a s ides l ip  sensor. 

T o  increase frequency it w a s  decided t o  use a 

Nomally an accelerometer i s  located forward of the c.g. so t h a t  

the ? term compensates f o r  the acceleration due t o  rudder side force,  

Y6r. The rudder center-of-rotation (located a distance -Y6r/Nir for -  

ward of the c.g.) i s  often a good location. 

dynamics used Y6r = 0, the c.g. was chosen a s  the  accelerometer loca- 

t ion.  The feedback proposed i s  

Since the simulator 

rad where Ky = 3.24 
ft /sec2 

For damping, a washed-out yaw-rate-to-rudder feedback w a s  selected 

with the gain s e t  t o  give a damping r a t i o  of 0.5, i.e., 



where a = 0.5 rad/sec 

Kr = 22.2 sec 

P i lo t  closure of 'p-6, i s  shown i n  Fig. 15. Note the  addi t iona l  

nearly canceling pole and zero which r e s u l t  from the washout i n  the  

r " 6 ,  augmentation. The closure i s  again very good with no p i l o t  

lead required. 

The closure i s  shown i n  Fig. 16. Because of the augmenta- 

t ion,  the  second-order poles which go unstable have been moved t o  

higher frequency and damping. In  addition, the  numerator zeros have 

been improved somewhat by being sh i f t ed  t o  higher frequencies. The 

ne t  r e su l t  i s  a s igni f icant  improvement i n  the  heading cont ro l  over 

t h a t  of the bare a i rplane,  although not a s  good as the  t e s t ed  

augmentation. 

The r - - G r  cont ro l  i s  very good (see Fig. 17) and the  need f o r  

t he  p i l o t  t o  use the  rudder t o  damp the  Dutch roll i s  g rea t ly  reduced 

because of the  high damping supplied by t h e  augmentation. 

Although the  magnitude of cp/B has increased s l igh t ly ,  the g rea t ly  

increased d i r ec t iona l  s t i f f n e s s  (9 = 1.79 rad/sec compared t o  

0.64 rad/sec f o r  t he  bare a i rplane and 0.68 rad/sec f o r  the  t e s t ed  

augmentation) w i l l  s i gn i f i can t ly  reduce the  roll response of the  a i r -  

plane t o  s ide gus ts  or an engine f a i lu re .  

Although the  i n i t i a l  rudder posi t ion and r a t e  f o r  tu rn  coordination 

a r e  the same unsat isfactory m h e s  a s  f o r  the  bare a i rplane,  t he  increased 

d i rec t iona l  s t i f f n e s s  with the proposed augmentation should ac tua l ly  

great ly  reduce the amount of s ides l ip  i n  aileron-alone turns .  

The roll-subsidence t i m e  constant i s  e s sen t i a l ly  unchanged and the 

maximum r o l l  r a t e  has been increased by the  increase i n  %/q. 
roll-response f ac to r s  are near ly  equal t o  those f o r  t he  t e s t ed  

augmentation. 

The 
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The lateral-acceleration-to-rudder feedback has produced a la rge  

increase i n  the  magnitude of the  effect ive $ (because of G r )  and has 

thereby g rea t ly  increased I$/Ga. The increased d i r ec t iona l  s t i f f n e s s  

and yaw damping have a l s o  reduced the achievable yaw angle. Both the  

a i l e ron  required t o  keep the  wings l eve l  and the  achievable y a w  angle 

could be improved t o  nearly the  bare-airplane values by using the  

p i l o t ' s  rudder input a s  an accelerat ion command ( i n  the same manner 

described i n  subsection C f o r  a s ides l ip  comaand). 

E, BCAT 1 7 ~ ,  BARE AIRPLANE 

The cp-6, closure f o r  a p i l o t  lead o f  0.67 sec i s  shown i n  Fig. 18. 

This moderate amount of lead i s  necessary t o  provide a reasonable amount 

of Dutch-roll dampi.ng when t h e  p i l o t  i s  closing t h e  v-6a loop. 

out  the  lead the allowable p i l o t  gain would be r a the r  l imited and heading 

cont ro l  would be poor. 

With- 

d w ,  An i n t e re s t ing  point  on t h i s  configuration i s  t h a t  t he  value of 

0.62, i s  less than t i e  0.75 required t o  avoid r o l l  rate reversals  ( R e f .  1 

and 3 ) .  One p i l o t  reported t h a t  he noticed the  reversa l  but  did not con- 

s i d e r  it highly objectionable. 

cha rac t e r i s t i c  i s  not c l ea r ly  understood. 

The reason f o r  t h e  acceptance of t h i s  

Even with t h e  p i l o t  lead i n  the  cp--6, loop the  heading control  i s  

only f a i r  (see Fig. 19). 
the  dominant f i r s t - o r d e r  mode is  a t  0.18 sec-l .  

The crossover frequency i s  0.20 rad/sec and 

The r-8, cont ro l  (Fig. 20) i s  not as good as f o r  the previous 

configuration, c,, being only 0.33, because of the  r e l a t ive ly  la rge  

value of due t o  the  high dihedral  and l o w  roll damping (Eq 1 ) .  

The magnitude of cp/p is  qui te  high and, as would be expected, t he  

p i l o t  complained about the  la rge  r o l l  motions caused by s ide gusts,  

engine f a i l u r e ,  and the  decrab maneuver. 

A moderate amount of rudder is needed f o r  turn e n t r i e s  and, although 

considerably lsss than f o r  the  SCAT 16, was s t i l l  consPdered objectionable. 

The rudder required f o r  steady-state turns does not appear excessive. 



The airplane i s  qui te  sluggish i n  roll because of the  r e l a t ive ly  

high r o l l  time constant and s l i g h t l y  low maximum roll r a t e ,  a deficiency 

noted by the  p i l o t s .  

The rudder power i s  much b e t t e r  than f o r  the  SCAT 16, but the 

ai leron required t o  o f f s e t  the e f fec t ive  dehedral i s  qui te  high. The 

ai leron authori ty  (15 deg) i s  not la rge  enough t o  cancel the  I$ term 

f o r  a 10-deg s ides l ip .  

In summary, the  configuration does not have any one ser ious problem, 

but instead i s  somewhat de f i c i en t  i n  a number of areas. The most seri- 

ous defect appears t o  be the  tendency f o r  the airplane t o  roll sharply 

whenever disturbed l a t e r a l l y  by s ide gusts,  engine f a i lu re ,  o r  t he  decrab 

maneuver. The over-al l  r a t ing  of the  configuration w a s  unsat isfactory 

t o  unacceptable f o r  normal operation. 

B. SCAT 1 7A, TESTED AUCIMENTATIOIV 

This subsection describes the  handling q u a l i t i e s  of the SCAT '1 7A 
with t h e  augmentation which w a s  derived during the  experiments on the  

NASA approach simulator. The augmentation consisted of B, p, and r 

feedbacks t o  a i l e ron  so t h a t  the  e f f ec t ive  der ivat ives  were 

C I B  = 0.6 x basic  

C i P  = 1.5 x basic  

C1, = 0 x basic  

= 2 x basic  

Cnp = -1 x basic  

kr = 2 x basic  

and to  rudder so  that 

cnB 

Note t h a t  the a c t u a l  values of t he  augmented der iva t ives  a r e  somewhat 

different  than those l i s t e d  above because the  cont ro l  cross-coupling 

terms, Cnga and C18r, were neglected i n  determining the feedback gains 

t o  be used. 
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P i l o t  closure of the cp +6a loop i s  shown i n  Fig. 21. With the 

increased Dutch-roll damping, p i l o t  lead i s  no longer necessary. 

value of "tp /q  has a l so  been increased t o  the point where the r o l l  

reversal  no longer occurs. 

The 

The increased damping combined w i t h  a favorable s h i f t  i n  the $/Sa 

zeros gives a s ignif icant  improvement in the  heading control;  the 

crossover frequency i s  nearly doubled (see Fig. 22). 

The reduced dihedral  and increased roll damping have improved the 

r -6r control  through a reduction i n  w y / q  (see Fig. 23). 

a l s o  l e s s  need fo r  the p i l o t  t o  damp the Dutch r o l l  as it i s  qui te  

w e l l  damped by the augmentation. 

There i s  

The magnitude of cp/p has been reduced t o  two-thirds of i t s  or ig ina l  

value. 

cant ly  decreases the r o l l  response t o  lateral inputs; however, the 

p i l o t s  indicated t h a t  they would prefer  an even smaller Icp/plDR. 

This coupled with the increased r o l l  and yaw damping s ign i f i -  

The i n i t i a l  rudder posi t ion f o r  t u r n  coordination i s  unchanged, 

but the i n i t i a l  r a t e  i s  reduced t o  a sml l  negative value by the change 

i n  Cnp. The rudder f o r  coordinating turn en t r i e s  i s  reduced, but that 

required f o r  steady turns  has more than doubled because of the yaw 

damper. The steady-state requirement was considered excessive by the 

p i lo t s ,  but could be reduced by a washout i n  the r - 6 r  feedback, as 

previously discussed i n  the  SCAT 1 6  case. 

a Larger Cnr augmentation would have been used had it not increased 

the steady-state-turn requirement. 

It i s  worth mentioning that 

The r o l l  response is  improved considembly by a 50-percent increase 

i n  maximum r o l l  rate (through increasing q/q) and a 25-percent decrease 

i n  the roll time constant. 

For the  decrab naneuver, the ai leron required t o  o f f se t  the dihedral 

has been s l i g h t l y  reduced, but i s  s t i l l  qui te  large.  

s ign i f icant  reduction i n  achievable yaw angle, but  t h i s  could be 

increased by using the  p i l o t ' s  rudder input a s  a s ides l ip  command. 

There has been a 
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Q. SCAT 17A, ALrPEWm AUGMENTATION 

This article describes an alternate method of augmentation which 

As for the SCAT 16 (subsection D), was not tested on the simulator. 

the basic objective is to provide the simplest possible augmentation. 

One peculiarity of this configuration is worth special notice, 
that is, the aerodynamic derivative Cy is positive. Because of this 

reversal in sign a conventional accelerometer feedback would decrease 

the directional stiffness. One might consider changing the sign of 

the feedback, but two potential problems strongly discourage this: 

B 

1. Probable reversal of Cy at large f3 could cause 
an instability. 

2. Because C would be negative over the rest of 
the flight envelope, either the feedback could 
be turned on only after the airplane is in the 
final approach condition or large gain changes 
would have to be made prior to final approach. 

