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FLIGHT CONTROL SYSTEM DESIGN FOR A COMPUTER CONTROLLED AIRCRAFT WITH

LIMITED SENSORS

Thomas P. Aebb*

Abs tract

A complete flight control system for a s-nailI computer controlled
aircraft was designed using only yaw rate, heading, lateral load
factor, airspeed, altitude, and rate of climb feedback. This
multi-input multi-output control problem was done using the classical
root locus technique on a linearized system model. The performance of
the flight control system was then checked using a 12 degree-of-freedom
nonlinear simulation. The simulation results revealed surprisingly good
performance, considering the limitation on sensors.

I. Introduction

The Department of Electrical Engineering at the United States Air

Force Academy is attempting, through one of its senior design courses,

0
to design, build, and fly a computer controlled aircraft. The

i)e)artrnent of Aeronaut ics was asked to help design the ft ight control

,,s tern to be implemented by the on-board digital computer. The project

involved building and testing a wind tunnel model of the aircraft to

detrmine its aerodynamic characteristics, performing mass tests on the

i, t,ial aircraft to determine inertia characteristics, developing a 12

',.,grce-of-freedomn nonlinear aircraft simulation program, and designing

. t!e actual flight control system. This report describes only the last

t oi

Ii. Air raft Description

Tre aircraft acquired by the [ lectrical Engineering Department is

ar oi fI the shelf hobby radio controlled airplane called the "Big Stick"
0

' I hy Hobby Shack in kit form. Th i s part icular air craft was chosen

f,)r its large size and doci le hand I r g quial it ies. The aircraft is

0
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configured for normal radio controlled operation to allow for initial

testing, manual backup/overide for safety, and manual takeofts arid

landings. The aircrdft is propeller powered by a 2.5 brake horsepower

(BHP) two-stroke-cycle gasoline Quadra 35 engine. The aircraft (see

Fig. t) has a wingspan of 8.73 feet. The estimated weight with full

fuel and computer on board is 30 pounds. The tricycle landing gear

configuration, as shown in the picture, was later modified to

convent ional (tail wheel) for structural reasons and to facilitate

operation on grass.

* Figure 1. The Big Stick Airplane

I- i, rift Is (:011 t r I l d by ( iv el t i oria I a I I erons , rudder, eleva tor,

arid I'irt tI . Drawings for the .122 s, ale wind tunnel model are

, rt~Iqfz in ppendix A.



Ill. The Control Problem

rI The purpose of the flight control system is to make the aircraft

fly an arbitrarily specified (and not necessarily straight) path given

continuous information on the current state of the aircraft through a

limited number of sensors. The design of the flight control system was

% formulated as a multi-input multi-output feedback control problem. The

actual parameters to be controlled were specified as altitude (h),

.0 airspeed (V), and heading ( ).

h C  0> h.

V AIRCRAFT &FLIGHT
vC CONTROL SYSTEM - v

Figure 2. The Control Problem

Referring to Figure 2, the control problem can be visualized as

one of driving the values of h, V, and ' to those of hc, V , and

C C

respect ivel y, where c denotes the corrnanded value.

The flight control system makes inputs to the aircraft by

adlil ,irig the set t ings or deflect ions of the elevator (6e ) , throttle

a eC ) , and rudder ( 1 ) . These control settings depend on
a r

S 1r ' , ,: i remeits whIch corht ) i 1,r:rat ion ab) out the actual

, r rdf t, i;)d t Vle dr t-iiJ .l v f aJIi '. , t de, airspeed,

Sr i s pr oc e s s (Ie t e d in FI gr 3

0
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MEASUREMENTS

Figure 3. Control Process

The co;,trol system design problern, stated simpIy, was to find an

algorithm to convert the commands and sensor measurements into the

proper control se-tings to make the aircraft fly according to the

Corrina Ti d s .

