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Abstract

- -  This report is concerned with a sensitivity study of a

flight control design using optimal control theory and observer theory.

- .  A simplified model of an airplane’s vertical motion is used. Hybrid

computer simulation indicates that the linearized desIgn is satis—

- 
factory only if the operating conditions are not too drastically dif—

. .  ferent from the nominal , and that a multipoint design , or an adaptive

control design might be preferab le.
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C H A P T E R  1

I N T R O D U C T I O N

S.

The nee d for more advanced optimal control techniques

has become app a r e n t  in re cent  y ear s . Wit h th e a dv e n t  an d

- , pe r f ec t ion of m i n i c o m put er s (mic ro p roc essors ) d i gi t a l

a i r c r a f t  c o n t r o l  has  come of a ge. Nee d fo r  co n t r o l

op t i m i z a t i o n  can be a pp l ie d to com m e r c i a l  a i r c r a f t  in th e

form of f u e l econom iz in g an d i n c r e a s e d d es i re for  in s t r u m e n t

lan d in gs , as well as its current application to defense and

aerospace needs. One major advantage of this control

techni que is the reduction or elimination of the need for a

p i lot , for c e r t a i n  t a s k s , t hu s re d u cin g t he  possi b i l i t y of

h u m a n  e r r o r s w h i l e  r e t a i n i n g th e ef f e c t s  of hu m a n  ju dge m e n t .

In or der to apply optimal control techniques , certain

a s s u m p t i o n s  an d sim p l i f ic a t i o n s  a re  u s u a lly ma d e. One such

sim plification involves the linearization of the plant

equations around one flight condition. The auestion then

ar ises as to how this will affect the response of the system

at other flight conditions. Using sensitivity analysis this

t h e s i s  e x a m i n e s  these  e f f e c t s  a l o n g  w i t h  the  e f f e cts of

using an observer to estim ate certain unav ailable states.

r
S .

Li~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The  me thod  u s e d  h e r e , b e g i n s  by d e r i v i n g  the  e q u a t i o n s

of m o t i o n  of an a i r p l a n e .  These  e q u a t i o n s  a re  used  to

-~~ s imu la t e  ai r c r a f t  f l i gh t .  U s i n g t h is mo de l as the  p l an t to

be c o n t r o l l e d , t he n o n l i n e a r  equ a t i o n s  are  l i n e a r ize d a r o u n d

-- a spe c i f i e d f l ight con d i t i o n .  W ith these  l i n e a r ize d

matri ces a PID control is then designed by using the minimum

principle. For the case where certain states are not

ava i la b le , a low or d er obser v er is then  d esi gne d . T hi s

- con t ro l l e r  can t hen  be app l ie d to th e non l i n e a r  sys tem an d

tested for its acceptability.

- . The object ive  of thi s thes i s , t h e r e f o r e , is to s tu dy

t he p r a c t i c a l i t y of t h i s  con t r ol un d er s im u l a t ed f l ight

conditions. This is accomplished first by determining how
4

sens i t i v e  t h e close d loo p sys tem is to var ious pa r a m e t er

v a r i a t ions .  Then the  e ff ects of u s i n g an obser v er a re

exam ined. Finally, th e c o n t r o l s  a r e  t e s te d to see how we l l

the y pe r f o r m  in a n a c t u a l  r e a l  t i m e  a pp lication.

The procedure followed in this thesis is typical of the

metho d use d fo r  desi gn of a l in e a r  c o n t r o l  for  a pp l ic a t i o n

to a nonlinear plant. The derivations are general enough

t h a t  th is same proce du r e  coul d be use d to con trol a v a r i e ty

of o ther  s y s t e m s .  

- - -  ~~~~.
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C H A P T E R  2

A I R C R A F T  M O D E L L I N G

In order to proceed with precise and efficient

c o n t r o l lin g of a sy st em , an a c c u r a t e  mo de l of’ the  syste m

must first be found . In this thesis a simplified model of

an a i r p l ane ’s v e r t i c a l  equ a t i o n s  of mot ion  is use d .

Theor et ic a l l y ,  though , an y s y s t e m  cou l d b e use d an d

c o n t r o l l ed us i n g t h e  t e c h n iq u es of t he f o l l o w i n g ch a p t e r s

(e.g. lateral equations of motion ).

• 2.1 EQUATIONS OF MOTION

The equations necessary for this model can be derived

u s i n g s imp le d y n a m i cs w h i l e  m a k i n g ce r t a i n  reason ab le

a s s u m p t ions a bo u t  the  a ir c r a f t  (ig n o r i n g a er o e l a s ti c it y,

etc. ). In general an airplane can he assumed to have the

conf iguration as shown in Fig .1 where the symbols refer to

the quantities as given in Table 1.(Ref. 4,5 ,7).

The X— axis is usually (by definition) such that the

angle of attack (a) is small. Therefore small angle

ap proximations can be made. This leads to the following.

sin(a) ~a

cos (a)~~1

u~~V c o s ( a ) ~~V

_ 
.- --—~~~.: —-- . -~~~-.. -—. .~~~~.-- ---
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F i g u r e  1 . A i r p l a n e  C o n f i g u r a t i o n

T a b l e  1

Sym bols

a: angle of’ a t t a ck

. a: p i t c h  an g le

7: f l i g h t  p a t h  a n g l e

M : mass  of’ the aircraft

V :  ve loc i t y

H: altitude

W : w e i g h t  of t h e  a i r c r a f t
- 

I~~~: m o m e n t  of i n e r t i a

x cg : c e n t e r  of g r a v : t y

- 5: w i n g  s u r f a c e  a r e a

. . p :  a i r  d e n s i t y

c: chord length
- 

X: body axis

Z: ver ti ca l norm al to body ax i s  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _
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~~~cos(a)_1Jsin(a)~~~~_Va~
-

~~ w~ Vsin(a )~~va

~~~sin(a)+Vcos(a)~~~Ja÷V~~ V&

s i n  ( Y )  s in  (?— a) z ~ in (Y ) Co S ( a )  — Co S ( y )  s i n  ( a )

~s i n ( y ) - a C o s ( y )

Summin g the forces in the X— dire ction:

N o w  u s i n g  t h e s e  a p p r o x i m a t i o n s :

0 —M~ + T — D — W ( sin(7) — czcos(?)

+ (L — W c o s ( ~~) — MV(6-&) )

So , using 2.2) from below:

4 
2.1) 0 —M ’~ + T — D — Wsin (Y )

Summ in g th e fo rces  in the  Z d i r e c t i o n :

0 —M(~ — uq ) + Wcos (~~) — Lcos (a) — (D — T)sin (a )

Dra g an d t h r u s t  t erms ar e ge n e r a l l y sm al l er th an t he

li f t  a nd we ight  t e rms , ar d a bout  equ a l  to eac h oth e r .  Us ing

t hi s p lus  the f a c t  t h a t  t h ey a re  m u l t ip l i ed b y a s m a l l

an g le , a , the last term above is considered negligible. So

this sim plifies to:

2.2) 0 L - Wcos(i) — MV(e—a)

Summ ing the moment in the X— Z plane:

2.3) Ié

Su mn -arizi r.g these equations:

2 . 4 ) ~~(T — D — Wsin (y) )

— 