YB 

With an accelerometer feedback eliminated from consideration, the 
most logical augmentation for this airplane is a roll damper (p-6,) 

to decrease the rolling response to lateral inputs. A roll damper, 
however, will do little to improve the heading control. It was found 
that an aileron-to-rudder interconnect could improve the heading con- 

trolby favorable shifts in the cp and \Ir numerators. 
ratio of 1: l  appears to be satisfactory. With the roll damper set to 
give a roll time constant of 0.5 sec, the augmentation is 

An interconnect 

where 

Pilot closure of the (p-6, loop with the interconnect and roll 
damper is shown in Fig. 24. 
amount of Dutch-roll damping, the rudder interconnect has increased 
9, and the ~p-6~ closure is very good without pilot lead. 

The roll damper has added a considerable 
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The heading closure i s  shown i n  Fig. 25, The combined e f f ec t s  of 

an increased ~ / T R  and a more favorable location of the $/Sa zeros 

gives heading control which is  much be t te r  than  the bare a i rplane and 

i s  e s sen t i a l ly  the  same a s  the tes ted  augmentation. 

The increased roll damping has a l s o  s ign i f icant ly  reduced 9.q 
and improved the  p i l o t ' s  a b i l i t y  t o  danrp the  Dutch roll by the r-6r 

closure (see Fig. 26). 

The magnitude of cp/p has been cut  nearly i n  half  from the bare 

a i rplane,  

l a t e r a l  inputs.  

This means an important reduction i n  the  r o l l  response t o  

The interconnect eliminates the i n i t i a l  rudder posi t ion f o r  tu rn  

en t r ies ,  but the r a t e  i s  unchanged. 

for coordination during turn en t r i e s  should be modest. 

nect has increased the rudder requirement f o r  steady-state turns  t o  

about the s h e  l e v e l  (considered excessive) as the  tes ted  augmentation. 

The resu l tan t  rudder requirements 

The intercon- 

The roll damper has reduced the roll time constant, but  has a l s o  

lowered the  maximum roll r a t e  t o  7 deg/sec. 

could be increased by using a very limited authori ty  augmenter or by 

using the p i l o t ' s  a i le ron  input a s  a ro l l - ra te  c o m n d .  

The maximum roll r a t e  

Although the rudder acceleration and achievable yaw angle are 

good, the amount of a i le ron  t o  o f f s e t  the dihedral appears t o  be 

objectionably large.  

Because of the problems of the  rudder required f o r  steady turns  and 

the a i le ron  required f o r  decrab, t h e  handling qua l i t i e s  of t h i s  config- 

uration may not be acceptable for  normal operation without addi t iona l  

augmentation. 

The dynamics of t h i s  configuration a r e  ra ther  unusual. Because of the 

la rge  pos i t ive  value of Cnp, the roll-subsidence and s p i r a l  modes have 

been coupled i n t o  a l a t e r a l  phugoid. Thus the  l a t e r a l  charac te r i s t ics  
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consis t  of two second-order modes of low frequency but r e l a t ive ly  high 

damping r a t io .  

P i lo t  closure of the  cp-6, loop with a lead of 0.67 sec i s  shown 

i n  Fig. 27. The f igure  c l ea r ly  shows that t h i s  i s  a very bad closure; 

the p i lo t  i s  des tab i l iz ing  the  l a t e r a l  phugoid and a c t u a l  s t a b i l i t y  i s  

c r i t i c a l l y  dependent on the  p i l o t  lead. The p i l o t  i s  capable of gener- 

a t i n g  much higher leads,  but extreme leads always lead t o  poor ra t ings .  

One p i l o t  commented that the  only w a y  he could f l y  the  a i rp lane  w a s  by 

pulsing the a i le rons .  By applying a large accelerat ion for a short  

t i m e  the p i l o t  can ge t  a reasonable roll r a t e ,  and a f te r  he neut ra l izes  

the  ai lerons the  roll r a t e  decays slowly because of the  low frequencies 

of the  l a t e r a l  modes. 

Because of the very poor qual i ty  of t h e  'p-6a closure,  heading 

control  w a s  not even considered. 

The r '6, closure i s  a l s o  very bad (Fig. 28). A s  with the cp -6a 

loop, the closure des tab i l izes  the  la teral  phugoid. The p i l o t  experi-  

enced extreme d i f f i cu l ty  control l ing the  a i rp lane  whenever he used the  

rudders. 

The remaining handling-quality f ac to r s  are unimportant as the  

closed-loop control  i s  so bad that the  configuration w a s  ra ted  

unacceptable even for emergency conditions. 

I. SCAT 178, TESTED A-NTATIOIQ 

This subsection describes the  augmentation which w a s  t e s t ed  on the  

NASA simulator. 

attempt w a s  mde  t o  derive an a l t e r n a t e  augmentation system. 

Because t h i s  simple augmentation w a s  successful,  no 

The Fole augmentation w a s  a roll damper with gain such t h a t  

or 

where 

C i P  = 2.3 x basic  

KPP 6, = 

Kp = 1.7 see 



A s  w i l l  be shown shortly,  the r o l l  damper m k e s  a remarkable improve- 

ment i n  both 'p-% and r- 6r control. 

phugoid back i n t o  a roll-subsidence and a s p i r a l  mode. 

r - 6 r  closure by great ly  reducing cur. 

It decouples the l a t e r a l  

It improves the 

The 9-6, closure i s  shown i n  Fig. 29. Although the feedback 

reduces the Dutch-roll damping s l igh t ly ,  the damping was or ig ina l ly  

high enough so the e f f ec t  i s  unimportant. 

no p i l o t  lead is  required. 
This closure i s  very good; 

The heading control,  Fig. 9, i s  considerably b e t t e r  than any 

other  configuration because of the good Dutch-roll damping and the 

favorable locat ion of the $/6a zeros. 

Figure 31 shows the r-6r closure which is  now very good because 

of the e f f ec t s  of the r o l l  damper on ")r and the lateral  phugoid. 

While the magnitude of cp/p has been grea t ly  reduced, one might 

suspect that it i s  s t i l l  somewhat too Large; simulator t e s t s  with 

reduced C-+ did show a s l i g h t  improvement i n  p i l o t  rating. 

The turn  coordination appears good and there  were no p i l o t  

complaints. 

and ra ther  than put in top rudder, or rudder out-of-the-turn ( the 

i n i t i a l  rudder m t e  required is negative), the p i l o t  probably accepts 

the small amount of s ides l ip  f o r  aileron-alone en t r ies .  

turn requirement i s  moderate. 

The rudder requirements for  turn  entry a r e  qui te  small 

The steady- 

The roll response i s  very good, w i t h  a l o w  time constant and 

r e l a t ive ly  la rge  maximum roll ra te .  

The rudder power is good, N& and the achievable yaw angle a r e  

qui te  large.  

and, although a p i l o t  complaint on t h i s  specif ic  point  w a s  not noted, 

simulator tests showed t h a t  a reduced $ improved p i l o t  ra t ing.  

The a i le ron  required t o  overcome the  dihedral  i s  high 
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J. DEBIRABU VALUES 

Fromthe comparison of t he  handling-quality f ac to r s  f o r  the severa l  

configurations t e s t ed  and the  cor re la t ions  with p i l o t  comments, prelimi- 

nary estimates have been made of t he  des i rab le  values for t h e  various 

fac tors .  

p i l o t  ra t ing a r e  : 

This analysis  ind ica tes  that the  values necessary f o r  a good 

1 .  

2. 

3 .  

4. 

.5= 

6 .  

7 .  

8. 

9 -  

10. 

1 1 .  

12. 

cp - 6a closure : 

$ - 6a closure with cp --t 6a inner loop: 

r -+ 6 ,  closure:  

"Good" closure with p i l o t  lead < 0.7 sec 

coco > 0.3 rad/sec 

Cmax > 0.5 

l d P I D R  < 1-5  

(6r/6a)o The magnitude of the sum of these two 
parameters should be l e s s  than 1 

(&/&a) 1 
I6,/d SS < 0.3 

TR < 1 sec 

> 10 deg/sec 

l N A r I  > 0.2 secm2 

P,X 

l$/Gal < 1 

(nJrmx)t = 2 sec > 5 deg 
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BECTION V 

STABILITY AUGMZNTER MECHANIZATION 

The previous section considered the handling qualities of three SST 
design with and without various types of augmentation. 
illustrates the assessment of competing mechanizations for a given 

type of augmentation and compares the operational penalties imposed 

upon each design by the required augmentation. 

of augmentation (the alternate augmentation for SCAT 16 and l7A, and 
the tested augmentation for SCAT 178) is considered for each design. 

This section 

Only the simpler type 

The mechanization of possible competing augmentation systems at 
this time poses several problems. Although the general airframe con- 

figurations for the three vehicles have been established, there is 

little information regarding the structural characteristics of the 
vehicles, It is impossible to establish the effects or manifesta- 

tions of fuselage bending modes and, hence, the resulting number or 

location of sensors. 

control surfaces and actuation means. As an example of the latter, 

Ostgaard (Ref. 12) predicts as many as twenty surface actuators may 

be required for the SST. Thus it may be impractical to employ the 
conventional series augmenter servo as a separate component in the 

control system. 
pilot) surface actuators may have to be employed. 
existing electrohydraulic valves are not yet proven capable of surviving 

(without cooling), for extended periods, the high temperature envjron- 
ment which will. be encountered in the SST. Electromechanical servos 

could be designed to survive this high temperature environment, but 

the problem of achieving fail-soft o r  fail-operational capabilities 
(equivalent to those of the electrohydraulic servos) arises. 

It is also impossible to define the details of 

Multi-input (e.g., manual, augmenter, and/or auto- 
On the other hand, 

These problems cannot be resolved here and actually need not be. 
The intent of this section is to illustrate a first cut at determining 
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t h e  r e l a t i v e  r e l i a b i l i t y ,  maintenance, cost ,  e t c . ,  contributions of 

t he  competing systems. 

up o r  down a t  some la te r  date t o  achieve a measure of the  absolute 

values when such d e t a i l s  as the nunber o f  servos and/or actuators  can 

be established. In  the l i g h t  of pas t  commercial a i r l i n e  requirements, 

it cm be assumed t h a t  unproven, highly advanced equipments o r  tech- 

niques w i l l  be avoided t o  the  grea tes t  extent possible--at least i n  

cont ro l  appl icat ions.  We can therefore assume t h a t  the  present  state- 

of -a r t  components and mechanizational techniques w i l l  be employed and, 

t o  simplify the  analysis ,  assume t h a t  suf f ic ien t  cooling w i l l  be pro- 

vided t o  allow usage of electrohydraulic servos. 