Due to cost constraints, the sensors avai'able fo- the project

were limited to a yaw rate gyro, a lateral accelerometer, a heading

indi at or, an altimeter, and an airspeed meter. This is a very limited

set of meAsorte:ner, ts consider ng the job reqi i red; therefore, it was

feared that design of a sat isfactory contro! sys t _i ;r I ght prove

irnDo,s:. Ie. :or rstance, note tha t there are no posit ion gyros. Th s

-n It t e -:ntro! system :s required t,, 1 1 the rcraft i ii ,n

~: u t;..;is w: t, no teedb,:k whtsever as to Cdnk ar ge a+  tne

a rcr Aft. Nlrnust all ,hree-.a is a op il s : use t d a" y a e pos tion

r v'. r .o'v, pi , and ro) I an g e ned s ur trne 0

r'o d s : T) 7p e:i o ' es t'Q . .is er e t F Vs v a i ;t. L. .

r . , a . 1 )a d tI . r

r



h al t i tude

V airspeed

h rate of climb (to be derived by numerically

dif ferentiating h)

IV. Design Procedure

"Classical" control theory methods (LaPlace tranforms and root

loci) were jsed in the design of this control system as opposed to

"modern" optimal control techniques (al though t ,e state-space matrix

r e. e s en t io, , a or r owe d f r on mode r n tle or y

Two important simplifications were made and carried throughout the

ent re design procedure. The first was that the control system was

- uojs I:v: a1, of dis crete. (ke'ail that the co t rol system is to

be inip ieme;ted r, a digitaI computer.) rhi; assumption is not too

Wu reasonable provided the cycle time of the computer is quite a bit

fis ter t. t , a: r-rdf t response. The second simplificat ion was that

.f - .. ,,ss . Th i means th t the measurements of the aircraft's

d:ate pr , .ed to the control system are true and uncorrupted by noise.

.cat i fMay or may not be valid, depending on the quality

t h -nsar . 's Is the case in many feedback control design

d)e seor, were of minor concern during the design process,

1, t t ,: r pf forrinrrce wi 1 1 make or break the f light control system when

-" '; e;'tel i the a c tual aircraft.

.. r .gt pru ,rture consist 1d of o r mo,,r st I s.P

,t rn i :t .r l g t i -o;it r o s y s t em s t r u ( t u r

2. i: nn t A ng the romp t e t y's tern i I ear ma o.d e

Ythe . t r s tern gof 1 ,

rt( k 1:F. thr an~fj t ai ' , y r pr ' e I



,0\ . t:F ,, " ! t'ifl 2) t C" J t d i'

r . ,, , ., i( t 2 , r f dinev. r Kw,.. ', dr r ve - y

PAr4. ci .. g thie W,3Y pi ',0 i y d:v 'i rIrdf i n ; tr,.lie t CU;IQ, t el nS

S:tOt J: t : ,Ic * . ,"ij. lOni . (Thi, t e, o f 1yi,, . ce. reC! t. a

needle, b. 1 i , ;d 3 ir peed' i y gi n r,d ti c)orma I I y o1, y done i, 30

eerg c : ,rd.c ol (ow0rln W at t Iude i, dtur !i, I:.ne. ) ne

, i . s t 1rie inI' ti L) I o r-, J re .

TRIM

- h h -chI,
-4-1

TI A IR R A F T v

u Tj
iV - | .'Ris .R 0- BODYVC RI V - C J

a TRIM 'DYNAMICS

TRIM

Figu!e 4. F! ght C,,ntrc, SyStemTl Structiire (i:a.sic)



' ; lD l o Je d, I d r h

J p j e c o r I i t i c ,_

T" se ro1 . <:. ( r r rl ict S ,.' f 1) r " ' ! .3:: -

r p e r r

I.

, , . s. . , ,, ~ Oii .1, wj t I) ?L. b 'o x Ki >ore:'

" '5. *AL, (h C,rcraf T r rt 1- ,e,0 _, ' J tt ' t 2'

A-; n . :. tibo ce d e dL, e s d r , l ,u e. Th,
)I , .t t. 0r i

t rv.3 u c t -o wi r

" '..!.:~ ~ ~~~~~~~~ f o'L h ot [:' i} 0 ''dl (' ([ .. ) ~ t f I CyC.S O

- ' ,,,. i " nm. , .. .,Wi i , v-" ti'x ,r f r Kh, .. I1,,t v, l 1  thn e

-it I i i n g

", . . . . '2 0* ;ur ' , . ; I I 0 ] 1y §ct : i 1 ed mu c more

* .. . K ?t ' " ';,It . 0j l,; titj , o t a , : - .ble.

