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ABSTRACT 

An integrated digital flight control system has been designed for the ter-

rain following task. The control system based on the use of cubic spline 

paths and energy management techniques, controlling flight path and engine 

thrust. A nonlinear reference model based on the desired path, complete 

reference state and command were computed. Deviations from the reference 

model form a linear regulator problem, solved by discrete optimal control 

theory. 

This system consider the operational constraints (speed, acceleration), 

the speed adjusts the desired energy level for the vehicle, which allows 

the interchange between kinetic and potential energy improving fuel consu- 

mption. 

This flight control system can be used also in remotely piloted vehicles 

in performing similar tasks. 
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1. INTRODUCTION 

As radar technology in enemy defensive systems improves, however, future 

terrain - following controllers must be improved to produce lower flight 

paths, that is closest to the terrain while satisfying all of the physic-

al and operational constraints on the flying vehicle. James E. Funk has 

proposed an optimal path processing system (Ref. 3) , uses a cubic - spl-

ine curve (a series of cubic polynomial' segments with continuous first and 

second derivatives) to provide a very smooth reference path for the veh-

icle to follow from a knJwn altitude, slope and range. 

By using this flight path generator, the desired path and its derivatives 

have been computed. A simple form of constant energy control is applied 

to determine the desired forward speed. In conjunction with aircraft eq-

u4cions of motion, a reference command generator computes a compatible 

set of reference states and reference commands. Variations of estimated 

(actual) states from desired one were controlled by an optimal linear con-

trol regulator. Quadratic performance matrices were adjusted by suitable 

closed loop Eigen values, with linear aircraft model, all were discretiz-

ed by a suitable sampling period. Optimal gain, G, was computed after 

solving the matrix Riccati equation, to regulate the variations. 

Considering recent advances in digital computer, the required processing 

for the programing problem is feasible for a real time airborne controller, 

while providing great flexibility to a variety of missions and vehicles 

by straight forward software changes. 

The flight control system described here is a good candidate for an on-

board control system in many types of advanced vehicles. 

2. OVERALL GUIDANCE SYSTEM. 

The system incorporates nonlinearities into the structure of the 

reference model and control commands, andalinear Fart in regulating the 

variations in the aircraft states about the required one, as Fig. 1. 
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Fig. 1. 

The control variables composed of two parts : 

u - Optimal control command regulating variations in aircraft state 

variables about reference one, computed by the optimal linear control 

theory. 

u
r 	

- reference control command to elevator and thrust level, generated 

by reference command generator, which receives its input from a path gen- 

erator. 

The total control variable cthis the sum of u and ur 
as illustrated in 

the block diagram of hall guidance system in Fig. 2. 

2.1. Flight Path Generator 

It generates the optimal path that makes maximum use of the terrain mask-

ing for the maneuvers in the longitudinal plane using an optimal cubic 
L_ 
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1 

spline algorithm (Ref. 3) 	The algorithm stores the desired altitude and 

the first derivative of altitude w.r.t. horizontal range indexed at pres-

cribed range intervals, or formulate these data currently from terrain data 

and navigational i::formation through forward looking radar or GPS. 

The optimization of the flight path is described in detail inUtef. 3.)but 

the basic concept is summarized as in Fig. 3. 

The object is to minimize the magnitudes of the excess clearance distances 

at specified sample intervals along the path. The minimization is perfor-

med as a mathematical programming problem, in which the following inequa-

lities constraints are satisfied : 

- The path will not be below the minimum clearance curve. 

- The path slope do not exceed specified limits. 

- The Kurvatures (second derivative of path hight w.r.t. range), 

will not exceed specified minimum or maximum values according to normal 

acceleration limits imposed by vehicle man-uverability. 

The rate of change of Kurvatures (kinI0 is bounded and the slope of the 

path can be limited at specified intervals, if required. 

The path altitude h, and its successive derivatives w.r.t. range (slope 
r 

 

S
r
, Kurvature k

r
, and kink P

r
) are computed from the path optimization 

problem. 

2.2. Reference State A_ Command Generator. 

Computing of reference state model is based on the optimal spline path 

(mentioned previously), and a desired velocity. 