The resu l t ing  re la t ive  qua l i t i e s  can be scaled 

The following subsection w i l l  present a summary of mechanizational 

considerations and ground rules. 

made of t he  most promising mechanizational scheme f o r  each vehicle.  

F ina l  assessments and t radeoffs  between the  th ree  vehicles w i l l  be 

made i n  subsection C. 

In  subsection B a se lec t ion  w i l l  be 

Before attempting t o  define mechanizational schemes, it i s  p e r t i -  

nent t o  summarize the ground rules and/or considerations which have a 

bearing on the mechanization. These ground ru l e s  are as follows: 

1 .  Three airframe configurations are t o  be considered: 

a. SCAT 16 

b. SCAT l 7 A  

C. SCAT17B 

2. Each airframe has been evaluated a t  a s ingle  f l i g h t  condi- 

t ion ,  the  landing approach. The minimum lateral  augmenta- 

t i o n  requirements, based on handling-quality considerations 

only, f o r  the competing airframe configurations are: 
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I I COMMENTS AUGMENTATION 

SCAT 16 

t I I 
I I I 

May be ay command 

maneuver 
ay, r-6, f o r  f ina l  decrab 

SCAT 1 7 A  

SCAT 1 7 ~  

p -6a j 6,- 6, 
St ick  pos i t ion  may 
be p command 

P -6a 

3 .  Only the  landing approach has been analyzed; however it 

i s  assumed that an equivalent s i t ua t ion  e x i s t s  during 

takeoff.  

have not been establ ished f o r  other  mission phases o r  

f l i g h t  conditions. 

Augmentation and gain compensation requirements 

4. No consideration i s  given t o  the  automatic f l i g h t  cont ro l  

system, AFCS, modes of operation o r  the  requirement f o r  

augmentation as an inner  loop of the  AFCS. 

5 .  For the SCAT l p ,  the augmentation system r e l i a b i l i t y  

must equal o r  exceed the  r e l i a b i l i t y  requirement for a 

complete AFCS, namely, no more than one fa ta l  accident 

i n  107 landing attempts ( f l i g h t s ) .  

6. From the standpoint of the  FAA and the  a i r l i n e s ,  t he  

r e l a t ive  ranking of design q u a l i t i e s  w i l l  be: 

a. F a i l  sa fe ty  

b. Re l i ab i l i t y  

c. Maintainabili ty 

d. Bulk (weight and volume) 

e. Cost 

7. Nuisance f a i l u r e s  and f a l s e  alarms must be held t o  a mini- 

mum i n  order t o  minimize turn-around t i m e  and maintenance 

ac t ions  . 
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B. SELiECPION OF MECHANIZATIONS 

Actual f i e l d  experience with augmenters i n  mi l i ta ry  a i r c r a f t  

ind ica tes  system mean-time-between-failures, W F ,  f o r  a single-axis 

augmenter, can be expected t o  f a l l  i n  the range 140 < MIlBF < 1000 hr,  

depending on the  complexity of the system mechanization. Assuming a 

f l i g h t  time of 3 h r  and an W F  of 600 hr, the  probabi l i ty  of failure 

of a nonredundant system operating from takeoff through landing i s  

PF 
I 

?& 
1 

200 
- 

Thus it could be expected t h a t  one landing i n  every 200 would be made 

without the a id  of augmentation. To  reduce the  failure probabi l i ty  

requires  some form of redundancy. 

Table F-I of Appendix F presents a hierarchy of f eas ib l e  m u l t i -  

p l i c i t y  schemes versus major operational, maintenance, and hardware 

design qua l i t i es .  With few exceptions, as the l e v e l  of mul t ip l ic i ty  

increases, these design qua l i t i e s  demonstrate an orderly progression 

of 
Increasing f a i l u r e  protection 

Increasing allowable augmenter authori ty  

Increasing mean time t o  t o t a l  system f a i l u r e  

Increasing do l l a r  costs,  weight, power require- 
ments, e tc .  

Decreasing mean time between maintenance ac t ion  

Increasing false alarm rate 

It has been established i n  the previous sect ion that, f o r  the 

SCAT 16 and l7A,  augmentation is  desirable but  not mandatory. 

Augmentation i s  mandatory, however, f o r  t he  SCAT 17B. 

design qual i ty  considerations of Table F-I, tradeoff and select ion of 

the mechanization category f o r  each augmentation configuration can be 

=de a s  follows: 

Eased on the 
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1 .  SCAT 16 and 17A 

A hard-over f a i l u r e  during the  approach and landing (or 
takeoff) could r e s u l t  i n  t h e  a i r c r a f t  achieving a dangerous 

a t t i t ude  before the p i l o t  could determine the  cause of a i r -  

c r a f t  motion and apply the necessary correct ion.  The system 

rcust be su f f i c i en t ly  r e l i ab le  t o  bui ld  p i l o t  confidence i n  i t s  

ava i l ab i l i t y  and usefulness. 

i f  possible. 

and a l l o w  the fastest possible turn-around. 

t o  be minimized, 

False alarms must be eliminated 

The system m u s t  require  a minimum of maintenance 

Bulk and cos t  are 

The minimum system meeting the  f a i l -pu l se  requirement i s  

Category IIA (Table F-I); however, Category I I I b  o f f e r s  con- 

siderably increased r e l i a b i l i t y  a t  the  expense of bulk and 

cost. Both configurations r e f l e c t  the  minimum maintenance 

requirement i n  t h a t  ne i ther  i s  suscept ible  t o  false alarms and 

ye t  both allow d i r e c t  i so l a t ion  of a f a i l u r e  t o  a spec i f i c  

channel. Both Categories IIa and I I I b  w i l l  therefore  be 

investigated fur ther .  

2. SCAT 17B 

The requirement f o r  fa i l -opera t iona l  a u t o m t i c a l l y  sets 

the augmentation configuration a t  Category V I  o r  higher. O f  

these, Category V I I I ,  although s l i g h t l y  more complicated due 

t o  the addi t iona l  voters,  inherent ly  o f f e r s  higher r e l i a b i l i t y  

and lower mean t i m e  between maintenance act ion.  Category V I 1 1  

i s  therefore  the  obvious choice. 

Possible mechanizational schemes and the  resu l t ing  MTBF calculat ions 

f o r  a single channel a r e  presented i n  Tables 11, 111, and I V  f o r  
SCAT 16,  1 7 A ,  and l p ,  respectively.  

it i s  obvious tha t  r e l i a b i l i t y  per  f l i g h t  must be d r a s t i c a l l y  increased 

over single-channel r e l i a b i l i t y .  Furthermore, f a i l - s a fe ty  considerations 

In view of the  low resu l t ing  MI'BFs 



TABLE I1 

SCAT 16 MECHANIZATION (PER CHANNEL) 

ay> r -- 6, 

Actuator 4 1 Amplifier 
I 

L 

Hardover 
Monitor 

Rudder 

Surface 
A 

COMPONENT 

7 

Rate gyro.......................,.......... 

Accelerometer ............................. 
Accelerometer hard-over monitor........... 

Washout and miscellaneous................. 

Amplifier ( 3  stages) ...................... 
Servo valve.......... ..................... 
Actuator hard-over monitor................ 

Cylinder .................................. 
Feedback pot............ .................. 
Hydraulic solenoid........................ 

Power supply.. ............................ 
Integrated t e s t  c i r c u i t  ry................. 

Engage switch............................. 

Actuator - 

F A I m  RATE DATA SOURCE 
(PER lo6 HR) (RE3EFU3NCE) 

150 13, 14 
50 13, 14 

6 15 
20 14, 15 

150 14 
500 14 

20 15 
30 13 

1 00 14 

60 13 
50 14 

60 
60 

i 256 
- 

15 
14 

6 A 800 hr  1 
1256 x io- 

MCBF = 



TABLE I11 

SCAT 1 7 ~  MECHANIZATION (PER c W ~ L )  

P - c ~ ,  j 6a+& 

Hardover 
Monitor 

"::''g Servo I 1 1; , 
.... Actuator Aileron Ampiirier I ( - I  

Hardover 
Monitor 

. .  

Surface 

I 1  

I I  
I t--J 

Screwjack 

t 

COMPONENT 
FAILURE RATE DATA SOURCE 
(PER 1 O6 HR) (REFERENCE) 

St ick posit ion sensor..................... 80 14 

Rate gyro................................. 150 13, 14  
Sensor hard-over monitor.................. 6 

1 00 Amplifier (2 stages) ...................... 
15 
14 

Miscellaneous c i r c u i t  ry................... 20 14 
Servo valve............................... 500 14 
Actuator hard-over monitor.. .............. 20 15 
Cylinder .................................. 60 13 

Hydraulic solenoid........................ 60 13 

Integrated tes t  circuitry... . . .  ........... 60 15 

Feedback pot. ............................. 100 14 

Power supp ly.............................. 50 14 

Engage switch............................. 60 14 

Motor and screw jack ...................... 1 00 14 - 
1366 

6 & 730 h r  1 MTBF = 
1366 x i o -  



TABLE IV 

d 

Voter Stick 
Position - 

SCAT 17B MECHANIZATION (PER CHANNEL) 

P -43 

4 

COMPONENT 

St ick  posi t ion sensor..................... 

Rate gyro................................. 

Amplifier (2 stages) ...................... 
On-line voters (3) ........................ 
Off-line voters  (4/3) ..................... 
Servo valve (2/3) ......................... 
Cylinder (2/3). ........................... 
Feedback pot (2/3). ....................... 
Hydraulic solenoid (2/3). ................. 
Power supp ly.............................. 

Model (1/3). .............................. 

Miscellaneous shaping c i r c u i t  ry........... 

Engage switch (l/3) ....................... 

Shaping 
and 

Amplifier 
I 

* . . 