# . . .i t . 'L i: ' U L LJ'..' . 50S t.1l



* " - * r . . - i] . I a , .lli s ,p~ , % " m . .

i A R t A F T V1 _j

I T R ; 4-1

- 111 C

:r 7R M i DYNAMICS

i ~~7 C~. * K-~ K._

. .. jU • l l ii ] i -11 .• -



'* j, t j' , ;'a - .)' < = -. , I , O \ t t rt 'a - I U W )~ t t c ,. :

. , K, -. . V 'S . " di) ['t it .. r dgr-;

-- a - -.-. a

,_ 'V r , - *.rh ",,. c rg thr aug i edr d

-, -. ' '6 o " ' a. d. . m ir :. .,,;', : ~< njraft data used &er

.er , nod e s a ss ,,b',-L 1 eI

.- -, ' ,.a : ., ,V, ' ± :in ar ized about d

> ai) deve IA t 7 5 C e td

'ur sot-a o3 .3 f t s (5Omph. The usaa t,.ko

a, ,,e tr n a ed and are 1 , e,!

S'

-, :.' " ' '. ; '-1 i: n! ao a, tuli da

; I. '. --- , a -



F -, -



4-



,4

-- -,, ! .-- " -2 -- 4 J 56 (1( ti4Uu)



I-, "
/ N

/ -~ -- -

I

K /
* I
4'

'I

7> 2

A.'1~S



2 .j4ul. 7! .

A. V

'A UK t!!ci . .

I- ... ' . ~V

- :, tnt q- B

- I-I ,.'-.",-., 'V

- C . .. 'ittULU

. . .' C. 0>

9' '~4 * r .. . -.



11-' I

N , . U -.

.- . . r

2 . . r * 'w .

.................

v~i

'4'

2 * I

it.



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

: j ~i , ,.s w i t , - - ,s . t r rt: l,:U ela

ei C V t ~ i g1- ari ; e r e. I. ii. t !U)iu'

" tre . toug ,. i,_ I . ' eJ S , .e., 2 rl l,, Io t . he

.* ,tI ', * :d , 11: 5 t.i: ej<,'; ;'.,cm ;,er wet*re- Itea.', 5t tl]-S5t,-ctL' rofer e'e c

, t id evel wit C. V 7 .33 is, a3td h<-75 00 f t

"V e Ctoj. ,edee' r we r e'-

(- -, - II t u c I

e s *i t 2 I ta

(3~ ~~~~ Ie e ;; StregI oW eI A

The o x i Ic n g co tr,! i t s we r e u cl i n t he s I -m i a t o r

b a s e n e st , ,I t a r a t ,ill! t s

0 IT) r " I 'dI

i c o l r'.

I[ s yourre.,p '.'rd 4' . l'no .n '. .1'' :* i ', k *' ' . " _Jti r C 'e' 5 i

-, . , - I '

.. .. 'C , ',', C .; , ,''-, ' ' , ,



r- -IMAGiNARY AXIS

I i K n y - 0 . 60

I K r  -: .6 1, ..4

K -06 ," .14

KYLA K YD -0 .. -40

OPEN LOOP POLE
K !Ky

REAL AXIS

Figure 9. LaieraVDirectional Root Loci (EiBow--up)