The desired velocity and its derivatives can be computed to incorporate 
L 



r- 

operational constraints. An energy management scheme in Fdg. 4. 

Maximum Energy (Using Vim) 

c 

Constant Energy Levels 

Nanimin Energy (Using ;lin) 
Potential Energy 
(Using Ref. Path) 

LP/ Allowable 
Energy Corridor 

7777> 

FIRST A.S.A.T. CONFERENCE 

14-16 May 1985 CAIRO GC-4 921 

  

RANGE 

Fig. 4. 

Shows that an allowable energy corridor can be defined using Vmax 
, V

min 
and h. Thus the selection of energy level could be based on fuel consum- 

r 
ption, engine life, mission timing or some other operational constraints. 

By maintaining constant energy results in an interchange of potential and 

kinetic energy. After selecting total energy level Ed, which introduce a 

desired altitude hd, the vehicle velocity can be computed at any range 

on the interval under consideration, at altitude hr.  

Vd  = Pg(hd  - hr) 	 (1) 

from which its time derivatives are, 

dV
d dR 

gs
r 

V = dR 	dt = - V
d 

(Vd 
 cos 7

r
) = - g sin y 

d 	 r 

V = 	dR= - g Vd 	
r  

cos y 
d d r 	dR 	dt 

The kinematic relationships describing the motion along the reference path 

are , 

K = 1 
	

- k
r 
cos

3  
y
r r

c 

-1 
y
r 
= tan S

r 

Y derivatives w.r.t. to range and time are 
r 

	: 

• 
dV

d 
dY 

(2)  

(3)  

(4)  

(5)  
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time derivatives 

7r = 

7
r 
 = 

 
R =

K = 

K = 

- kcos 	7r 
dR 	r 	r 

d 7

r 	

/ 	. 	3 
- 7R = Vkr  cos 7- VK 

dt 	r 	r  

dR 	=V 	cos 	Yr dt 

of the path curvature are given by : 

V(Pr 
cos

4 
7
r 

- 3 K
2
S
r
) 

/ 
K(— - 10 KVSr

) + V2 	P 	cosy  7r  - 3K
3 
 (5S

2  + 1)] 
V 

( 
For the cubic spline path Pr 

= h
r
4)  is zero along the path and, the normal - 

acceleration an 
is ; 

V
2 

an r 	
= KV 

To derive the reference state variables, the dynamic equation, describing 

vehicle motion in vertical plane are required,, besides the previous kine- 

matic equations. Considering Fig. 5. 

The lift end moment equations are ; 

L = m( a + g cos 7 ) n 
(12) 

(13) 
M = I 4 

The lift and moment coefficients can be closely approximated along the re-

ference path by a linear combination of variations about a nominal flight 
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Condition (subscript "0") : 

CL = C
Lo 

+ C
La 
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(14) 

C
m 

= C
mo 

+ c 0 a
r + C

m, 
A r + Cm V r 	

Cm 
 0 	v o 

+ 77(m 	cir + Cm :A  &r.) 	 (15) 
o 

q  

where the A a r and other variations are the change from the nominal fli-

ght condition to the reference flight condition along the spline path. 

The coefficients of the variations are stability derivatives which are 

evaluated at the nominal condition. For convenience, the usual choice 

of straight and level flight is made for the nominal condition. 

This choice results in 

a 0 
= b 	= 

0 

and 
CL  C 	= 0 L0 

m 
 

Thus 
a r =Aar 	 (18) 

O r  =Abr 	 (19)  

and the reference pitch rate is 

q
r 

= a
r 

+ r= a
r + K Vd 

• 	• 	• 
(20) 

From dynamic equations (Eqs. 12 and 13) evaluated at the reference condi-

tion and use Eqs. 14 through 20 we obtain Eqs. 21 and 22 

C
L 

(5 
b r +C

L  ar  + 	sin ar qS = =-- ( K V2 + g cos Yr ) 
a 	qS 

rn 

L V 
v o 

a r C
m 
 b r  + c a

r  + 
	(C + c ) a - I ---- 

6 	
2V 	Ill•o 	a 	q 	qS C = Ill 	 y — —  

I 717 	 V y r 	7 
 Cm KV - C — 2V q d in  V

d 

o q S C 	 v o 

(16)  