80 

150 

1 0 0  

20 

1 20 

80 

333 
40 
67 
40 
50 
20 

20 

1120 
- 

1 

Servo - -c Voter ---c - Actuator 
i i 

14 
13, 14 

14 
14 
14 
14 
14 
13 
14 
13 

14 
14 
14 

Voter - Rote 1 
Gyro 

\ . 4 L Voter 
* 

6 890 h r  1 MTEF = 
1120 x 10- 

Aileron 

Surface 
Actuo tor 

* 
L -  

i L 
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' -  1 
d ic t a t e  the  minimum leve l s  of redundancy noted above. 

redundancies and/or operational usage leads t o  three  possible  s i tua-  

t i ons  : 

Additional 

S i tua t ion  I. Minimum, fixed-gain, f a i l - s a fe  augmenter 
operated during takeoff and landing only. The augmenter i s  - 

turned off during climb-out and i s  not re-engaged u n t i l a  f e w  
minutes p r i o r  t o  landing. 

The 

Si tua t ion  11. Augmenter operated during the  e n t i r e  f l i g h t .  
Stand-by redundant system employed i n  SCAT 16 and 17A.  The 
augmentation i s  assumed t o  be gain-compensated a t  an addi- 
t iona l  f a i l u r e  rate contribution of 250 x loe6 per  hour pe r  
channel. 

S i tua t ion  111. Dual-redundant system f o r  SCAT 16 and ITA 
snd  triple-redundant system f o r  SCAT I P ,  each operated through- 
ou t  the  f l i g h t  with a stand-by, fixed-gain Category I I a  aug- 
menter avai lable  f o r  emergency back-up f o r  landing. If the  
cruise augmenter fa i l s  during f l i g h t ,  t he  landing augmenter 
i s  turned on u n t i l  the  landing i s  t o  be undertaken. If 
the cruise  augmenter i s  s t i l l  operable during approach, the 
special  landing and takeoff augmenter remains i n  stand-by. 
The cruise  augmenter i s  assumed t o  be gain-compensated a t  an 
addi t ional  f a i l u r e  rate contribution of 250 x 10-6 per  hour 
per channel. This mechanization requires  a minimum of three  
independent hydraulic power sources. 

f l i g h t  (mission) p r o f i l e  w i l l  be assumed t o  be d iv i s ib l e  i n t o  three  

phases : 1 Warmup and takeoff,  1 0 min. 

2. 

3. Approach and landing, 10 min. 

Climb, cruise ,  and letdown, 160 min. 

Thus, t h e  t o t a l  f l i g h t  time i s  3 h r  and systems which are turned on 

only f o r  takeoffs  and landings w i l l  be operated f o r  20 rain. pe r  f l i g h t .  

The probabi l i ty  of system f a i l u r e  pe r  f l i g h t ,  PF, p robabi l i ty  of 

maintenance required per  f l i g h t ,  PM, probable maintenance hours per  

f l i gh t ,  M, and t o t a l  system hardware "cost" (using the  formulas i n  

Appendix F ) ,  C, a r e  presented i n  Table V f o r  t he  three  a i r c r a f t  con- 

f igurat ions and three usage s i tua t ions .  

difference i n  hardware "cost" between a fixed-gain and a variable-gain 

Note i n  Table V that the  
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system is  considered negligible.  These values a r e  a l s o  p lo t ted  i n  
Fig. 32 and 33. 

TAELZ V 

AUGMENTER COMPARISON SUMMARY 

CATEGORY 

SITUATION I 

SCAT 16 .......... IIa 

SCAT l7A. .  ....... IIa 

SCAT 17~......... VIII 

SITUATION I1 

SCAT 16 .......... IIB 

SCAT 1 7 ~  ......... I I ~  

SCAT 1 7 B . o . * . . . . .  V I 1 1  

SITUATION I11 

SCAT 16. ......... IIB + IIa 

SCAT 1 7 A  ......... IIIb + I I a  

SCAT 178 ......... V I 1 1  + IIa 

PF 
(x 1 06) 

420 
460 

0.1 55 

10.2 

11 -8  
18.4 

0 0 0021 

0.0027 

0.0036 

PM 
(x 103) 

0.42 
0,46 
2.4 

4.5 
4.8 

26 

4 95 
4.8 

26 

M 
(x 103) 

0.35 
0.38 
2.0 

3.7 
4.0 

22 

3.7 
4.0 

22 

C - 

1 

1 

3 

2 

2 

3 

3 
3 
4 

Recalling t h a t  the  SCAT 16  and 1 7 A  vehicle configurations a r e  

capable of being landed without augmenters i n  an emergency s i tua t ion ,  

it would appear that the S i tua t ion  I1 case would suf'rice f o r  these 

vehicles from a handling-quality standpoint. That is, employing t h e  

Category IIIb mechanization throughout t he  normal mission wherein one 

system is  ac t ive  and a second is  avai lable  on stand-by, roughly one 

landing i n  one hundred thousand would be made without augmentation. 

This would be accomplished a t  a reasonable maintenance expenditure 

(approximately 4.3 aaintenance ac t ions  per  thousand f l i g h t s )  and 

hardware cos t  (do l l a r  and bulk).  
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For the  SCAT 17B vehicle, which i s  considered unflyable without 

augmentation, one i s  forced t o  s e l e c t  the  S i tua t ion  I11 case wherein 

a triple-redundant augmenter i s  employed as the  nominally ac t ive  

system and a separate landing augmenter (fixed-gain) i s  ava i lab le  as 

an emergency device. 

fur ther  complexity of automatically switching t o  the  emergency stand-by 

system i n  event of complete f a i l u r e  of the  tr iple-redundant system 

during the  a c t u a l  approach and landing. This i s  necessary t o  e l i m i -  

nate  the p i l o t ' s  time lag  i n  determining t h a t  t o t a l  f a i l u r e  of the  

t r i p l e  system has occurred and i n  then ac t iva t ing  the  stand-by system. 

It i s  a l so  desirable  t o  eliminate the  ex t ra  burden on the f l i g h t  crew 

during a most c r i t i c a l  time period. If the triple-redundant system 

were t o  f a i l  p r i o r  t o  the approach phase, su i t ab le  means would have 

t o  be provided t o  avoid i t s  automatically turning on the  landing 

augmenter. With t h i s  combination, the  r e l i a b i l i t y  requirement of one 

f a i lu re  i n  107 landings i s  ac tua l ly  exceeded by a f a c t o r  of 30. 
system cost  i n  terms of maintenance ac t ions  (26/1000 f l i g h t s )  and 

hardware i s  extremely high, however, and obviously i s  due t o  the  

charac te r i s t ics  of the  SCAT 17B which make a fa i l -opera t iona l  system 

mandatory. 

This mechanization would probably require  the  

The 

For f u l l y  automated landings i n  which the augmenter i s  an i.nner 

loop t o  t he  path cont ro l  modes and the  same 10-7 probabi l i ty  of f a i l u r e  

i s  imposed on the complete AFCS, it i s  l i k e l y  t h a t  t h e  Si tuat ion I11 

case would become a requirement f o r  a l l  three vehicle augmenters. 

T h a t  i s ,  with the added complexity involved, the r e l i a b i l i t y  appor- 

tionment f o r  the inner loops would be much more s t r ingent  than it i s  

f o r  the  present manual control  s i tua t ion .  

As a f inal  comment, it i s  t o  be recal led t h a t  these calculat ions 

a r e  rough estimates based on current  a i rc raf t - type  components. 

It m i g h t  be expected t h a t  components w i l l  be improved during the time 

span between now and the  da te  of a c t u a l  design of the SST and hence 

the  r e l i a b i l i t y  of components w i l l  improve. This has not necessar i ly  



proven t o  be the  case i n  the past. For example, vendors have s teadi ly  

improved upon the design and manufacture of f l i g h t  control system 

components over the past t en  years. 

t ha t  the over-al l  system fa i lure  r a t e  has been increasing f o r  augmen- 

t a t ion  systems during t h i s  same time span. 

system perforrnance requirements, complexity, and environmental severity 

a r e  outdistancing the component improvements. 

believe t h i s  same s i tua t ion  w i l l  not also be t rue  fo r  the SST. 

Yet, ac tua l  f i e l d  d a t a  indicate 

It is  concluded that the 

There is  no reason t o  
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SECTION VI 

SUMMARY 

The design of a s t a b i l i t y  augmentation system must include the  three  

e s sen t i a l  s teps  : 

1 .  Analysis of the handling q u a l i t i e s  of the  basic  airframe t o  
determine w h a t  def ic iencies ,  i f  any exis t .  

Determination of s t a b i l i t y  augmentation requirements f o r  
s a t i s f ac to ry  handljng q u a l i t i e s .  

Assessment of the  operational t radeoffs  among the  various 
me chan i z a t i ona 1 p o s s i b  i li t i e s . 

2 .  

3. 

A simple ana ly t i ca l  method f o r  performing these s teps  has been presented. 

The method was  developed f o r  t he  l a t e ra l -d i r ec t iona l  augmentation of 

l a rge  transport-type a i r c r a f t  i n  landing approach, but  port ions can be 

applied t o  other  s i tua t ions .  

Factors f o r  the handling-quality evaluations of s teps  1 and 2 have 

been developed. 

necessary f o r  a good p i l o t  r a t ing  have been developed from previous 

studies and from t e s t s  of severa l  supersonic t ransport  configurations 

evaluated on the Transport Iandj.ng Simulator of the  Ames Research Center 

of the NASA, as follows: 

Preliminary estimates of t he  values of these f ac to r s  

1 .  q-6, closure:  

2. 

"Good" closure with p i l o t  lead < 0.7 sec 

coco > 0.3 rad/sec Q -6, closure with 0-6, inner loop: 

3. r - E r  closure:  [,, > 0.5 

4. 

'* (6r/6a)0 1 The magnitude of the  sum of  these two param- 
e t e r s  should be l e s s  than 1 6. (gr/&a)o 1 

7. 



9-  > 10 deg/sec p*x 

12. 

It i s  recommended t h a t  a combined analytical-simulator study be under- 

taken t o  b e t t e r  define the  parameter values necessary f o r  a good r a t ing  

and t o  re f ine  the  def in i t ions  of handling-quality factors .  