e 6 IMAGINARY AXIS

Kny 
Kny = 0 . 60

KrrKr .6~ 1. 4

K4 , = .06 * .14

K YD 0 -40
K yD

S" -OPEN LOOP POLE

*I I 0

-6 REAL AXIS 0

Figure 8. Lateral-Directional Root Loci

0
0

0



IMAGINARY AXIS

0K

h' K h .1 "-.3

K h 1 - .3

K - .04 1

X =OPEN LOOP POLE
Kh

K v

x

0 I ~*Kh a

-2 REAL AXIS 0

CH Figure 7. Longitudinal Root Loci

~~~~jr~~~~~ vt d:d .e~tri i.':, r' e . e: K( 30
n v

k .1 r dI I * I- d deg V r a i / s.

0 -i'j ' r tl tzril rkout 1 pi,)ts. Fg r

..- ~~~~ i. v. s'~ t t-e ' c S ) t d i
0f



The simulation results for the selected gains are presented in the

next section.

V. Results

A. Root Loci

In multi-loop feedback systems, such as the one being dealt

with in this report, the gains affect the system poles in an

interrelated and complex fashion. A "shotgun" (trial and error)

approach was used to initially find a neighborhood of gains that

appeared to give reasonable poles. The gains were then varied in a

more systematic fashion to refine the gain selection. Gains were

selected on the basis of the speed and stability of the resulting

poles. This was done separately for the longitudinal and

lateral-directional cases.

1. Longitudinal case

The three longitudinal gains selected were:

KK=. 2  deg/ft/s, Kh=. 2  ft/s/ft, and KVz.I BHP/ft/s. Figure 7 shows a

segment of the longitudinal root loci plot that indicates how the poles

are affected by the gains around the selected values. Only the upper

0M
left quadrant of the complex plane is shown since any values in the

right half plane are unstable and unacceptable and since the bottom

naif plane is a mirror image of the top. The actual values of the

poles plotted are contained in the computer printout in Appendix E.

0 . . . ..... .. ... . . . . . .. . . . . . .. ' '- " ' " " " - " ' * ' " '. . .. . - , - ' '



gains.

The root loci were constructed by varying the gains and solving

for the poles after each change. This process had to be computerized.

Separate programs were written on an Apple microcomputer for the

longitudinal and lateral-directional cases. The results are discussed

in the next section.

D. Nonlinear Simulation

A 12 degree of freedom nonlinear Big Stick simulation program

was written for t:e Burroughs 6900 :,omputer at the Air Force Academy by

Cadet First Clas, Daniel A. nraeger. A hard copy is included in

Appendix D. This simulat oii provides a much more accurate mathematica

mode: of the airrt aft than the 1 iiiear ize equations wh~ch were used to

determ int tite c(- trol ga iis. 3'as i I I y, uie program numerica! iy

integrates *ht. nonlinear aircraft equations of motion from Reference 1,

modified to include the control system, and plots out any of the state

variables versus time. The no!!inear eqaroisons do not decouple into

longitudinal and A ter a direct na sets.

The simulation was run to see how the control gains, selected

under the iinear assumption, would actually perform in the real,

nunlinear world. The effects of such eleren',nts as control deflection

limits and changes i. air density couid be observed. The simulation

wxa a d . used to check the mit ifg val a e I or r and i . These are

r'utof f vaijes wh h liad to be incorpor at: .  n to K and K to prevent
h

e air r i f: f r om st a i ts ei f out or en', r a g a ,tecp dive in the

f (i IIge i t1 or rolo I ing in v ted wt,!,n hanged. A s ide

ehi r. , the * ) i s t hi t i t rn v ls a ch r k on the prev ious

Plr i*w. , ler for iwr, ( ,, s [' h ', , t1) the linear predict ion

a0 jn( -



.0

pole indicates the stability of its associated mode (- for stable, +

for unstable, 0 for neutral) and the imaginary part indicates the

rl oscillation frequency (aperiodic if real). Complex poles occur in

conjugate pairs. The magnitude of the pole (distance from origin)

indicates the speed of the associated mode. For example, in Figure 6,

poles 1, 2, and 5 are aperiodic. Poles I and 5 are stable while 2 is

" unstable. The mode associated with pole 5 will die out faster than the

one associated with pole I. The complex conjugate pairs 3 and 4

represent oscillatory modes. Mode 3 is stable and 4 is unstable.

IMAGINARY
I

>K3A
X4A

REAL
5 1 2

X 4B

o(3B

Figure 6. Poles on the Complex Plane

It can be shown (Ref. 4) that the characteristic equation of a

system described by Equation 3 is det(\[l] - [A]) = 0 where x is an

arbitrary scalar number and [1] is an identity matrix. The solutions of.

the equation for \ are the po!es. We are interested in the poles of

the closed-loop system, Equation 10. These can be determined by

olving det('[l] [A-FBF] ) 0. The F matrix, of course, depends on the



For the lateral-directional model:

0 0 Kr 0 K K r

[F]= 1.22K .000634K KyD - r.0 2 5 Kny 0 0 (7)

.00624K I .00624K I - .00624K
ny ny ny

[B'] =[Kr 0(1)

By substituting (4) into (3), we obtain

x = [A] 7 + [B] -[F] -S [B'] Vc (9)

Combining terms gives

x ( - BF] i + [BB'1 u (10)
0C

The complete linearized system model (or closed-loop system),