~~~(L — W co s (y ) )
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6

2.5) VsinYY )

:1 9 =  ~~~~~

L =P~ V2SC 1

D 
~ PV2SC d

- - 

M~~ 
= 3PV2SOC m

- Whe re  C i,Cm ,  an d Cd depend on wing plan form used and

p l a c e m e n t  of the w i n g  (an d somet imes  p lacem ent of the

en gines). All the coefficient s in these equations can be

foun d for  an y s ize  a i r p l ane  us ing the  spec i f ied

conf ig u r a t i o n  an d by lookin g u p the  w i n g sp eci f ic a t ions  i n a

book listing wing characteristics. These equations are

ge n e r a l l y simp li f ied for  Mach numbers less than 1.0 by :

C 1 = C10 + Cia + C1f~ f
Cd Cdo + Cdcl + Cdfbf

Cm Cmo + ~mc l C l + Cme e + Cmf 6f - 
-

An y a i r p l a n e  now can the o r e t i c a l l y be s im u l a t e d ,

perha ps w i t h  m~ nor mo di f i c a t i o n s  due to en g ine  p lac ement ,

tail confi guration or Mach number. For simplici ty the

. 
coeff icients of’ the GAT II simulator as described in Daly ’s

- - thesis (Ref. 4 )  a re  use d w i th m i n o r  rev is i o n s .

T h r u s t  is a more  c o m p l ic a t e d  s u b j e c t .  I t  is h i g h l y

- .  dep en d ent  on M a c h  nu m ber , a l t i tu de , and the type of engine

i . used (turboprop, t u r bof an , propeller , etc. ). In general

there are no easil y found formulas for thrust. Aga in for

- ~~~~-~~~~~~.-—.- -~~~~~~~~~~~~~~~~~~~~ - - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -~ - 

~~~~~

-- -

~~~~~

- - -  

I

7

.
~~ s i m p l i c i t y ,  and due to a limited knowled ge of this subject ,

- -  t h e  t h r u s t  f o r m u l a t ion (p ro pe ll e r ) use d i n  D al y ’s t h e s i s was

- - adopted , wh ich i s :

Map = C~ 0 + C ph H + C pn N + C pnt N ô t
Bh p = C bo + Cbn N + C bPM a p + C bh H

T = NeBhp(C t0 + C tv V + C~~ H + C t vh V
~~
)

- - w h e r e  the  a bb r ev i a t i o n s  a r e  as l is ted in Ta b le 2.

Ta b le 2

T h r u s t  a bb r e v i a t i o n s

Ma p : m a n i f o l d p r e s s u r e

- - 

N :  R P M

B h p :  b r a k e  h o r s e p o w e r

4 - T: t h r u s t

ö t : t h r o t t l e
- 

~1e: number cf engines

- - Throughout this work just one flight condition was

- .  examine d , al though any reasonable conditions could have been

examine d. The values that are used are  s h o w n  in  Table 3 .

Com bining all these ecuations yields the fifth or d€ r

n o n l i n ear  s y s t em b e low , where the states x 1— x 5 and controis

u 1— ~~ renrQ sent the cuant iti~ s l i s t e d in  T a b l e 4.

2.

~~

) = X~ ~~~~~~~~~~~~~ T b  + C la X i + :lf U 2 )

— Wco s (x 3 —

L —- —
~~~

- ——
~~

-
~~~ ~~~~~~~~~~~~~~~~~~ —~~~~~~~~~~

-
~~~~

- . -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
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T a b l e  3

.. Coefficients and flight conditions used

— . C 10 = 0.0765 C~ 0 29.92
E.  

C la = 4 . 6 2  C ph 0.0009

C1f = 0.365 Cpn 0.00076

- -  Cdo 0.026 Cpnt 0.0165

.. Cd01 0.062 Cbo -352.3

Cdf = 0.021 Cbn 0.1155

Cmo = 0 . 1  Cbp 10.8

0mc l —0.0529 + ~ cg Cbh = 0.0025

- .  
Cme = —0.0354 Ct0 3.5

Cmf = -0.0368 C tv  -0.006142

- Cbhp = 2.11 Cth -14.73 (10Y 5

Ctvh 8.7 (1O) 8

N = 2500 rpm V0 = 19 0 . 6 6  f t / s e c

P = 0.004842 slugs/ft 3 H0 - 2000. ft

S 180 . f t 2 GQ = e~ = a ~ = O •

Xcg = 0.2 f t

c = 5 f t

L W = 4000. lbs

~~~ = 2050. slugs ft2

I

~~L1 
- -
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- - 2 . 7 ) x 2 = -~-(-Ws~ n(x 3 - x 1 ) - ~
—Px

~
S(C dO +

+ C ia x i + C lf u 2)
2 + Cdf u2 + 

~~~0to

+ C~~~x2 + C th X5 + Ctvb x 2x s)(Cbo + Cbr N

+ Cbh x5 + C bP (C po + Cp~ N + C ph xS4 Cp~~~~~3) 
)

H - 2.8) =

2.9) x 14 +yy (+P 
Sc)[Cmo + C rn c l (ClO

+ C1a X 1 + C1f u2)+ CmfU2 
~~2~~~

1 + x 4) ]

2.10) = x 2s in (x 3 - x 1 )

• T - Table 14

S t a t e s  an d co n t r o l s

- .  
x 1 :a

= V U 2 =

x3 = 9

X 4 9

- 

x5 = H

2.2 LINEARIZ A TION

In or der to use linear co:~t r o l  t h eor y, it is necessary

• - to o b t a i n  a l i n e a r i z e d  v er s  i on  of t h e  s y s t e m .  T h i s  is

accom plished using first order ner turb ati or tech.nicue s.

x = f (x ,u , t)
- - .

x = -
~~~~~ x -

~ ~~~~ u

Def i n e :

A L~ ~ax ’ — -
~~~~~

Lti ~ -- _._.~~ •.—— .—-.---- — —-- —-~~~~ --~----—- -- —.-.-- - • ..--— . - - - -~~~~-- ——-- --- - .-~~~~~ —~~-- - -—---- p ~~~~~~~~~~~~



7
10

[ 
2.3 EQUILIBRIUM

To proceed we must now find an ecui libri um ~oint.