The results of one of the  example augmentation system assessments 

a r e  of spec ia l  i n t e re s t .  The handling qua l i t i e s  of configuration 

SCAT 1p were considered unacceptable even for emergency operation and 

p i l o t  opinion w a s  t h a t  t he  airplane could not be landed. With a simple 

r o l l  damper the  handling q u a l i t i e s  were considered acceptable f o r  normal 

operation; however, with current state-of-the-art  components the  relia- 

b i l i t y  requirement of one failure, or  less ,  i n  lo7 f l i g h t s  i s  not qu i te  

m e t  by a triple-redundant augmenter used only during takeoffs  and Land- 

ings. 

used throughout t he  f l i g h t  plus  a single-channel back-up system t o  be 

used only during landings ( t h i s  system requires th ree  independent 

hydraulic supplies).  

nance, weight, bulk, and cos t )  f o r  such a system are obviously severe. 

The requirement could be m e t  by a triple-redundant augmenter 

The operational penalt ies ( i n  terms of mainte- 
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APPENDIXA 

TRANSFER FUNCTIONS 

The l a t e r a l  t r ans fe r  functions used herein a r e  based on the  

following form of the  equations of motion (body-fixed axes*): 

where 6 can be e i t h e r  6, o r  6, 

Additional var iables  a r e  given by 

6 = p + r tan  eo 
r $ = -  

cos 00 

6 ( A - I )  

(A-2)  

( A - 3 )  

(A-4) 

( A - 5 )  

The t ransfer  function of a dependent var iable  i s  wri t ten i n  t h e  form 

where A = @, p, r, q, etC. 

(A-6)  

* 
For s t a b i l i t y  axes W, = 0,  U, = VT,, and 8, i s  the  f l i g h t  path 

angle. 
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1 The denominator, A(s), i s  given by 

I , A(s )  = s4 + s 3 ( - Y v -  $ - N;) 

1 - Y~(L&- L&) - -($ g cos eo + N; sin eo) 
vTo 

+ A [ ( I $ N ;  - L 3 6 )  cos  8, + ( G N ;  - L,$N') P s i n  60 ] ~ (A-7)  
vTO 

The numerators are given by 

1 + -(L>; WO - L&) + - €5 (L; COS eo + N; sin eo) 
VTO VTO 

+ - ( L ~ N ;  - G N ~ )  COS eo + ( L & N ~  - ~ $ 6 )  s i n  
VTO " E  

(A-9)  + - g ($N; - L~N;) sin eo 
VTO 
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(A-1 I ) 

(A-1 2 )  

(A-1 4) 
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Numerical values of reference dimensions, iner t ias ,  dimensionless 

s t ab i l i t y  derivatives, dimensional derivatives, and t r ans fe r  function factors 

f o r  the various configurations are summarized i n  the following series of 

tables. 

TABU B-I 
REFERENCE DDIMENSIONS 

PARAMETER UNITS 

f t2  

f t  

f t /sec 

ft/sec 

slugs 

106 slug-ft2 

106 slug-ft2 

106 slug-ft2 

deg 

deg 

SUBSONIC JET 

2,892 

142.4 

223 

7.79 

5,590 

3.3 

8.3 

0 

-0.86 

2 

SCAT 16 

3,000 

69.7 

231.4 

17 

7,540 

2.63 

13.1 

0 

1.2 

4.2 

SCAT 1 7 ~  

5,100 

1 05 

21 8.1 

46.4 

7,860 

1.86 

13.33 

0 

9 

12 

SCAT lm 

5,200 

106.3 

243.2 

29- 9 

6,520 

2.8 

16 

0 

4 

7 



T A B U  B - I 1  

DIIfENSIONLESS S T A B I L I T Y  DERIVATIVES 

'ARAM. 
XBSONIC 

JET 

-0 82 

0 

0 

-0.1 8 

-0.42 

0.35 

-0.14 

0.01 0 

0.1 3 

-0.1 2 

-0.20 

-0.009 

-0.1 3 

SCAT 16 

Bare 

-0.492 

0 

0 

-0.249 

-2.20 

1 *33 

-0.41 7 

0.01 77 

0.21 1 

-0 709 

-0.406 

-0 01 41 

-0 0773 

Tested 
A u g  

-0.492 

0 

0 

-0 297 

-2.52 

1.52 

-0.41 7 

0.01 77 

0.422 

0.709 

-1.22 

-0 01 41 

-0 0773 

SCAT 1 7 A  

Bare 

0.1 09 

0 

0 

-0.1 42 

-0.1 72 

0 338 

-0.086 

0.0203 

0.145 

-0.1 38 

-0.597 

-0.0067 

-0.0952 

Tested 
Aug . 

0.1 09 

0 

0 

-0.1 16 

-0.31 7 

0.1 27 

-0.086 

0.0203 

0.294 

0.1 31 

-1.22 

-0 0067 

-0 0952 

SCAT 17B 

Bare 

-0.1 43 

0 

0 

-0.1 80 

-0.264 

0.156 

-0.1 01 4 

0.021 1 

0.151 

0.327 

-0.586 

-0 0 077 

-0 0871 

Tested 
Aug. 

-0.1 43 

0 

0 

-0.1 80 

-0.660 

0.156 

-0.1 01 4 

0.021 1 

0.151 

0.026 

-0.586 

-0.077 

-0.0871 
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?AFaM. Ul?ITS 

TABLE B-I11 

DIMENSIONAL STABILITY DERIVATIVES 

5UBSONIC 
JET 

-0.1 12 

0 

0 

-1 -33 

-0 99 

0.82 

-1.03 

0.074 

0.38 

-0.1 1 

-0.1 9 

-0.026 

-0.38 

SCAT 16 

Bare 

-0 054 

0 

0 

-1 -27 

-1 .a 

1.02 

-2.1 2 

0.090 

0.22 

-0.1 1 

-0 . 062 

-0.01 4 

-0 079 

Tested 
A w e  

-0.054 

0 

0 

-1.51 

-1 *93 

1 .16 

-2.1 2 

0.090 

0.43 

0.1 1 

-0.1 9 

-0.014 

-0 079 

SCAT 1 7 ~  

Bare 

0.01 9 

0 

0 

-2 . 42 

-0.69 

1 *35 

-1.46 

0.35 

0.34 

-0 077 

-0.33 

-0.01 6 

-0.23 

Tested 
AUg. 

0.01 9 

0 

0 

-1 -97 

-1.27 

0.51 

-1 -46 

0.35 

0.70 

0 073 

-0.68 

-0.01 6 

-0.23 

SCAT 17B 

Bare 

-0.033 

0 

0 

-2.54. 

-0.81 

0.48 

-1.43 

0.30 

0.37 

0.1 7 

-0.31 

-0.1 9 

-0.21 

T sted 
Lg. 

-0 033 

0 

0 

-2.54 

-2 . 02 

0.48 

-1.43 

0.30 

0.37 

0.01 4 

-0.31 

-0.1 9 

-0.21 



-0.079 

I .80 

0.093 
0.28 

-0.23 -0.23 

0.76 1 . I O  

0.025 0.065 

0.60 0.34 

TABU B- IV 

TRANSFER FUNCTION FACTORS 

UBSONIC I SCAT 16 1 SCAT 1 7 A  SCAT 1 7B  
PARAMETER Tested 

Aug . 

0.071 

1.94 
0.24 

0.73 

Bare 

O r  

( s 2  + 2c1qs  + 6) 
-0.01 1 -0.030 -0.036 

1 . I4  1.68 1-93 
0.10 0.12 0.1 9 
0.82 0.64 0.68 

__ 

(0.29) 
(0.40) 

0.64 

0.71 

-1.44 
0.25 

0.85 

0.051 0.1 30 

0.99 0.94 

-2.12 -2.12 

:::: 1 ::;; -1.03 

0-66 
0.24 

-1.44 
0.25 

0.85 

-0.1 9 
1 *97 

(0.1 6) 
(0.60) 

-0.21 

1.94 
0.12 

0.37 

0.40 
0.61 0.84 

H%3a 

-0.026 

-I .07 
-2 97 

0.74 

or 

-0.01 4 
0.50 

-0 64 
-14.2 

-0.01 4 
17.7 
(0.21 ) 

(0.71 1 

-0.1 9 
1.97 

(0.1 6) 
(0.60) 

Nrtjr 

-0.38 
I .13 

-0.0035 

0.40 

-0.21 

0.73 

-0.1 1 

0.60 
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I PIIMP WDEL 

When f ly ing  an airplane the  p i l o t  can be considered t o  be operating 

i n  one of the  following modes ( R e f .  16 and 17) : 

1 .  Precognitive 

2. Pursui t  

3 .  Compensatory 

When the  p i l o t  i s  operating i n  the  precognitive mode, he i s  applying 

a learned s e t  of cont ro l  manipulations without any feedback of the  

a c t u a l  a i rplane motion. 

could execute a tu rn  entry i n  a precognitive manner, i.e., h i s  move- 

ments of t he  a i l e rons  and rudder could be a completely predictable  

learned sequence which he could do with h i s  eyes closed. Because 

precognitive behavior i s  e s sen t i a l ly  open-loop control,  the  p i l o t  

cannot operate i n  t h i s  mode unless a l l  inputs, disturbances, and a i r -  

plane responses t o  the  controls  are completely known. P red ic t ab i l i t y  

i s  a necessary but  no tsuf f ic ien t  condition f o r  precognitive behavior. 

For example, on a calm day a s k i l l e d  p i l o t  

When t h e  s i t ua t ion  i s  not predictable, t he  p i l o t  w i l l  operate i n  

In  e i t h e r  of these two modes e i t h e r  the  pursu i t  o r  compensatory mode. 

t he  p i l o t  i s  operating closed-loop, i.e.,  he is  using the sensed motion 

of t h e  a i rp lane  t o  modify h i s  cont ro l  actions. I n  t h e  pursu i t  mode the  

p i l o t  i s  able ,  e i t h e r  mentally or through an appropriate display,  t o  

separate t h e  a i rp lane  motions due t o  his  cont ro l  movements from those 

due t o  ex terna l  disturbances (gusts) .  

approach with a moderate amount of turbulence the  p i l o t  can d is t inguish  

between the  motions due t o  h i s  cont ro l  inputs and gusts.  When he can- 

not separate  the  motions he i s  i n  the compensatory mode; an instrument 

approach during severe turbulence i s  an example. 

