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FLIGHT CONTROL SYSTEM DESIGN FOR A COMPUTER CONTROLLED AIRCRAFT WITH
LIMITED SENSORS
Thomas P. Webb*
Abstract

A complete flight control system for 4 small 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,
to design, build, and fly a computer controlled aircraft. The
Department of Aeronautics was asxked to help design the flight control
svstem to be implemented by the on-board digital computer. The project
involved building and testing a wind tunnel model of the aircraft to
determine its aerodynamic characteristics, performing mass tests on the
artual aircraft to determine inertia characteristics, developing a |2
depree-of-freedom nonlinear aircraft simulation program, and designing
the actual flight control system. This report describes only the last
task.,

1. Aircraft Description

The aircraft acquired by the Electrical Engineering Department 15
an off the shelf hobby radio controlled airplane called the "Big Stick"
woid by Hobby Shack in kit form. This particular aitrcraft was chosen

for 1ts large si1ze and docile handling qualities. The aircraft s

Maior, USAF ) Assastant Prof., Dept. of Aceronautios, USAFA,
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configured for normal radio controlled operation to allow for initial
testing, manual backup/overide for safety, and manual takeofts and
landings. The aircraft is propeller powered by a 2.5 brake horsepower
(BHP) two-stroke-cycle gasoline Quadra 35 engine. The aircraft (see
Fig. 1) 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

conventional (tail wheel) for structural reasons and to facilitate

operation on grass.

S e A e

-

Figure 1. The Big Stick Airplane

T'e arroraft s controlied by conventional ailerons, rudder, elevator,
and throttle. Drawings for the .122 scale wind tunnel model are

contained an Appendix A,
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[1l. The Control Problem

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

fly an arbitrarijy specified (and nct necessartly 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 controiled were specified as altitude (h),

airspeed (V), and heading ().

v AIRCRAFT &FLIGHT ~ v
C 7
CONTROL SYSTEM
ve > >y

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, VC, and ¢C,

respectively, where ¢ denotes the commanded value.

The fiight control system makes inputs to the aircraft by

adjisting the settings or deflections of the elevator (ée), throttle

o ), aite ons (L), and rudder (&r). These control settings depend on
ye Sar neasurements, which contailn intormation about the actual
yrtate b e gircraft, and the comnanded valaes of altitude, airspeed,

Lt ey This process s deproted in Figure 3,
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Figure 3. Control Process

The control systen design problem, stated simpiy, was to finda an
algorithm to convert the commands and sensor measurements into the
proper contrcl settings to make the aircraft fly accarding to the
commands,

Due to cost constraints, the sensors avai able fur the project
were limited to a yaw rate gyro, a lateral accelerometer, a heading
indicater, an altimeter, and an ailrspeed meter. This 1s a very limited
set of measurements considering the job required; theretore, it was
feared tha: design of a satisfactory control systein itight prove
impouss:ble. For instance, note that there are no position gyros. This
aranc that the control system is required to rolt the asrcraft an and
cutoof taras with no teedback whatsoever as to be bank angle af the
aircraft., Almost all three-axis autopilors 1n use tadayv have position
gryos for yaw, pitohy o oand roll oangre megsurements,

o7 design porposes, The meastrements avarlable tootn
SUL Ly s el we e

Pateral o road Taotor




h altitude

A% airspeed

h rate of climb (to be derived by numerically
ditferentiating h)

IV. Design Procedure

“Classical” control theory methods (LaPlace tranforms and root
loci) were used in the design of this control system as opposed to
“modern” optimal control techniques (altnough the state-space matrix
representation was borrowed from modern theory).

Two important simplifications were made and carried throughout the
entire design procedure., The first was that the control system was
rtinuous insctead of discrete. (Recail that the control system is to
be impiemente=d by a digital computer.) This assumption is not too
unreasonable provided the cycle time of the computer Is quite a bit
faster than the aircraft response. The second simplification was that
af perfeor wensors.  This means that the measurements of the aircraft's

state provided to the control system are true and uncorrupted by noise.