F G i v e n  a de s i r e d set po i n t , su bject to the r e s t r ic t i o n s

below , one  ca n f i n d wha t t h e  c o n t r o l  v a l u e s  shou ld be at

equ i li b r i u m .

- 
X e = 0 = f(X ,U)

I , where X an d U are equilibr ium values.

G i v e n  the  d e s i r e d eq u i l ib r i u m  sta te X ,

si nce x 3 = 0 and = 0 we get ,

2.11) X 4 = 0

2.12) X = X

• From x -1 0 we see th at :

F 2.13) U2 ~~
1 (C 10 — C ia x i + ~~cos (X 3—X 1 ) + MX 4X2)

- 1 (C 10 C1aX i ~~
)

2.14) U 1 = ~j_ (C
0 

+ Cr10 + C~~ U~~)

2.15) U3 C b~~ pfltN~~ bo + Cbo Cpo + M ( C bfl + Cbp Cpn )

+ (Cbh + CbP CPh )XS - T~~ bCd

where ,
- -  

Q = ~~ p X~

C 1 = C10 + C1a X 1 + C 1f U 2

d - Cdo + 
~dcl

C l + Cdf U2

T b h p =  N e ( C t0 + + C th X 5 + C t V h X 2 X 5 )

P l u~~~ir q in these eouil±o r jum values and 1ineariz in~

• y i e l d s  t h e  c o e f f i ~~i~~nt s  of A and  B g i v e n  i n  T a b l e s  ~ a n d  6.

~ow our  l i n ~~~r i~~~ p l a n t  ~ii th  f e e d b a c ~< can  be m o d e l e d  as i n

the  b loc’. d ia g r am ~iven in F i g. 2 . 

—- ---—j -. —— - —-~~~~~~~~~~~~~~~ - - - - --•-- ~~~~~~~~~~~~~~~~~~~~~~ - -
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lable 5

L i n e a r i z e d ‘A ’ Co ef f ici en t s

— 
- 

- QSa - — —

MX ia
2

a 12 - — —
~~~~~~ ~~~~~2M MX 2

a 14 = 1 .

a21 g — 2Q~~ Cdcl C la C l

a22 = _X
2Cd.J+ Ne (C tv  + Ctvh X5)~~~

a23 = —g

a25 ~~ E ( r  + C tvh X2)Bhp + Tbhp (Cbh + Cbp Cph ) ~

QSc ,,.- ,- ca41 - — 

~ ‘mcl~ la 
~~ 

a 11
yy 2 

*
- - 

a42 = PX~ Sc[ (Cmo + Cmc iC 1o ) + Cmc l C ia X i + Cme U l

+ (C rcl C lf + Cmf )U2

a4 = - 
QSc2a 

+ ~~~~ (-2X 4 + ~ X2SC 1)

?t yy X2 ~

a
y y 2

a51 =

a53 =

a 13 = a 15 = a2~ = a 31 = a32 a 33 a3~ = a45

= a52 - a 54 = a55 0

- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- - -~~~~~~~~~~~~~~~~~ - -
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Ta b le ~

L i n e a r i z ed ‘3’  coefficients

QS ,-.
— — 

~lf

b22 = -S~-
(2Cdci C lfC i + Tdf )