(17)  

Vd -C (21)  

(22)  

_J 
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To solve Eqs. 21 and 22 avoiding solution of iterative nonlinear differen- 

tial equation with unknown a r 
and thrust, a direct algebraic method is 

required to obtain the estimated a re

▪ 

	and are
, using the approximation 

sin a
r 
as a r 

in Eq. 21 we can get the estimated angle of attack values 

are 
as : 

where 

and 

V 
 
- C a re =C [22-1  ( K+ g 

a P S 	V2 
cos 7d - CL  V— L 	

&
re 
] 

d 	v o 	6 

C = (C 	+ C7)-1  
a 	La 

T  
CT 

(23)  

(24)  

(25)  

differentiating Eq. 23, assuming that the quantities 

g , p CL 	and CT 
 are, constant we get : 

a 

a = C ae P S 
2m 	

K 
 cos 1'r

(2V
d
+Vd 

S
r
K) 

re. 

	

V
3 	

• 2 

d 
Vd  

- CL 	- CL 'a  
v o 	6 

(26) 

and 
a re =C — K+ --5— cos y (6 V2  -2 ;d 

Vd a P S 
2m [ 

	

4 	d 	
_ K2v4 

d 
V 	

r 
d 	V 

- 

+3K Vd 
Vd 

Sr 
-KVd  Sr 

 ) -CL V — - CL 	°re } 

	

v o 	5 V 
• 2 	3 

With all values K,K, Vd, Vd, Vd  are previously defined. 

We estimate o▪ 	as 
re 

(27) 

• 6(t) ' 	1  
re 	re  

6 re
(t) - 6 rc

(t -t) 

[ 6 (t -at) e- At/ T e  

 

(28) 

where 6 (t -Llt) is the previous command elevator angle, and ore
as 

rC 

.• 	 - At/ r e 
- 1 	(t -At) e 	 (29) 

6
re
(t) 

T e r 

An estimated thrust value can be obtained from the estimated values via 

the longitudinal force equation. 
L 
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T
re 

= sec a
re 

(mV
d 
+ q S C

D 
+ mg sin 1'

r
) 

re 
 (30) 

The drag coefficient estimate is based on the lift coefficient estimate. 

Vd 
C = C 	a

re 
+ C

L, 
6
re 

+ C 
L V 

re 	0 	v o 

2 
CD = CD

+ C
L CD. 

re o re 2. 

Thus the estimated thrust coefficient is 

T
re CT = 	= sec A re  CD  

re 

+ 
STS 

re 	
dd  

which in turn is used for 

-1 
C
ae 

= C
La 

+ C
Tre 

(31)  

(32)  

+ g sin 7r)] 
	

(33) 

(34) 

• 
Finally the estimated value of C

-1 
, 	and a 	can be used for calcul- 

ae 	re 	re  
ation of the.reference values 6

r 
and a

r 
as 

Cae 
-1
AC

m  -C ma CL 
r 	-1 

C
ae 

C
m5
- C

ma 
C
1,6 

a 	mto.  L L5,  m 
r C 

a e 
C
m 5  - Cm a  CL 5 

where 	
V 2 

ACL  = 
m ( KV

d 
+gcos 7

r
) -C L V 

qdS 	
V o 

and 
A 

C = 	(a 	+ 	) 	[(c +C 	+C KV 
d 

m 	ZISF 	re 	re 	2 V 	m • m 	re 	m J  o a q 

V
d 

- C
m v 

0 

2.2.1. Reference State Variables : 

Nowa complete state reference model can be obtained: seven state variables 

are used two velocity components, pitch angle and its rate, the elevator 

deflection, the thrust coefficient, and the path hight. 

(35)  

(36)  

(37)  

(38)  
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(39)  

(40)  

(41)  

(42)  

(43)  

(Vd  + g sin 7r) 	(44) 

V
r 	

= 	V
d 
cos 

w
r 	

= 	v
d 

sin 

eir 	= 	a 	+ r 	
7 

7 
.r 

+ 	
. 

qr 	
= 	a 

5 
	
= from Eq. 