-

s sian L, lication inday or may not be valid, depending on the quality

censors. As 1s the case in many feedback control design

T

Srab i, e sensors were of minor concern during the design process,
St o tne o r operiormance will make or break the flight contrel system when
p B b

Ctoas o arolesented o the actual aircraft,
Theodesign procedure consisted of four major steps:

Setermia.ng the coniron system structure

2 Formglating the complete system linear mode]
K Seaetgng tne control system gdains
b Lheckrog the control system perfcingrce (nog

mon o e ar s g at 100,
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[he control system stiactace or framevyork was arrc:ved 40 by

pard.leling the wav g priot fiys ai aircrafs in instrorment condstions

wilhout atterde o tarmgation, {(This type of flyrng s refvrced tu as

"needle, ball, and airspeed" {lying oend 15 normally ouly done 4o an

erergency procedure foliowing an atititude indicator failure,) Tne

structure 15 shown o an the pDiouk diagraim in Figare &,
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Simulatioen

Somuiations with the selected paray were funo using the
Covar o stmgiation program ol Append o D Ll tytions o0 dontrol
St et an, ad an o some of tre pasos were gdded Tor o reascns disacussed
The as- sectio.. four firght maneavers were stmulated.  The
Aotia. conds trtory torn edcin tenvaver were Ihe Stesly-state reference

Contrtion istraignt oand level with o =5, V273033 ft/s, and ho7500 ft).
The Tour naneaver. were
C) devel turn
(2 strasght cbymb
(3" level, stra:ght acceieration
(40 Ccamuindtion turn, descent, uod decelerastion
! Nont . newr Limits
The follaowing control timrts were used 0 the simulation
based on estimated airoratt lomits:
contiog min. Ma X
. =15 deg P odoy
T Ty Ty
. -1 dey Ly deyg
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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

.
L appeared to give reasonable poles. The gains were then varied in a
,el more systematic fashion to refine the gain selection., Gains were
selected on the basis of the speed and stability of the resulting
i poles. This was done separately for the longitudinal and
{

lateral-directional cases.
I. Longitudinal case
The three longitudinal gains selected were:

Kp=-.2 deg/ft/s, K =.2 ft/s/ft, and K,=.1 BHP/ft/s. Figure 7 shows a

0=
segment of the longitudinal root loci plot that indicates how the poles
are affected by the gains around the selected values. Only the upper
Fi] left quadrant of the complex plane is shown since any values in the

] right halt plane are unstable and unacceptable and since the bottom

nalf plane s a mirror image of the top. The actual values of the

o poles plotted are contained in the computer printout in Appendix E,
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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 :ine Burroughs 6300 —omputer at the Air Force Academy by
Cadet First Class Naniel A. Draeger. A hard copy is included in
Appendix D. This simulation provides a much more accurate mathematical
mode! of the aircraft than the linearizel equations which were used to
derermine the controi gatrs. Bastoally, tne program numerically
Integrates *he noniinear aircraft equations of motion from Reference 1,
modified to include the conirol system, and plots out any of the state
vartatles versus time. The nonlinecur equations do not decoupie into
longitudinal and lateral -directionai sets.

The simuiation was run to see how the control gains, selected
under the iinear assumption, would actuatly perform in the real,
noniinear world., The effects of such elemonts as control deflection
fimits and changes 1a air density could be obscerved. The simulation
was at<o used to check the [imiting values for c. and Hc' These are
rutoff values which nhad to be i1ncorporated nto Kh and Kg;to prevent
the atrcratt from staliing ittself out or entaring a steep dive In the
cane of a brg conange 1n hC or rolling inve-ted whon -~ Changed. A side
benefit o0 the simula*ion 15 that 1t nrovides a check on the previous
Calauatatrans, Performgnee sthoaid be olouse ta the linear prediction

around the steadvostate condran,
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pole indicates the stability of its associated mode (- for stable, +
for unstable, 0 for neutral) and the imaginary part indicates the
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 | 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 &

represent oscillatory modes. Mode 3 1s stable and 4 is unstable.