b23 TbhPC bp C pn tN

-: - 

b 41 9
~~

Cme
yy

= 

~~~~
( C mcl Ci f + T m f  ~~~2 b 12 )

Iyy 2

b 11 = b 13 = b 21 = b 31 = b 32 = b 33

= b 43 = b51 = b52 = b53 = 0

L 1~~
_

F igure 2. Linear ized Plant ~~oc~< D:a graml i i
_ _ _ __ _ _ _ _ _ _ _ _ _
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C H A P T E R  3

.4  CONTROLLER DESIGN

3. 1 F E E D B A C K  CO N T R O L

S ince  a pi lot is gen e r a l l y  i n t e r e s t e d in ob t a i n in g a

des i r e d ve loc i ty , al ti tu de , or pitch angle it would be

f a v o r a b le to h a v e  c o n t r o l s  wh ich di r ec t ly  r e l a t e  to t hes e

q u a n t i t i e s . As it is , he mus t  est imate  how muc h more

t h r o t t l e  he must  use to get t he a i r p lan e to a c e r t a i n

veloc it y , an d similar situations exist for altitude control.

This is not a critical problem , u s u a l l y , sinc e t h e r e  is

l i t t l e  nee d for  pe r f e ct a c c u r a c y when  one is 20,000 f t .  in

the air. But in order to conserve fuel or more importantly,

when lan di ng in a heav y s to rm t h i s  can beco me cr i t i c a l .  One

other  a pp l i c a t i o n  is for  p i lo t less con t ro l  of an a i r c r a f t ,

as is the  case for  m iss iles an d d r o n e s .

• Assum ing that the state variable vector ,X , is a va i l ab le

• (or at least estimated) a logical choice for a control is

one whic h the control variables are a linear combination of

the state variables. In other words the control can be

wr itten:

u= Fx
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Mow in order to analy ze the stability of the system

w ith th is c o n t r o l , the following linearized system is

examine d:

k =A x + Bu =Ax +BFx= (A + BF)x

3.1.1 Pole Placement Techni que

Us i n g  pole  p l a c e m e n t  t e c h n i q u e s , the  ei gen values  of

th is sys t em can be p lace d ar bi t r a r i l y i f the  sys tem is

con trollable (Ref.1).In other words if the matrix

(B,AB ,A 23,... ,A~~~ B) ha s r a n k  n , a de s i re d res ponse  can be

obtained. Both the controllability test and the placement

of ei genvalues can be accomplished using Linsys (Ref.2).

The poles are placed in the left half plane so that as t

gets  la r g e ~c=O . This characteri stic will be utilized

l a t e r .

3.1.2 Optimal Control — the Minimum Principle

An al ternate method of find ing the control feedback

m a t r i x , is to as sume  a p e r f o r m a n c e  i n d e x  J , t h a t  we w a n t  to

minimize. If we assume our performance in dex to be of the

fo rm:

- - 
(x TQx + uTRu ) d t

w h e r e  Q and R are cost m a t r i c e s  w h i c h  can  be adjusted to

procure a certain response. If A , B , an d Q c o n f o r m  to the

con d i t i o n s  s t a t e d in A pp en di x B t h en th ere e x i st s a K , such

that the system with the followin g control is a s ym D t o t i c ~~l l y

LLI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _•~~~~~~~~~~~~~~~~ . • ~~~~~~~~~~~~~~~~~~~~~~~~~~~ •_ _ ~~~~~~~~~~~~~ 
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stable (Ref. 1 ) , w h e r e  K is f o u n d f r om the  al geb r a i c  R i c c a ti

equ a t i o n :

—KA — ATK + KBR 1 BTK - Q 0

and u = Fx _R~~ BTK x

The a bove R i c c a t i  equ a t i o n  and the  r e s u l t i n g F can a l l

- -  
be found using Linsys (Ref. 2 ) .

- -  3.1 .3 Augmentation

• Since  both of th ese a bove m etho d s r e s u l t  in sy stems

w h i c h are  asym p t o t i c a l l y  sta b le , we can use this fact to

‘force ’ a s t a t e  or s t a t e s  to a spe c i f i e d set po i n t  v a l u e .

We no te  t h a t :

~c ( o o ) = 0

- y = C x

If we now want y (~~) = 
~ref  = Cx , we can a u g m e n t our

.. ori gi na l  sys t em an d d e f i n e  x ’ suc h t h a t :

• 
- .  x ’ = ~ 1 = I A  O x ’ + B u  + 0
- - Y Y red [c 0 

~re
- - or

x ’ A ’ x ’ + B ’ u + v

an d with proper feedback :

= 0 and y (~~) = 
~ref

In our case we want to control velocit y, V , and

p it ch  an g le , ~ , so:

xo — V ref
X7 X 3 8ref
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ari d C =  0 1 0 0 0
0 0 1 0 0

• 3 . 2  O B S E R V E R  D E S I G N

Throughout the rest of this thesis we will assume that

certain states are not actually ava ilable for measurement

(or perhaps not very accurate). Since for accurate and

efficient controll ing (or perhaps for pilots reference)

- - t hese  s t a t e s  are nee ded , some t echn i que is neces sa ry  to
- -  provide these. For this an ‘observer ’ or ‘s t a t e  e s t i m a t o r ’

is used which , as the names imply, e s t i m a t e  the  s t a t e  or

s ta tes  tha t  can ’t be directly measured . For the purposes

- of this thesis (and to demonstrate this technique) it will

-
. 

be assume d t ha t  the  s t a t e s  tha t  are  not a v a i l a b le are  an gle

• of attack and pitch rate. In reality these may be

measura b le , but for  r easons  su ch as cost or p rec i s ion it

will be assume d that they are not accurately available. On

the  other  han d the  3 st a t e s  — p it ch an g le , v e l o c i t y,  a n d

altitu de have to be measured for the pilots referance ,

a n y w a y ,  so these certainl y wou l d be a v a i l a b le , an d woul d not

requ ire any further instrumentation.

• There may be a realistic limit on the order of’ the

ob se rve r , d ue to com pu t e r  s ize , sp ee d or cost , so a low

- - or der obse rver  w i ll be use d . Us in g t h e r e s u l t s  ob t a i n e d in

.. Appendix A:

A = TAT 1 
= 

A 11 A 12
— A 21 -~22
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B TB = 
B 1
B2

G 1w~ + G2y + G 3u

where :

G 1 = A 22 — KA 12

:1 G2 A 2 1 — KA 1 1 + G 1 K

- G3 = B 2 — K B 1

- w2 = — Kz 1

Because  of the sp ec ial form of the t r a n s f o r m a t ion

. m a t r i x , T , the a ct ua l  im p l e m e n t a t i o n  is ma de somewh at

sim pler. This is partly due to the fact that 3 of the

s ta tes  are out puts , ard  par t  due to the  choice  of ~4. The

matrix , T, is chosen as:

0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 0 1 0 0

T : 0 0 0 0 0 1 0
0 0 0 0 0 0 1

- 

1 0 0 0 0 0 0
0 0 0 1 0 0 0

As is easily seen x is obtained simply by interchanging

the  or der of z 1. So the estim ated states 22 are ac tually x 1

• 
an d x 2 ,  respectively. It might also be noted here that it

• is assumed that x6 an d x7 are availa ble since they are
- 

needed previously for the augmentation. Taking this into

- 
account results in the block diagram of Fig .3. The

nonl inear version is shown in Fig .4, w h e r e  t h e

- - observer—controller is the same as in the linear case ,

except that the controls an d states are normali zed around

I - -  -~~~—~~~~~~-- - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the equili brium point. A slightly different approach can

also be t a k e n  in  a r r i v i n g  a t  an  o b s e r v e r — c o n t r o l l e r  d e s i g n .

This Smith—Davison metho d (Ref. 5 , 8)  is a more  d e t a i l e d

approach for disturbanc e re jection , but yields the same

results obtained here.

_ _ _ _ _

I NONLINI ~

~LPL~
T] [

Lc~NT~ 1 —

I NONLINEAR CON1ROLLER
~~1

F i g u re  14 . N o n l i n e a r  O b s e r v e r — C o n t r o l l e r  Block  D i a g r a m  -‘ • 

-

3 .3 C O N T R O L L E R  RESULTS

3.3.1 Feedback .Matrix

The cost matrices Q an d R were chosen by adjusting the

correspon ding elements to yield a d e s i r e d  r e s p o n s e .  A

d e s i r e d  r e s p o n s e  was  c o n s i d er e d  to satisfy the following

c r i t e r i a :

• 1 . Eair .y quic k settling time to the set Dojnt (5

sec. ).
;-
I . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2. R e l a t i v e l y smooth res ponse , w i t h  few , i f  an y , jum ps

or jerks.

3. As little overshoot as possible.

4. Keeping controls within bounds and limitations.

Following this set of conditions the cost matrices were

arrived at. Upon substitution into the Riccati package of

Linsys the feedback matrix , F , was calculated . The

eigenvalues for this linear system , along with the rest of

the system matrices , are shown in Appendix D. It should be

noted here that in order to use the Riccati package the

matrices were normalized so that all elements were about of

the order of one (x 2, x5, x6 are scaled down by 100).

The observer feed back matrix was similarly chosen using

the Riccati package. The values obtained for K and the

corresponding Q , R , and eigervalues are given in Append ix D.

3.3.2 Effects of Parameter Variations

In order to test how effective the controls are in

- . simulated flight conditions , several types of’ parameter

variations were used. All of the variations are realistic

- - di s tur bances  t ha t  an a i r c r a f t  can encounter. The time

responses due to these variations appear in Figs. 5.1—5.7 on

pages 24—34 .

~

•• ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~•__  ~~~~~~~~~~~~~~~~ • ••
_ _

~~~~~~~~~~~~~~~~~~~~~
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3.3.2a Perturbations

The f i r s t  ty pe of d i s t u r bance  s t u d ie d was s im p ly a

change in initial condition , w h i c h  could r e p r e s e n t  a gus t  of

wind , for instance. As one can see from the plots of Figs.