For example, i n  mking  a v i sua l  

The above modes of p i l o t  behavior have a l s o  been postulated as 

s teps  i n  human s k i l l  development (Ref 16). When f i rs t  confronted with 



a control task,  the  behavior of a human operator i s  compensatory. A s  

he becomes more familiar with the task,  he may be ab le  t o  separate h i s  

input e f f ec t s  from t h e  disturbance e f f e c t s  and operate i n  the  pursu i t  

mode. Finally,  i f  the disturbances a r e  predictable,  the  cont ro l  may 

become precognitive. 

from one mode t o  the  other  depends on the  s i ze  and p red ic t ab i l i t y  of 

the  disturbances and the  complexity of  t he  control led element. 

The amount of t r a in ing  necessary t o  progress 

An excel lent  example of t h i s  progression i s  given i n  Ref. 16: 

The foregoing hypothesized development can be given 
i n t u i t i v e  substance by considering, i n  an introspect ive 
manner, how ce r t a in  common motor s k i l l s  have developed. 
A s  an i l l u s t r a t i o n ,  consider learning t o  steer an auto- 
mobile. Many beginners start by r e l a t ing  a f ixed object  
on the  automobile t o  a guideline on the road. Thus a 
novice, concentrating on the  many d e t a i l s  of driving, 
s t ee r s  the  automobile so that a constant dis tance i s  
minta ined  between the hood ornament and the curbing. - 

This i s  an e f fec t ive  compensatory display since the  
operator i s  at tending t o  t h e  e r r o r  only. A s  the  d r ive r  
i n  t r a in ing  acquires f a c i l i t y  and confidence he i s  ab le  
t o  increase h i s  perceptual capacity f o r  ex terna l  s t imuli ,  
so h i s  e f fec t ive  f i e l d  of view o r  perceptual aper ture  
increases. I n  the  course of t h i s  process he becomes 
aware of t he  separate cha rac t e r i s t i c s  of the  hood orna- 
ment and the  curbing. In  other  words, he can a t tend  t o  
input s igna l  and cont ro l  responses independently. H e  
thus achieves a pursu i t  display type of organization of 
h i s  v i sua l  f i e l d ,  and can make use of the  r egu la r i t i e s  
and predictable fea tures  of the road. Final ly ,  on 
achieving complete f ami l i a r i t y  with the  control led 
element, the d r ive r  can view t h e  e n t i r e  v i s i b l e  f i e l d ,  
sampling it as necessary, and can s t e e r  the  automobile 
as necessary with d e f t ,  d i sc re t e  movements. The in t e r -  
v a l  between these short  duration open loop cont ro l  
responses i s  dependent on the  degree t o  which the road 
winds, the  speed of t he  car,  and t h e  amount of t r a f f i c .  
Other examples of driving i n  an open loop fashion f o r  
br ie f  i n t e rva l s  of time occur during such emergency 
maneuvers as s teer ing  out of a skid. 

After an operator has learned a pa r t i cu la r  cont ro l  task  h i s  

behavior may vary, depending on the  disturbances. Thus, f o r  a p a r t i -  

cular  maneuver a p i l o t  might operate i n  the  pursu i t  mode on a calm 
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day and i n  the compensatory mode i n  the presence of severe turbulence. 

For t h i s  study the c r i t i c a l  task i s  an instrument approach i n  the 

presence of beam noise and severe turbulence, and the p i l o t  should be 

operating ia the compensatory mode. It has been sham that even when 

the p i l o t  i s  operating i n  the pursui t  mode, a compensatory model of 

the  p i l o t  gives a good prediction of the closed-loop charac te r i s t ic  

roots, a l b e i t  a conservative estimate of the closed-loop performance. 

A highly successful ana ly t ica l  model of compensatory p i l o t  behavior 

has been formed from numerous single-loop tracking experiments ( R e f .  3 ) .  
While the model does not give a point-by-point match of the operator 's  

response, it does closely m t c h  h i s  time-averaged response character- 

i s t i c s .  In  t h i s  model the p i l o t ' s  t ransfer  function i s  represented by 

$ ( T ~ s  + 1 )e-Ts 
Yp = 

(TIS + i ) ( % s  + I )  

where T is the reaction-time delay ( T  

muscular l ag  (TN f 0.1 sec) , and KP, TL, and TI are adjustable by the 

p i l o t  

0.15 sec),  TN i s  the  neuro- 

It has been shown that the  p i l o t  w i l l  generally ad jus t  h i s  gain, 

lead, and lag  i n  much the same way a servo designer would do i f  pre- 

sented with the same control  task with the variable compensation 

There are ,  however, limits on these p i lo t  parameters, the  most r e s t r i c -  

t i v e  l i m i t  being the  amount of lead the p i l o t  can generate. 

value of TL i s  unknown, but i f  the p i l o t  i s  required t o  generate much 

more of a lead than TL = 2 sec, h i s  behavior becomes qui te  nonlinear 

and h i s  opinion of the system i s  very poor. 

The maximum 

The p i l o t  ad jus t s  h i s  character is t ics  t o  minimize the deviations 

of the airplane f r o m t h e  ILS beam. When interpreted i n  the language 
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of  the servo analyst ,  t h i s  minimization becomes the  adjustment ru les :  

1. The closed-loop system must be s tab le .  

2 .  When the closed-loop system can be approximated 
by a third-order system, the  damping r a t i o  of 
the closed-loop osc i l l a to ry  roots  should be 0.33 
o r  more. 

3. For the landing approach s i tua t ion ,  phase margins 
should be on the  order of 40 t o  60 deg. 

4. The closed-loop system should have good low-frequency 
response, i.e., f o r  frequencies l e s s  than the  band- 
width of t he  equivalent input,  the open-loop ampli- 
tude r a t i o  should be much grea te r  than 1.  The 
equivalent input i s  the  airplane-alone response t o  
the  turbulence. 

P i lo t  opinion i s  a function of the  p i l o t ' s  success i n  suppressing 

the disturbances and of the cha rac t e r i s t i c s  he must adopt. 

ra t ings a r e  f o r  tasks  where the  p i l o t  can a c t  as a pure gain. 

opinion w i l l  be degraded s l i g h t l y  i f  he i s  required t o  generate lags .  

Tasks which require p i l o t  l ags  take longer t o  learn  w e l l  and require 

more t ra ining.  The most severe degradations i n  p i l o t  ra t ing  a r e  due 

t o  requirements f o r  pil-ot lead. 

a I-sec lead h i s  opinion w i l l  not be grea t ly  degraded, but  with a 2-see 

lead h i s  ra t ing  of the system w i l l  be poor. 

Highest p i l o t  

H i s  

If the  p i l o t  i s  required t o  generate 

P i lo t  opinion w i l l  a l s o  be very poor i f  the cont ro l  s e n s i t i v i t y  

o r  gain i s  much too high o r  l o w .  

t h i s  t i m e  t o  ana ly t ica l ly  pred ic t  the  optimum cont ro l  gain as t h i s  

depends on the  task  and type of cont ro l  device; however, it i s  a 

simple task  t o  determine the  optimum gain from simulator studies.  

Because of t h i s  gain e f fec t ,  the  predict ions of p i l o t  opinion and 

rankings of various cha rac t e r i s t i c s  should be based on the  use of the  

opti.mum gain f o r  each s e t  of charac te r i s t ics .  

Unfortunately it i s  not possible  a t  

The above discussion has only considered the  p i l o t  i n  single-loop 

The extension t o  multiloop s i tua t ions  appears straightforward tasks.  

i f  t w o  addi t iona l  f ac to r s  a r e  considered. The f i rs t  f ac to r  i s  the  

94 



i : 
loop-closure adaptab i l i ty  of the p i l o t .  In  f ly ing  an airplane the 

p i l o t  has severa l  parameters avai lable  t o  him f o r  control,  and he may 

select any one of a number of combinations of loop closures o r  p i l o t  

techniques. For example, he w i l l  n o m l l y  control  p i t ch  a t t i t u d e  with 
I 
I 

elevator,  bu t  he can control  a l t i t u d e  with e i t h e r  e levator  o r  t h r o t t l e .  

By t r i a l  and e r r o r  the p i l o t  w i l l  u l t i m t e l y  s e l e c t  t h e  set  of loop 

closures which makes it easiest f o r  him t o  cont ro l  the  airplane.  In  

t h e  ana lys i s  of t h e  multiloop p i l o t a i r p l a n e  s i tua t ion ,  it i s  there- 

fo re  necessary t o  consider many d i f f e ren t  p i l o t  techniques t o  es tab l i sh  

I t he  most l i k e l y  one. 
I 

The second multiloop f ac to r  i s  a possible increase i n  the p i l o t ' s  

I 
t ransport  l ag  (time delay) because he may have t o  scan several  i n s t r u -  

ments t o  ge t  the  da ta  f o r  closing the  loops. 

which the  p i l o t  must sample several  instruments, h i s  t ransport  lag 

w i l l  be increased above the  value measured i n  single-loop tasks .  

t he  analyses described i n  t h i s  report  a n  e f f ec t ive  reaction-time delay, 

which combines the  neuromuscular and reaction-time lags,  of 0.3 sec 

w a s  used. This i n  turn  w a s  approximated by a f i r s t - o r d e r  Pad6 form 

so that t h e  p i l o t  model ac tua l ly  used was 

For multiloop tasks  i n  

For 
I 

~ 

I 
K ~ ( T ~ S  + I )  (-0.15s + I )  

(0.15s + I )  Yp = (TIS + 1 )  

- K ~ ( T L s  + l ) ( S  - 6.7) - - 
(TIS + i ) ( s  + 6.7) 
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APPENDIX D 

UNIFIED SERVO ANALYSIS MB1THOD 

The basic  problem i n  servo ana lys i s  i s :  Given t h e  open-loop t r a  sfer 
function, G ( s ) ,  w h a t  are the  closed-loop cha rac t e r i s t i c s  of the  system? 

The heart  of the  servo analysis  problem i s  then t o  f ind  the  zeros of 

1 + G ( s ) ,  i . e . ,  those values of s f o r  which G ( s )  = -1. 

are the closed-loop poles of t he  system. For very simple systems the  

roots  can be found d i r e c t l y  by fac tor ing  the  cha rac t e r i s t i c  equation, 

1 + G ( s )  = 0. 

designer with no appreciation for t he  e f f ec t s  of the various open-loop 

parameters. 

t o  provide information about the  closed-loop system. 