then, consists of two independent equations of the form of Equation 10

-- one for longitudinal motion and one for lateral-directional motion.

The vectors and constant matrices have been defined for each case.

C. Determination of Control System Gains

The core of the feedback control problem is the selection of

the control gains. In this project, that means finding values of Kh,

K 6 , KV K , K , Kny , and KYD that give satisfactory response to

aircraft heading, altitude, and airspeed commands in the presence of

disturbances such as wind gusts.

The response of any linear dynami system is characterized by the

roots of its characteristic equation (also called system poles or

eigenvalues). Root lori were used in this project to select the gains.

A root locus is a complex plane plot showing how a pole varies as a

gain is changed. by way of rcvi,,, the sirm of the real part of the



algebraic combinations of the states. Equation I shows that this is

true for the measurement h. This is also true for n L V is closely

approximated by u. It is possible, then, in both the longitudinal and

lateral-directional cases to express the controls as:

u - F] xi [B'] U c (4)

p."where [F] is called the feedback matrix and [B ] is called the input

matr ix. The vector u c is the command which is defined as [h cV cIT for

the longitudinal case and [ c 0 ]T  for the lateral-directional case.

From Figure 5 and Equation I and 2 the feedback and input matrices

were determined to be as follows:

For the longitudinal model:

[F] 0 73.33K 0 -73.33K KhKl] (5)
0 0 Kv  0 0

*[B']1 Lh K 0v (6)

n is lateral load factor which is equal and opposite to
noxgravitational lateral acceleration, normalized to the acceleration
of grdvity, g. It can be shown from Reference I and Appendix C that for
the linearized approximation,
n z 1.222 + .000 6 34p - .0285 r - .006 2 4 6r , which is a linear,

* aYgebraic combination of the states. (6r is a combination of the
states only, since there are no commands that feed into the rudder.)

0
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APPEND!X D- Simulation Program
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From Reference I, the Inearized I .tera -direct ionai equat ions of

(n t o ion ,ire (us ing the defi n t i ns i ron - b Ite C-2

u + Ur + Y y + p + Y r Y6 6 a Y-r 6

a-Ar LB + Lpp + Lr I' L6 5 0
dr

r al NB + NT B + N p + N r - N 6 + N 6  rtB a r

I xz , B,= X7
I I

xx zz

In Qddi ion, the foliowing approximdtions were added:

=p
t : r

The va:'jes were substituted in and the equarions were manipulated

algebraically tc obtain first order mnatumx form.

5 '--.5366 -. 000278 -. 9875 .439 01 0 .002741 6a

p1 -38. 18 -8 .5 5 2.41 0 U p 10. 14 .48 Lrj
O 1 

- 16.7 .72 -. 448 0 n r + -1.17 -. 157

1 0 0 0

L L 0 0 9- L _ 0
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The remaining necessary coefficients and derivatives, listed below,
were obtained by linearizing the drag polar around the steady-state
condi t ion and by assuming that the propeller thrust acts through the
aircrdft center of gravity.

CD .073 = 0 C = .073

II C0O t = 259/rad CM T =0

C .376 Cm 0
L T

From Reference 1, the linearized longitudinal equations of motion are
(using the definitions from Table C-1):

= + XU + X U + Xaa + X e e + XT 6 T

UL - U q = Zu u- Zca + Z-a& + Z q + Z 6e
e

M = U + MTu+ u + M + MT a + %& + Mqq + M e6e
U a OT

In addition, the following approximations were added:

h- uo- Ula

The values were substituted in and the equations were manipulated
algebraically to obtain first order matrix form.

q 3.733 0 .01189 -1.341 0] qj -.2033 0 6f

00 0. T

SL 0 -32.2 -. 2566 10.01 0 u + -. 0257 5.63

Ct '9193 0 -.01169 -4.642 0 a -.0057 0

h 0 73.33 0 -73.33 0 h 0 0 ]
0I



. 3. Estimated Aerodynamic Data (Reference I and 5):

CM CL CD  Cm 2 n

U 1

SCm. =-4.0 C 0
~TI

CM -11.0 C1= -.046q

CL  1.66 Cn  -.03
ai p

CL  4.16 Cz = -.078/rad*
q

CT z-.22 C = -.36
xpU p

C = -.004 Ck = .096

r

* C = .18 cTx = .066/BHP

T

*wind tunnel data not used because model had no wing dihedral

C

4. Mass Data (Reference 4):

rolling moment of inertia (Ixx) = 1.7 slg-ft 2

pitching moment of inertia (Iyy = 6.8 slg-ft 2

yawing moment of inertia (1,z) Z 9.3 slg-ft 2

product of inertia (Ixz) 0

• note: these inertia terms are relative to body axes

APPENDIX C- Aircraft Linearized Equations of Motion

The riethud' of Reference I were used to I inearize the aircraft
* equations of notion about d steady-state condition of cooriinated,

straight and level flight at 7500 feet and 73.33 ft/s (50 mph). The
angle of attack required for this condition was 7.2 degrees relative to
body axes. Since the linearized model USes stability axes
(longitudinal axis parallel to the steady-state relative wind), the
inert ia terms I , I , and I , of Appendix B had to be transformed

from body axes to stability axes.
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laiteral-directional Poles
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