5 .ta and 5.2a , the controller (with observer) performed

properly as long as these perturbations were within

reason (i.e. within 30 ft/sec or .2 rad).

3.3.2b Disturbance

For this a constant disturbance vector is introduced

i n to  the p l an t ’s differential equations , t h i s  could

correspond to a headwind or perhaps inaccurate readings.

Figs. 5.3a and 5.3c show the responses with this disturbance

introduced. For a small disturbance the response was hardly

affected. As the disturbance was increased the response

showed - signs of instability and the response became

oscillatory.

3.3.2c Set Point

The set point is the desired flight condition as

specified by the pilot (e.g. velocity or pitch angle). An

example of this is shown in Figs. 5.4a arid 5.14c. For set

points far from the origin al conditions the response became

unfavorable and often the controls tended to exceed their

realistic limits.
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3.3.2d Plant Variations

It was also possible to change the different aircraft

parameters , such as center of gravity, to represent a shift

.
• 

of cargo as in Figs. 5.6a and 5.6b , for instance. Bringing

the center of gravity farther forward had little effect

until around .5 ft., where depending on whether an observer

was used or not the system went unstable , with the observer
- 

system going unstable earlier. Bringing the center of

gravity farther back in the plane tended to yield better

-. responses than at the nominal condition , and evidently

• created a more stable situation. This agrees with what is

expected from aircraft dynamics , the farther back the center

of gravity the more stable it should be by design.

3 .3 .3  Effects of Using an Observer

Th-e use of the observer did not seem to drastically

affect the response of the system. As can be seen from the

.. plots of Fig.5. 1 there is no significant differenc e after

- the first 2 seconds. The observer system did seem to go
- .  

unstable sooner , as variations approached their reasonable

limits. But the observer also tende d to ‘smooth ’ the

response somewhat , which is a desirable side effect of’ its

use.
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3 . 3 . 4 Real Time Results

- - To simulate actual aircraft implementation , the

controller designed in this chapter was tested on the

AD5— PDP1 1 hybrid computer. The continuous model was used

here rather than convert to a discrete model. This is seen

- 
to be a safe simplification for high enough sampling rates.

~~
• Examples of the responses are shown in Figs. 5.1 ,5.3 , and

- •  5.4 (b and d).

3.3.-4a Sampling Rate Effects

The system seemed to be very sensitive to the sampling

rate. It was found that the d i g i t a l  c o n t r o l l i n g p ro gram

took around .01 seconds to run. But the system with

- - controller tended to go unstable with .08 second sample

time. This is a rather limited range of sampling rates and

would tend to be a drawback for real time operation.

3 .3 . -L~b Observer Effects

Here , as was the case for the continuous time

simulation , the observer use had little effect on the

response. It tended to also smooth the response somewhat

• which helped to keep the controls in bounds. It was also
• - noted that the observed states had little effect in the

• first place. This was discovered by not feeding these
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3.3.4c R e a l  T ime E f f ect s

The responses were somewhat more jumpy probably because

of the analog to d i g i t a l  c o n v e r s i o n  which would reduce the

accuracy, especially in the case of altitude. In general ,

though , the responses in r e a l  t i m e  w ere n e a r l y id en t ica l to

the continuous time counterpart , and if anything tended to

have less overs hoot .

3.3.5 Operating Envelope

W h e n  c o n d i t i o n s  were varied too far from the n o m i n a l

f l i g h t  c o n d i t i o n s  the response characteristics deteriorated.

W i t h  t h i s  in  m i n d , d i f f e r e n t  pertinent parameters were

varied to determine a region for which this controller would

• still operated satisfactorily. This operating envelope is

f o u n d  to be a p p r o x i m a t e d  b y t h e  f o l l o w i n g b o u n d a r i es w ith

the  corresponding characteristics making the response

un d es i ra b le.

1. Velocity 170<V<2’40. At 170 ft/sec the pitch angle is

— oscillatory. At 2Lt O ft/sec the throttle control goes out of

boun d s.

2. Pitch An gle — 0.25<a<0 .1. The throttle goes out of

bounds at both of these lir~its .

3. Disturbance , velocit y : 10 ft/sec 2 oitc~ an g le :  0 .2

i _ _ _±J 
- - - .  - - 
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- - rad/sec. The throttle goes out of hound s for both of these.

4. Center of Gra vity _ 3
~ O<X 0g < .2S. At Xcg 0.25 the

system becomes oscillatory. At Xcg = —3 .0 the response is

s lu g g i s h  and  t h e  c o n t r o l s  go ou t  of boun d s.

5. Air Den si ty  0 .003<P<0.01 . At the lower bound the system

- os c i l l a t es  w h i l e  at the  u ppe r l i m i t  th e t h r o t t l e goes out  of

boun ds.

- a
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t .  C H A P T E R  4

S E N S I T I V I T Y

S e n s i t i v i t y  is the ana l ysis of how a p a r a m e te r

var ia t ion  a f f e c ts the  d y n a m i cs of a sys t em .  For ins t an ce ,

b y shi f t i n g  an a ir c r af t ’ s center of gravity (e.g. fuel or

car go mov in g) too f a r  f o r w a r d , an inherently stable aircraft

can b ecome un st ab le , making it harder to control. So one

pur po se of fee dba ck c o n t r o l  is to ho pe f u l l y re d u ce or

e l i m i n a t e  a n y  t e n d e n c y  t o w a r d  i n s t a b i l i t y .  I n  t h i s  c h a p t e r ,

the  sens i t i v it y of th e c o n t r ol le d sy s t e m  an d the o b se rve r

c o n t r o l l e d sy stem are  com p are d .

4.1 SENSITIVITY MODEL - 
-

By d e f i n i t ion , tra jectory sensitivity is the change in

t r a jec t o r y  due to a c h a n ge in t h e  p a ra me te r p.