These values of s 

For most systems fac tor ing  i s  impractical  and provides the  

Consequently, a number of graphic too l s  have been developed 

The most s ign i f icant  fea ture  of the  Unified Servo Analysis Method 

( R e f .  18) i s  the combined use of t he  root  locus diagram and the  general- 

ized Bode diagram. 

amplitude and phase of the open-loop t r ans fe r  function, G ( s ) ,  versus 

frequency, u), where s = jcu. 

phase of G ( s )  are p lo t ted  f o r  var ia t ions  i n  s other  than j u s t  along the  

imaginary axis. 

i s  the graph of the  amplitude and phase of G ( s )  f o r  s =+-a, where u i s  a 

real  number, i .e. ,  f o r  s varying along the  real  axis .  Note t h a t  t he  

phase of a Siggy p l o t  i s  e i t h e r  0 or 180 deg s ince G(+a) must be a r e a l  

number, e i t h e r  pos i t ive  o r  negative. 

which the  phase i s  180 deg, G(+a) negative, a r e  the more s igni f icant ,  

as they graphical ly  i l l u s t r a t e  the var ia t ions  of t he  real  closed-loop 

roots with gain. When the  phase i s  180 deg, the in te rsec t ions  of the  
Siggy and the  zero-db l i n e  (amplitude equals uni ty)  def ine a l l  real 

closed-loop poles because, by def in i t ion ,  t he  closed-loop roots a r e  
those values of s f o r  which G ( s )  = -1 .  

The conventional Bode diagram i s  a graph of the 

In the generalized Bode the  amplitude and 

The most usefu l  of these p l o t s  i s  the  "Siggy," which 

The port ions of t he  Siggy f o r  

A simple example of t he  combined use of root locus and Bode 

diagrams i s  given i n  Fig. D-1.  The Bode diagram has the  conventional 
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s(s + 1) ( s + 5 )  

)( Open- loop poles 
I Closed- loop poles for I C =  I 

Figure D-1. -le of the  Combined U s e  of 
Root-Locus and Bode Diagrams 
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Bode p lo ts  as wel l  as those port ions of the Siggy f o r  which the phase 

i s  1 8 0  deg. To i l l u s t r a t e  the  use of t he  Siggy i n  locat ing real roots ,  

consider the case of ~ = l .  From the  in te rsec t ion  of the Siggy and t h e  

zero-db l i ne ,  it can be seen t h a t  t he  real  roots  a r e  a t  s=-0.31, -0.64, 
and -3.05, points  a, b, and c, a l s o  shown on the  root  locus. 

a l s o  shows the frequency, 0.45 (point  d of both p l o t s ) ,  and the gain, 

K = 1 db = 1.12, a t  which two of the  real  roots  a r e  id.entica1. 

The Siggy 

A s  i l l u s t r a t e d  i n  Fig. D-I for the  zero-db l i n e  along A-A, the  

conventional Bode indicates  t he  phase margin, 32 deg, and the  gain 

margin, 1 1  .5 db, d i r ec t ly .  It a l s o  shows the gain, K = 2905 db = 30 
i n  l inear  un i t s ,  and the frequency, 2.24, a t  which the  system becomes 

nev;trally s tab le  (point e of both p l o t s ) .  

The pr inc ipa l  advantage of the  root locus i s  that it graphical ly  

i l l u s t r a t e s  t he  movement of the  closed-loop roots  i n  the s plane as 

the  gain is  varied. Unless various gain values a r e  indicated on each 

branch of the  locus, the locat ions of a l l  t he  closed-loop roots  f o r  a 

specified gain are not obvious. 

hand, shows a l l  the  r e a l  roots  d i r e c t l y  as a function of gain. Because 

of the logarithmic scales ,  it i s  a l s o  simple t o  include roots  which are 

d i f fe ren t  by several  orders of magnitude. 

The generalized Bode, on the o ther  

Perhaps the most usefu l  property of the Bode i s  t h e  a b i l i t y  t o  

indicate  which open-loop poles and zeros have the  most influence on 

the  closed-loop charac te r i s t ics .  On the  Bode it i s  simple t o  see i n  

what frequency regions I G (  ju) I >> 1 o r  I G(  ju) 1 << 1 . 
f o r  which I G (  ju) I >> 1 ,  G / ( 1  + G) 

nearly equal t o  open-loop zeros. Consequently, var ia t ions  i n  the 

open-loop poles and zeros i n  these frequency regions have l i t t l e  e f f e c t  

on the closed-loop charac te r i s t ics .  Similarly,  i n  regions f o r  which 

I G( ju) 1 << 1 ,  G / ( 1  + G )  A G and the closed-loop poles are nearly equal 

t o  the open-loop poles. Consequently, var ia t ions  i n  the  open-loop 

zeros i n  these regions have l i t t l e  e f f e c t  on the  closed-loop poles. 

In  those regions 

1 and the  closed-loop poles a r e  



The combined use of root. locus and geneis i.zed Bode p lo t s  results 

i n  a powerful analysis  technique. 

p l o t s  are complementary and tend t o  offset  the shortcomings of one 

another. 

The advantages of the individual 
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APPENDIX E 

MNPILOOP ANALYSIS TECHNIQUE 

1 = 362 3 = -  
62 a 

NX X 

The multiloop analysis  technique developed by STI provides a valuable 

t o o l  f o r  analyzing o r  synthesizing a cont ro l  system f o r  a vehicle with 

two o r  more independent controls .  

analyzing the  la teral  dynamics of an airplane when there  a r e  a number 

of a i le ron  and rudder feedbacks. 

i s  given i n  Ref. 19; however, the  basic  pr inc ip les  can be i l l u s t r a t e d  by 

the  following simple example. 

This technique i s  very usefu l  f o r  

A de t a i l ed  development of t he  method 

"11 a12 b12 
"21 a22 b22 

"31 "32 b32 

Consider a three-degree of freedom system with two separate controls.  

The equations of motion can be wr i t ten  as 

or ,  more compactly, [A(.)] [X(s)] = [B(s)] [6(s)] (E-2) 

Examples of the resu l tan t  conventional t r ans fe r  functions are given i n  

Eq. E - 3  and E-4. 

b l l  "12 "1 3 
b21 a22 a23 

b31 "32 "33 
- 

XI Nxl 61 
- = - -  

a11 a12 a13 

a21 a22 a23 

61 a 

"31 "32 "33 

(E-3) 

(E-4)  
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A cen t r a l  question i n  an analysis  of t h i s  system is: 

back t o  61 through equalization Y1 [i.e., 61 ( s )  = -Y1 ( s ) X 1  (s)], w h a t  

i s  the response of X 2  t o  62? 

algebra and t ransfer  functions like Eq. E - 3  and E-&, one would obtain 

the expression: 

If X1 i s  fed 

Using conventional block-diagram 

x1 x2 = 
N61 62 

By working with the  rnatrix 

obtains the  equivalent but 

b l l  b12 "13 
b21 b22 a23 

b31 "33 

/x2\ 

equations, E-1 and E-2, d i rec t ly ,  one 

simpler-looking r e s u l t  given i n  E-6. 

#Ix2 i n  E-6 i s  defined by The coupling numerator 
61 62 

The primary advantage of using coupling numerators and the multi- 

loop technique is  a grea t ly  increased physical understanding of the 

e f fec ts  of feedbacks (a secondary benefit  i s  a s igni f icant  computa- 

t i o n a l  reduction). 

the  e f f e c t s  of each feedback as evidenced from a comparison of E-6 

with E-5. 

feature  of one feedback i s  that it modifies a pa r t i cu la r  numerator 

i n  E-6) so that a second feedback can produce the  ( fo r  example, 

desired changes i n  the system. 

more conventional methods w e r e  employed. 

It becomes a f a r  easier  task  t o  keep t rack  of a l l  

In  some cases it has been found that the  most benef ic ia l  

Nx262 
This was not evident a t  a l l  when the 
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APPENDIX F 

RIcDUloDANCY IN 8TABILITY AUG- 

To place the major consequences of mul t ip l i c i ty  o r  redundancy i n  

automatic f l i g h t  cont ro l  systems i n  a perspective which f a c i l i t a t e s  

tradeol'fc between po ten t i a l  competing mechanizations, it i s  conveni- 

erit t o  I'orm a matrix of' p r a c t i c a l  redundant mechanizations versus 

major operational,  mintenance, and hardware design qua l i t i e s .  Such 

a matrix can serve a swond purpose by focusing a t t e n t i o n  on areas 

requiring spec ia l  considemtion i n  achieving a successful  design f o r  

any given mechanization. 

One f o r m  of such a matrix i s  presented i n  Table F-I. In  t h i s  

t ab le  the system configuration hierarchy progresses from a conven- 

t ional  s ing le  ac t ive  channel t o  a tr iple-redundant configuration with 

both on-line wid off - l ine  monitor-voters. The design q m I j  t y  assess-  

ments are expressed i n  general  terms; however the  quant i ta t ive  values 

indicated therein are based on detai  Led invest igat ions of  m i l j  t a r y  

squadron-lcvel operations (conducted as a p a r t  of previous STI s tudies )  

backed up by a comprehensive l i b r a r y  of a i r c r a f t  operat ional  relia- 

b i l i t y ,  m i n t a i n a b i l i t y ,  and cos t  data  which have been gathered by 

STI over a period of nearly t e n  years. 

f i e l d  experience with the  A 3 J ,  A4D, B-32, B-58, F8U, FYF, F-100, F-102, 

S2F, X-19, '707, and numerous other  ai r c ra f t .  

This mterial r e f l e c t s  a c t u a l  

Definitions and assumptions necessary t o  develop the t ab le  a r e  

presented below. 

1. flystern Configuration 

a. A s ingle  ac t ive  channel cons is t s  of sensing (S) ,  actuat ion ( A ) ,  

and the necessary interconnecting and shaping e lec t ronics  ( E ) .  

b. A hard-over monitor (€1) cons is t s  oi' a simple logic  c i r c u i t  

t r iggered e i t h e r  by s igna l  amplitude o r  by a spec i f ic  
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C. 

d. 

e. 

f .  

combination of sensor output sign and amplitude and 

actuator  output sign and amplitude. 

A model channel consis ts  of sensor and electronic  uni ts ,  

i den t i ca l  t o  t h a t  of an ac t ive  channel, plus  an electronic  

model of t he  actuator  dynamics (M) .  