IMAGINARY

AN
X 3A

X 4A
\ /
—
% 1 X > REAL
X 4B
X 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(a[I] - [A)) = 0 where 3 is an
arbitrary scalar number and [I] is an identity matrix. The solutions of
the equation for ) are the poics. We are interested in the poles of
the closed-loop system, Equation 10. These can be determined by

solving det(>[I1]) -~ [A-BF] ) = 0. The I matrix, of course, depends on the
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For the lateral-directional model: 1
0 0 Ke 0 KK
[F]= 1.22Knyv .oooesaxny Kyp - .ozssKﬂx 0 0 (7)
-.00624K I - .00624K I - . 24K
ny 62 ny 0062 ny ]
[B'] =|K,K 0 (8)
5" 0

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

X = [Al ¥ + (8] {-(F1% :+ [B'] UC}. (9)

Combining terms gives

Xx - [A - BF] X + [BB'] . (10)

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

K KW, K Kny’ and KYD that give satisfactory response to

H; V! r?

aircraft heading, altitude, and airspeed commands in the presence of
disturbances such as wind gusts.

The response of any linear dynamic system 1s characterized by the
roots of 1ts characteristic equation {also cailed 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. DBy way of review, the sign of the real part of the
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algebraic combinations of the states. Equation | shows that this is
true for the measurement h. This is also true for nyl. V is closely
approximated by u. Ii is possible, then, in both the longitudinal and
lateral-directional cases to express the controls as:

u = - [F] x + [B'] UC (4)

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

matrix. The vector GC is the command which is defined as [hC,V ]T for

c
the longitudinal case and [WC, 017 for the lateral-directional case.
From Figure 5 and Equation 1 and 2 the feedback and input matrices
were determined to be as follows:

For the longitudinal model:

[F] =1 0 73.33K; 0 -73.33K; KK S5
0 0 K 0 0
v
[B'] ={K,K; 0 (6)
0 K,

P . PO PPN AT s ca A liaras Lm R aNalalNalaradtess .LlA.JS‘A-LAlA.AD.LJ

is lateral load factor which is equal and opposite to
nngrdvxtatlonal lateral acceleration, normalized to the acceleration
of gravity, g. It can be shown from Reference | and Appendix C that for
the linearized approximation,
n, = 1.2228 + .000634p - .0285 r - .006245_, which is a linear,
algebraic combination of the states. (6r Is a combination of the
states only, since there are no commands that feed into the rudder.)
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‘ APPENDIX O~ Simulzction Program
Troovs nondvnear samalation progoan was wieften 10 FORTRAN 77 Jor the
4 Burcoaggnsy 5900 conouiter st the Arr Foree Acadoemy by Cadet Frest Class
,c Daniei AL Draeger. The provran nuner ooaily antezsrate, (he sty aircrafr
cprataions of motion 1or ou, v, ond w o tve ooy companents tn boady axeos)
ang forop, G.oand rorotationg. rdates oo Body aaest. Six o Kkinematic
eheatlons are Slso integrated to get the Duler anpgles v, oand s and
Qs ptadements in The earti axvs: altitade (h), oaorth distence (N), and
Baat drs e (V) The resuits of simulation runs are del.vered in
q graphe gl yom ous ag plotting rodatines ot rnciuded in the listing.,
{ Tne arrcraft data = read In from separate data files, a feature which
1 siiows the progran o obe dsed to samdiate other arrcrafr. he twelve
A cldalians s ed by thie progran oare listed below in o general form
Reforer e 1Y
{e no(L-vrew g - fordes o xo direc i
inovedr -wp forces in y direcrion
m o {w-ugovp) - foices 10z direciion
oo b o - b ry o o -l dra o= moapent ghout x o axis
¢ e X/ zzooyy oo
; 1 N ; c 22 ,
i g o« Ui . ter o b {a%srT ) = moment gbout y axis
yov 4a VA A 2L !
P = b e ot =1 ) pg - r = moinent about z axis
nz xzV vy o oxx'oFH xz 9
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f. From Reference |, the linearized loteral-directional equations of
. motion are (using the definitions 1ron Table C-2):
= .
- usg + Uyr = gr+ YBB Y p o Y.ro¥ Vs éa + Y6 6r
k‘rﬂ a r
. - A i‘ = + | + | t
{ s} 1 LBB Lpp S L6 6a + “5“°r
[ d T
I: - 8 ’ = N + N + N + |
1P BB 7 8 oP Noook Ng 8+ N 6
8 a y
_ 3] = b Q4
Al = " XZ ! 1 -
. I
« * 2
!
! In addition, the fol!iowing approximations were added:
ﬁ::’: p
° p=T