L~x axl im  r— =
.IP*o ~ P

Or normalizing t h i s  w i t h  r e s p e c t  to p:

= p~~

If  we a re  gi ven  a sy s t em of the f o r m :

= Ax + Eu

tak ing the partial derivative of this eauat i-o n with respect

to p y i e l d s :

~
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- ~~-)_~ + + •L~~ + 1
~ u— - • p  ~~ p )p

- 
- H e r e  we a s s u m e  t h a t  u does no t  d e c e n d  on 

~~~
. ~~f u

u t i l i z e s  f e e d b a c k  c o n t r o l , u = Ex , t h e n  we a s s u m e  ~~~~
‘ ( • ~ +

BF), where F does not depend on p. Lettin g

14 1) - ~ A ~B , — ~,ax (~ A ~~~~~ +~~~~~X + ~~~~~L - ~~ -

Now we h a v e  an  n th or der s e n s i t i v it y in d ex ,c , which
- 

- - re q u i r e s  x an d u as i t s  in p u t s  or f or  s i m o le f e e db a ck

control just requires x. For this system , the block diagram

is as given in Fig.6.

Figure 6. •S-jstem Sensitiv ity Block Oia gram

I f  an o bs e r v e r  is used  th i s  com p l ic at es th e s i t u a t i o n

conside rab ly , because instead 3f direct feedback control -~e

use the o:seried vai~ e ‘s feedback:

U = F’x F Tz

We ass-~re that F an~ 7 do n-c t de~~er~ d:rec~~ly on c . so:

- ~~~ -~ T ~.—. a: -- Z . z  + - 4. - - - -

Li1 —- - -~~~~~- - - - -—-• .



39

The job now is to find how z depe nds on p. From the

observ er cha p t e r  we k n o w :
—Sz

[~ 2

Z 2 = w 2 + K z 1

As before ~~1 is available simp ly in th e f o r m  of

-~~~~ ap

- ~ So ~ W 2 is no w n e e d e d .
/ -

W 2 = G 1 w2 + G 2y + G3u

So taking the partial derivative with respect to p:

LL 2 )  ~-~2 G 1~~~2 + G2~~ + G3~~ +}~ iw 2 +~~
_
~2 y 4~3u

which is an (n_p) th order system (requiring integration).

a Converting this into a block diagram yields the system of

Fig .7.