A decision element (D) consis ts  of a single threshold 

device which w i l l  disengage i t s  associated ac t ive  channel 

whenever the difference between the outputs of the actuator  

and i t s  model exceeds some predetermined e r r o r  (threshold).  

A voter (V) consis ts  of sol id-s ta te  c i r c u i t r y  and-or gates 

operating a s  

( I )  

( 2 )  

Majority ru le  f o r  off- l ine voting, 

Mid-value se l ec t  f o r  on-line voting. 

Actuators connected by unbroken l i n e s  a r e  assumed t o  be dual  

tandem. 

2. Failure Protection 

a.  

b. 

C. 

d. 

Fail-hard. System can f a i l  such t h a t  the surface w i l l  

de f l ec t  t o  the l i m i t  of augmenter authority.  A f a i l e d  

augmenter must be detected and turned off by the p i l o t .  

Fail-pulse. System can f a i l  such t h a t  the  suface w i l l  

momentarily def lec t  t o  the l i m i t  of augmenter authority.  

The system is then automatically turned off  by i t s  monitor. 

Fai l -sof t .  

i n  the presence of any single f a i lu re  without subs tan t ia l  

disturbance t o  the a i r c r a f t .  

System is  capable of automitic disconnection 

Fail-operational. System i s  capable of withstanding any 

s ingle  f a i l u r e  without substant ia l  a l t e r a t i o n  of system 

performance. 



Note from the  matrix t h a t  t he  following groupings can be made: 

~~ 

F i r s t  Fai lure  
?a i lure  Protection 

Second Fai lure  

Fa i l -  hard 

Fail-pulse 

Fa i l -  sof t 
Fai l -  op e r a t  iona 1 V I ,  V I I ,  V I 1 1  

Configuration 

V I I P  

I I Ib ,  I V a ,  V I I I Ib ,  I V a ,  V I ,  V I I P  

Ivb-1, Ivb-2 1 V I I ,  V I I I *  

3. Mean Time Between Failure 

a. 

b e  

C.  

d. 

A l l  systems are i n  the  constant hazard o r  constant f a i l u r e  

r a t e  portion of t h e i r  usefu l  l i v e s  and f a i l u r e s  a r e  random 

with an exponential d i s t r ibu t ion .  Hence the  system mean 

time between f a i l u r e  i s  a measure of the  system r e l i a b i l i t y .  

Mean t i m e  between f a i l u r e  i s  the  reciprocal  of t he  summa- 
t i o n  of t he  f a i l u r e  rate contributions of a l l  components 

comprising the  system configuration. 

Mean time between f a i l u r e  of a model channel i s  twice t h a t  

of a complete channel. 

The f a i l u r e  contribution of a stand-by system i s  negl igible  

when not energized. 

however, it i s  considered va l id  on the  basis t h a t  components 

containing moving p a r t s  (e.g., sensors, actuators ,  re lays ,  

switches, e tc . )  are by far the  grea tes t  f a i l u r e  contributors.  

Phis i s  recognized t o  be optimistic;  

*Configuration V I 1 1  can f a i l -pu l se  - only i f  both f a i l u r e s  a r e  i n  
t h e  pos i t iona l  servo and i f  the  second failure i s  a hard-over fa i l -  
ure. It w i l l  f a i l - s o f t  if the f i rs t  and second f a i l u r e s  cccur i n  two 
of any other  th ree  p a r a l l e l  un i t s .  
first,  second, or t h i r d  f a i l u r e s  it i s  fai l -operat ional .  

For any o ther  combination of 
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. 
c 

e. On-line or 

resu l t ing  

off - l ine 

n neglig 

m j o r i t y  voters a r e  so l id-s ta te  c i r c u i t s  

b le  contribution t o  the t o t a l  system 

f a i l u r e  r a t e  ( i n  the quant i t ies  indicated herein).  

f .  The m e a n  time t o  second f a i l u r e  assumes that the first and 

second failures a r e  completely independent, that the equip- 

ment associated with the  f i rs t  f a i lu re  i s  ef fec t ive ly  

i so la ted  from the  unfailed equipment upon occurrance of the  

first failure, and thus the remaining equipment en ters  a 

new period having the MTBF indicated. 

4. Probability of Complete Syeteme Failure 

a. The basic expression f o r  probabili ty of f a i l u r e  for Config- 

uration I is  

- t / T  . t t PF = I - P s  1 - e  - _  where - << 1 - T  T 

t = the  mission time 

T = the system MCBF 

b. Approximte expressions a r e  employed i n  

avoid lengthy en t r i e s  i n  the table.  

many instances t o  

C. The entry f o r  Configuration VI11 is  val d only f o r  the case 

of three voters  per  channel. The general expression is  

where n = redundancy l e v e l  

rl = number of failures t o  cause shutdown 

p = probabi l i ty  of failure of each element 



5 .  Mean Time Between False Alarms 

a. There a r e  many po ten t i a l  (and actual)  causes of f a l s e  alarms. 

Fundamentally the problem i s  t h a t  s ignals  i n  p a r a l l e l  paths 

d i f f e r ,  f o r  one reason or  another, by an amount suf f ic ien t  

t o  cause the decision device o r  voter  t o  take ac t ion  even 

though a time f a i l u r e  has not occurred. Poten t ia l  causes 

include : 

Difference i n  channel o r  component nu l l s ,  
d r i f t ,  or  wear-out. 

Differences i n  integrat ion ra tes .  
squeeze modes. 

Differences i n  component o r  channel nonl inear i t ies .  

Differences i n  component tolerance build-ups. 

Crosstalk i n  between wires i n  cable bundles. 

Power supply var ia t ions (where each channel has 
a d i f fe ren t  supply). 

Requirement f o r  r e l a t ive ly  low disconnect 
thresholds . 
A single outer loop operating on one phase of 
e l e c t r i c a l  power while one or  more of the  
redundant augmenters a re  operating on other 
phases. 

Leads t o  

b. The mean times t o  f a l s e  alarm presented here a r e  based on 

current experience with two dual-redundant systems which 

have been f ly ing  f o r  some time, the X-13 and the A3J -1 .  

For both a i r c r a f t  the f a l s e  alarm r a t e  appears t o  be 

approximately eight times the ac tua l  augmenter f a i l u r e  

ra te .  

where gains a r e  highest i n  variable-gain systems, i .e . ,  

landing, takeoff, and high a l t i t ude .  

False alarms tend t o  occur a t  low q f l i g h t  conditions 

C. The mean times t o  f a l s e  alarm f o r  Configurations V I ,  V I I ,  

and V I 1 1  are extrapolations of the dual-redundant case 
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I .  ' .  
since there  i s  no f l i g h t  experience with t r i p l e  redundancy. 

For Configurations V I  and V I 1  i t  i s  assumed the voter con- 

t a i n s  three differencing devices, hence the f a l s e  alarm 

r a t e  i s  increased by a fac tor  of three. The purpose of the 

on-line voters  i n  Configuration V I 1 1  i s  t o  reduce the  possi-  

b i l i t y  of f a l s e  alarms by avoiding e r r o r  build-up through 

the  separate channels. This i s  accomplished by a mid-signal 

select ion process i n  each on-line voter. A common signal i s  

then fed t o  the  succeeding blocks. For the three stages of 

voting indicated, it would be expected that the e r ro r  build- 

up, hence f a l s e  alarms, would be approxiTnately one-third 

t h a t  of a dual system. 

6. Authority Limitation 

Whether authori ty  l imi ta t ion  is, or is not, of consequence depends on 

a. Fai l -safety requirements (s t ructural ,  cont ro l lab i l i ty ,  e tc . ) .  

b . Required authori ty  for augmentation purposes. 

c. Use of the augmentation system as the inner  loop of the  AFCS. 

d. Specific actuator  design and ins ta l la t ion .  

7. Mean Time Between Maintenance Actions 

a. 

b. 

Assuming the m a x i m u m  f a i l u r e  protection capabi l i ty  of the 

system m u s t  be avai lable  p r i o r  t o  a i r c r a f t  takeoff, mainte- 

nance act ion w i l l  be required following every f l i g h t  on 

which a channel t r ip-out  i s  obtained (false alarm or ac tua l  

f a i l u r e ) .  

The r a t e  of required maintenance i s  the  sum of the false 

alarm r a t e  and the f a i l u r e  ra te .  



8. Mean Time to Accomplish Repair 

a. From v i s i t s  t o  mi l i t a ry  squadrons, mintenance records, 

e tc . ,  it has been determined that the  average time t o  work 

off a squawk a t  the f l i g h t  l i n e  l e v e l  i s  approximately 

2-1/2 hr. 

f ixed, i.e., apply power, open up equipment bay, obtain 

p a r t  from stock, button up a i r c r a f t .  

O f  t h i s  time approximately 1-1/2 t o  1-3/4 h r  i s  

b. Assuming each augmenter channel t o  contain b u i l t - i n  s e l f - t e s t  

features ,  it i s  estimated t h a t  t he  t i m e  t o  trouble-shoot the  

system, remove and r e i n s t a l l  t h e  proper component, and t o  

ver i fy  proper channel operation w i l l  vary from 1/4 t o  3/4 hr ,  

depending on the  spec i f ic  redundant configuration. Thus the 

estimated mean time t o  accomplish r epa i r  i s  T = 2 h r  f o r  

m i l i t a r y  operations. 

c. It i s  assumed that since e l e c t r i c a l  and hydraulic power are 

readi ly  avai lable  t o  commercial a i r c r a f t  during ground oper- 

a t ion  and p a r t s  supply can be located e s sen t i a l ly  adjacent 

t o  the a i r c r a f t ,  t he  f ixed maintenance t i m e  can be reduced 

t o  approximately 1/2 hr.  

s k i l l  l e v e l  (and incent ive)  f o r  t h e  commercial mechanic i n  

accomplishing trouble-shooting, it i s  estimated t h a t  the  

mean time t o  accomplish repa i r  w i l l  r e f l e c t  a base of 

z I 5 9  min. f o r  commercial a i r l i n e  operations. 

Assuming a f u r t h e r  increase i n  

d. Assuming t h a t  t he  probabi l i ty  of successful repa i r  has an 

exponential d i s t r ibu t ion  with t i m e ,  the  a v a i l a b i l i t y  of a 

down a i r c r a f t  can be expressed as 

where t i s  the  maintenance time i n t e r v a l  allowable. 
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