The vaiues were substituted In and the equations were manipulated
algebraically tc obtatn first order matrix form.

v_.-,rv—fr
il

L™ — F I M
(Bi _.5366  -.000278  -.9875 439 0 lis| | 0  .00274] [§
! |
‘b| -38.18  -8.55 2.41 o olip| [10.14 .48 Lar
o) . | 156.7 .72 -.448 0 0 lr +]-1.17  -.157
[ i
; ¥
!;I 0 ] 0 0o 0 ||
: L) 0 0 1 ¥ od L Lo 0
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Table C-1
-qls(cDu + 2ch)
X = (sec'l)
u mUl
qls(cTx + 2cTx )
Xy = J L (sec™)
u mUl
-qlS(cDa - CLl)
X = (ft sec'z)
a m
-qlSCDG
X = € (ft sec'zdeg—l)
)
e m
QlS(CLU + 2CL1)
7 = - (sec'l)
u
mUl
alS(CLa + CDl)
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@ m
qlSCde
Z. = - (ft sec_l)
e 2nU,
QISCch
Z( = - (ft. sec’ )
1 QmUl

qlSCL(s
Zg = - € (ft sec” deg'l)
e m
QlSE(Cm + 2Cm )
u 1 1 -1
M = (ft *sec™ ")
u I U
yy 1
q,sc(c + 2C )
P ") 1 -1
My = (ft™*sec™ ")
u nyl
d,56c i
Moo by (sec™?)
a
YY
9,58, 2
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@ -1
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2hyyY
o 22
qlbc Cm
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The remaining necessary coefficients and derivatives, l[isted below,
were obtained by linearizing the drag polar around the steady-state
condition and by assuming that the propeller thrust acts through the

aircraft center of gravity.

C. = .073 c =0 ¢, = .073
0 "1 "x
C, = -259/rad c, =0
N T
1
¢, = 376 c, =0
1 T

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

O = -ge+ XU + Xy u + X a+ X, 8§+ X
u Tu a 6e e T6 GT

u,a - Ulq = Zuu + Zaa + Z&a + qu + 26868

q = Muu + MTUu + Maa + MTaa + M&a + qu + Msede

In addition, the following approximations were added:
8= G
h = Ulg - Ula

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

[4 [-3.733 0 .01189 ~1.341 ol [q -.2033 O
| | 0 0 0 of !0 0 0
1'] :

| =* 0 -32.2 -.2566 10.61 0y jul +|-.0257 5.63
' |

a 1.9193 0 -.01169 -4.642 0l |a -.0057 0
nl L 0 73.33 0 -73.33 olin| | 0 0 |

G - L 2l e M 3 -
ST B B i e — Ty —— Pw——————
. - (ot R b -aie aae ae o}




vw

T — < T

4. Mass Data (Reference 4):
rolling moment of inerti

pitching moment of

ARAN U S et A Man e sen e me hae 8 wn b v

3. Estimated Aerodynamic Data (Reference | and 5):
Cm = CL b CD = Cm = Cm = O
u u u T T
u a
Cm& = ‘400 CnT = 0
g
Cm = -11.0 €, = -.046
q
CL' = 1,66 C, = -.03
p
CL = 4,16 Cy = -.078/rad+
q 8
CT = -.22 EQ = -.36
)(u p
C = -.004 C = ,096
y £
p r
Cy = .18 Cr = .066/8BHP
r >(6
T
*wind tunnel data not used because model had no wing dihedral

hadh Thadl T "B S v T

yawing moment of inertia (1 _)

product of inertia (I )

2
a (1, = 1.7 slg-ft
. ‘ 2
t I = .8 -f
inertia ( yy) 6 slg-ft
= 9.3 slg-ft?
= 0

to body axes

note: these inertia terms are relative

APPENDIX C- Aircraft Linearized Equations of Motion
The methods of Reference | were used to linearize the aircraft
equations of motion about a steady-state condition of coordinated,
strarght 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
inertia terms Ixx, lzz’ and lxz’ of Appendix B had to be transformed

from body axes to stability axes.
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