14.2 SENSITIVITY RESULTS *

Before proceeding with ex am in ing the sensitivity plots

i t  is im po r t a n t  to che ck the  c u r v es , since they are useless

unless they are giving the cor rec t  in f o r mat ion . A l s o  t hi s

gives a better understanding of their mea ni n g . Fig . 8 . 6

re presents a negative shift of 25% of the center of gravit y

from tha t in Fig. 8.la . Concentrating , for jr-stance on the

o v e r s h o o t p eak of p i t c h  an g le , at about 1.2 sec. there is a

* Figs. 8 .1—8.8 appear or pages 1~1_52 where ~ refers to
~~~~~~ , w h i l e  R r e f e r s  to

cg 
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difference of about — .0014. Now turning our attention to the

corres p ondin g sensitivity curve (Fig . 2 .lh ) of’ pitch ar~ ie

at 1 .2 se c . the  v a l u e is a r o u n d 0 .0 1 6 . When m ultiplied by

the negative 25~ shift yields —0 .0014 which checks with what

was obtained above. The rest of the curves can similarly be

checked in this manner for accuracy. The remainder of this

chapter deals with interpreting the results of’ the

sensitivity analysis.

14 . 2 . 1  P e r t u r b a t i o n  E f f e c t s

From F i g s .  8 . l a  and 8.1b or F i g s .  8 .2a  and  8 .2 b  t h e

trajectory for the pitch angle sensitivity is in phase with

the trajectory for pitch angle itself. This can be seen by

noting for instance that duri n g approximately the first 1.5

seconds the sensitivity is positive while the p itch angle is 
- 

- ,

a l so  p r i m a r i l y  p o s i t i v e  i g n o r i n g  t h e  i n i t ia l  t r a n s i t i o n

period . In other words if the center of gravity is shifted

f o r w a r d  ( i n  t h e  p o s i t i v e  d i r e c t i o n )  the e f f e c ts o f

p e r t u r bat ion w i ll b e accen tu at ed . A f t e r  t he f i r s t 3 seconds

some oscillation is also introduced. Taking t h i s  i n t o

a c c o u n t  i t  c a n  be d e d u c e d  t h a t  a p o s i t i v e  s h i f t  of c e n t e r  of’

g r a v i t y  w i l l  c r e a t e  a less st~~b l e  s i t u a t i o n .  On t h e  o t h e r

hand velocity seems to yield a more favorable resnonse for

the same condition. This is concluded by noti ng that durin a

rise time (the first 2.5 s~ conds) the trajectories for

v e l o c i t y  a n d  i t s  c o r r e s p o n c ~ir ~ s e n s i t i v i t y  ar e  in  phase ,

w h i l e  d ur i n g th e o v e r s h o o t  p e r io d the ph as es are  o poos i te .

-

~

-- ~~-• -  --—--
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Thus  a quicker rise time a n d  less  o v e r s h o o t .

14 .2.2 Disturbance Effects

From F i g s .  8.3a and 8.3b the primary effect of

s h i f t i n g the  cen t e r  o f gr a v i ty  fo r w ar d is to in c r e a s e  t he

over shoot fo r  v e loc i ty but decrease it for p i t c h  a n g l e  as is

indicated by the plots using similar reasoning as above.

14.2.3 Set Point Effects

Exam ining Figs. 8.4a and 8.14b shows that a shift of H
c e n t e r  has very l i t t le e f f e ct on th e res p ons e wit h res pec t

to set point specification. This is determined by the

r e l a t i v e l y  s m a l l  m a g n i t u d e s  of the sensitivity trajector ies.

What little effect there is gives the pitch angle a quicker 
- 

1

rise time (sensitivity positive in the first 2 seconds ) and 
- 

-

reduces - the overshoot somewhat after that. There is no

sp ec i f ic e f f e c t  no t ice d on velo ci t y .

4.2.14 Equilibrium Point Effects

The sensitivity does not seem to be signific ant ly

affected b y operation at an equilibrium point other than the

nom ina l , as is indicated by comp arin g the sensitivities of

Fi.~~s. 8 . l a  a n d  8 . 6 .  

--~~~~~~~~----- . --- - --
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4.2.5 Observer Effects

The observer appears to have favorah~ e effects on the

res p onse  of both v e loc ity an d pi tc h an  gl e. As can be seen

from F igs. 8 .la and 8.lc , both velocity and pitch angle

s e n s i t ivi t y a re  in  ph a s e  w i t h  t h e i r co r res po n di n g s t a t e

• variable during rise time , while in the overshoot period

they are of opposite phase. Thus the effect of the observer

is to speed up rise time while reducin g overshoot somewhat.

The obs e r v e r  a lso  seems to be som ew hat mo re  s en si t ive tha n

w i t h o u t  an obser v er , since the curves are of considerably

l a r g e r  m a g n i t u d e  t h a n  t hose  w i t h o ~~t .

4.2.6 Air Density Sensitivity

Examining Figs. 8.ia and 8 . 8a  or 8 .2 a  a n d  8. -Bb

in~~~-at es that for a higher (positive shift) air density the

re •~po:’se to perturbation gets reduced. This is because when

the state is positive the corresponding sensit ivity is

negative , tending to reduce the effect of the perturb ati on .

The effects of disturbance incuts are different. From Figs~

8.3a and 8.8c the overshoot periods fo r  both veloc ity and

pitch angle seem to get lengthened (sensitivities are in

p h a s e  a n d  e x t e n d  l o n g e r )  for a positive shift of air

density. For pitch angle the initi al the initial oversh oct

magnitude gets decreased while for veloci ty it acts

increased. Compari ng the sensitivities with and witho ut the

observer (Figs.8.la and 8.ld) the obs erver amn :fies the

effects of changing air densit y.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  — —-~~~~~~~- - ~~~ ---~~~~~~~~ -
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CHAPTER 5

In  t h i s  t h e s i s  j u s t  a few a s p e c t s  of using o p t i m a l

control theory as applied to aircraft flight have been

examined. From this many desirable characteristics were

r eve a le d . But , on t h e oth er h a n d  th ere w er e sev e r a l

shortcomings , which would h ave  to be r e so lve d be fo r e th is

m e t h o d  can  be fully accepted ari d utilized .

A r ev iew of t h i s  con t ro l  m eth o d shows some v a lu ab l e

features that should not be discounted. For example ,

• c o n t r o l l i n g  of - the aircraft involves only simple command

r e s p o n s e s  as opposed  to a need  f o r  good knowledge of flight

con t ro l l in g , so pi lot er r o r  c an  b e grea tly re duce d or

eliminated . Along these same lines near perfect accuracy

can  be a tt a i n e d . F u r t h erm ore a d es i re d res ponse  ca n be

chosen  such  as fo r  m a n e u v a r a h i l i t y  or s m o o t h n e s s  of f l i g h t ,

w i th a u t o m a t ic dist ur b ance  r eject ion .

Most of’ the drawbacks encountered had to do with flying

o u t s i d e  of t h e  n o m i n a l  f l i g h t  c o n d i t i o n s .  For i n s t a n c e , t h e

plane would go unstable for a relatively small forward shift

of center of gravity. This problem could he reduc ed b ;

originally desig n in g the controls around a more for-.~ard

c e n t e r  of ’ g r a v i t y ,  s i n c e  t h e  s y s t e m  s t a y e d  s t a b l e  f-c r l a r g e

-- - ~~~~~~~ - - - -~~~~~~~ - -~~~~-~~~~~ --~~~~~~~~ - - - 
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backwards shifts of center of’ gravity. The problems of poor

res ponse  ch a r a ct e r i st ics a n d  co n t r o l s  goi n g ou t of b o u n d s

onl y o c c u r e d a t  f l i gh t con di t i o n s  w e l l  r emov ed f r om the

nominal an d posed no problem while near the nominal flight

con ditions. Furthermore these problems could be alleviated

by using a different feedback matrix or by incorporating the

con trol bounds in the controller itself.

Probably the most serious deficiencies to this method

is the unfavorable response characteristics at flight

con ditions away from the nominal. The technique most widely

used , c u r r e n t l y ,  to bypass this problem is to have m any

precalculated feedback gain matrices available , and to just

use one in accor d anc e w i t h  th e f l i ght  con di t i on  t h e  mat r i x

• - most closely corresponds to. This is a practical solution

but  seems some wha t a wk w a r d . A more  re ce nt , and perhaps more

promising concept involves the use of’ adaptive control.

This method automatically adjusts the gain matrices in

accor da n ce w i th  t he ch an~ ing flight conditions. This type

of c o n t r o l  has  be en a pp l ie d to ver tica l t akeo ff an d l an di n g

(VTOL) aircraft with favorable results and quite possibly is

the method of the future.

Li ~ _ _ _ _
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A P P E N D I X  A
- • 

DESIGN OF A LOW ORDER OBSERVER.

G i v e n  a s y s t e m  of the  f o r m :

Ax + Bu A E n  x n i  B [n  x m )

y Cx C1.p X fl J

where (A ,C) is observable and C is of full rank ( Ref. 14).

Choose a transformation m a t r i x  T T [C M J  where  M is an

(n—p ) x n matrix , such that T is nonsin gular (often chosen

so that T simply interchanges the order of the state

variables x~ (i.e. C x2,x 1, x14,...]). Using this

t r a n s f o r m a t i o n :

z fz 1 = Tx = y
Z 2

z TAT~~ z + TBu

A TAT 1 A 11 A 12
A 21 A 22

B :T B : B
[B~j

- - 1) A 11 z1 + A 12 z2 + B 1u
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2 )  A 21 z 1 + A 22 z2 + B 2 u

Since z1 = y is already known , we only need an

observer for z2. Now define:

3) = A~~ z2 + (A 2 1z 1 + B 2 u )  + K(A 12 z2 - A 12z2)

and eall  e z 2 —  z 2
de d A14) .~~~= ~-~(z2 — z 2 ) (A22 — KA 12 )(z2 — z2)

The ei genvalues of this can be p lace d such t h a t  th e

error , e = 0 in the steady state. This is possible since

(A ,C) is observable which impl ies (A22 , A 12 ) is controllable.

From 1) and 3) we see that:

2 2 A 22 z2 + (A21 z1 + B2u) + K(z 1 — A 11 z1

— B 1 u — A 12~ 2)+ (A22 — KA 12 )(Kz1 )

*~ ~~~ 
— Kz-~) = (A22 — KA 12 )(~

’2 — Kz 1 ) + (A2 1 — ka 11

+ (A22 — KA 12 )K )z1 + (B 2 — K8 1 )u

let -

— Kz 1

then

G 1 w2 + G2y + G 3u

where :

A 22 — KA 12

= A 2 1 - KA 11 + G 1 K

G3 22 — KB 1 
-

This yiel ds an observer system as shown in Fig.9 , an d x

may now be obtained from the equation:

x = 1
LA • ~~~~~~~~~~~~~~~~~~~~



H 
__

G2 F H 1 
~ 

~ T~~ 
X

LGTFJ

- 1 : Figure 9. Linear Observer Block Diagram

Li~ ~~~~ ~~~
-

~~
—-- --
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A P P E N D I X  B

MINIMUM PRINCIPLE

Given  a sys tem of the  f o r m

k :A x ÷ bu

y Cx

and a p e r f o r m a n c e  i n d e x :

J ( 1/ 2 )j (x TQx + uTRu d t

W h e r e  Q and  R a re  p o s i t i v e  s e m i d e f in i t e  and  p o s i t i v e

def in i t e , s y m m e t r i c  cost m a t r i ce s .  U s i n g  t he  t e c h n i q u e s  as

d isc u s s e d  in A t h a n s  and  Fa ib  ( R e f .  1) , f o r m  the  H a m i l t o n i a n :

H L + ~~~ = ( 1/ 2 ) (  X T QX + U T R U ) + PT(AX + B u )

From the M i n i m u m  P r i n c i p le , for  u n c o n s t r a i n e d u

(h o p e f u l l y  u w i l l  s t a y  w i t h i n  c o n st r a i n t s ):

0 = ~~~~~= u TR + p TB

u R~~~BT p

—

~~~~~~ 

— Q x  — A p T

.

_ _ _ _  ---
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If we now assume p Kx (as discussed in Athans and

- - 
Faib) where K is time invariant since A ,B ,Q , an d R are  a l l

t ime in v a r i a n t , we f i n d :

u R~~ BTKx

From the costate ,p, equation ,then

KA + ATK + KBR ..I BTK + Q

Which  can be solve d for  a u n i q u e  K ,so

u Fx where F=R .~~B
Tp

_ _ _ _  
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A P P E N D I X  C

COMPUTER PROGRAMMING

To get analytical results for all of the equations just

derived computer programs had to be written to perform all

- 
- 

of the inte grations and other related operations needed.

For reasons of time and accuracy , all  p r e l i m i n a r y  s i m u l a t i o n

was done on the DEC 10 digital computer. Final results were

then tested on the hybrid computer , where the AD— 5 analo g

com pute r  re p r e sen te d the  rea l  t ime  p l an t  (an a i r p l ane ) wh ich

was being controlled by the digital PDP— 11 digital computer.

1 . D E C — 1 0

All contro l test ing and sensitivity analysis was done

on the DEC— 10. Because of the size of the program and the

need for versatility of input data , an i n t e r a c t ive f o r m a t

was utilize d. This method , of h a v i n g the  o pe ra to r  res pon d

to different options (e.g. initial conditions ) ,helped

fac ilitate debugging of’ the program also. Furthermore this

method ma de it possible to study any flight condition or
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- - possibly any a i r c r a f t  c o n f i g u r a t i o n  w i t h i n  reason , by a

• - simple response to a parameter change option. The only true

shortcoming involved here was that the program did not have

the option of generating feedback matrices (this was done on

Linsys , using the Riccati package) so the responses to

different conditions (other than the initially chosen one)

were suboptimal in some sense.

All of the interactive programming and condition

organization was done with one very large main program ,

ACUTI. This program would ask for the desired flight

conditions or the desired data analysis (such as sensitivity

or observer analysis) and would then make calls to the

various subprograms needed to facilitate these. The
• subprograms would then execute the different commands such

as for integrations or plots.

2.HYBRID

The AD— 5 analog computer had the nonlinear aircraft

plant equations patch ed into it , thus simulating a real time

airplane. This required a lot of manipulation and scaling

due to the limited amount of hardware available , and due to

saturation restrictions. To help set up and test this ,

several PDP— 1 1 programs were used. Agai n , here , the

programs were set up int eractively, so theoretically, any

- - - -- -~~ -- -rn -~~~~ - 
- ~~~~~~~~~~ ._. _•  —- —
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1! 1
flight conditions coul d be simulated . But here , a ga in , due I
to scaling and hardware limitations , there was actually only

a limited range of variations possible. For accuracy and

speed of setting up, a subroutine , POTREV , was used to

calculate and set all pot values , automatically, according
- 

- to what parameters were desired. The analog diagram is

shown in Fig.10 .

• 1-

I f
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1.
APPENDIX D

L I N E A R I Z E D  M A T R I C E S

A
—3.09 —0.18 0.00 1.00 0.00 0.00 0.00
0.114 —0.07 —0.32 0.00 —0.00 0.00 0.00
0.00  0 .00 0 .00  1 . 0 0  0 .00  0 .00  0 .00
—0.74 0.09 0.00 — 1. 01 0.00 0.00 0.00
— 1.91 0.00 1.91 0.00 0.00 0.00 0.00

0.00 1 .00 0 .00  0. 00 0 .00 0 .00  0 .00
0 .00  0 .00 1 . 0 0  0 . 0 0  0 .00  0 .00  0 .00

B
0.00 — 0 . 2 4  0 .00
0 .00  — 0 . 0 4  — 0 . 1 6
0 .00  0 .00 0 .00

• — 1 .3 7  —1 . 48 0 .00
• . 0.00 0. 00 0 .00

0 .00  0 .00 0 .00
0 .00  0 .00  0 .00

C
0 . 0 5  b . 00  0 .00  0 .00  0 .00  0 .00  0 .00
0 .00  1 .20 0 .00  0 . 0 0  0 .00  0 .00  0 . 0 0
0.00 0.00 0.05 0.00 0.00 0.00 0.00
0. 00 0 .00 0.00  0 . 1 0  0 . 00  0 .00  0 .00
0 .00  0 .00  0 .00  0 .00  0 .25  0 .00  0 .00
0 .00  0 .00  0 .00  0 .00  0 .00  2 . 5 0  0. 00
0 .00  0 .00  0 .00  0 .00  0 .00  0 .00  2 . 5 0

R
10 .00  0 .00  0 . 0 0
0.00 0 . 1 4  0 . 00
0.00 0.00 2.00
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FR
— 0 . 6 0  — 3 . 1 6  7 . 8 1  2 . 5 9  0 .24 — 2 . 2 0  7 . 2 2

0 .05  0 .09  0 . 0 5  0 . 0 4  —0 .09 0 .05 0 . 3 1
0 .20  6 . 1 4  — 0 . 5 6  — 0 . 0 7  0 . 05 3.39 0.87

RR
—2 .62 — 2.62 — 1 . 18 — 1 . 1 8  —0 .57 —0.57 —0.01

RI -
0.38 —0.38 1.88 —1.88 0.149 —0.49 0.00

H K
72.49 — 0 . 7 4  0 . 00  0 .00  0 .00

0 . 0 7 9 9 8 . 9 9  0. 00 0 .00  0 .00
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