C
Tr 

= sec ar 

h = from the optimal spline routine 
r 

 

The 	andCD 
values must be computed from equations of the same form 

as Eq. 26 and 33 where the are 
and 6 

re 
 replaced by ar and Sr

. Note 

that CL  and Ca  obtained based on 	and 8r 
 from equations similar 

to Eqs. 51 and 24, the latter requires the value of CT 
from Eq. 44. 

r 

2.2.2. Reference Control Variables : 

To complete'the model, the reference control variables are needed in add-

ition to the reference state variables. The two control variables are 

the commanded elevator deflection 6 TC and the commanded thrust coeffici-

ent CT  . It is assumed that the actuator responses for the elevator and 

thrust
rC  controller are satisfactorily modeled as first order linear diff-

erential equations. The time response of the deflection angle over a con-

trol sample interval, At, is 

- 	T 
8r(t) 	8r(t -Pt) e 	+ SrC 

(45) 

where 	rc is the control value used over the interval. 

This value is used for the command at time t o  since it can be computed 

from previously known values. 

- tit/ r
e 

6rC (t) = r
(t) - r 

(t - At) e 	 (46) 

Similarly,• 
-At/TT  

C
T 

(t) = C
Tr
(t) 	CT 

(t - Pt) e 	 (47) 

rC 
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For circular cross-sections,the quantity in square brackets equals the 

section area.Accordingly,for cross-sections of general form,this quantity 
can be interpretted as the area of an equivalent circle of raduis Le_ given 

by 

= C2 77- cc2_ Res) _ SJ = Tr' ez (2.15) 

This circular cross-section has the same virtual momentum as that of the 

given body section of general form. 
By virtue of (2.14) and (2.10), the body formed by these equivalent cross-
sections has the same aerodynamic loading (excluding viscous effects ) as 
the original body. Using this argument,the integral in the expression for 
the additional potential of the presented extention is evaluated.For cal-
culating this potential near the body surface at small deflections,the 

equivalent radius Re ,function of x only,substitutes r in these integrals, 
enabling their easy solution. 
Aerodynamic forces and moments are determined within this extension using 
an iterational procedure with the first step given by the original Slender 

Body theory. The coefficient a/  is firstly calculated from relation (2.12) 
using the cross flow velocity component tt=-Dive/Dt.The additional transve-
rse velocity given by (2.8)is then evaluated and added to the cross flow 

velocity-J":0t-The resulting value of v- is used for calculating the vir-

tual momentum 62 of the quasi-slender body from relation (2.14) . 

3. THE APPLICATION TO WING-BODY COMBINATIONS 

The presented extended theory is applied for calculating the slopes of 
lift and moment curves as function of angle of attack of quasi-slender 
wing body combinations in steady supersonic flow.The chosen configuration 
is a low aspect ratio wing of local span2b(x),mounted on a pointed body 

of revolution of radius mex),see Fig.(3.1). 

Fig.(3.1) Selected wing 
body combination 

Fig.(3.2) Conformal mapping 
of body cross-sections 

L 



G 6-474 9,N I 141--tW Rity 1035  /1 

ne 
nd 
ng 

r 
jitR clemP%tlemkP,04' ttifROPUERA4PPly 
ponse behaviourite*Thas is As= 	 fromm 

the calculated open loop Eigen valuA 
he 

where 
are 

- 2.326 + j7.063, - 0.00035 + j0.0567, 
mapps the domain exterior to the winged body cro 
tOIJIheidoM5a.in (exterior to the flat plate —2C 4. 
hence to the exterior of the circleif(=C1,as sho 
the case of rigid cross-sections,the equivalent 

44rebt04,  etliteibigilatTrAtaMotrices : 

feet 

C .C4 = 11ex) 
Cl 

t 
which 

eel11200 . eet/sec 11,L, 

7.1111"" 

Open Loop 

State Responc 

1 
0 

The choice of tie  ex) R..matg-449041dQn412(A9 + 
through the solution of the continuous b CO  Solving for simplicity,the case of delta wing mot /On el conical  
44)       	

0 

 

1 
64-"Nli4 	k0 je,P1 koand kware ftStiOts),the addi t

*  

	

__.• 	•• 
sswprigget velpsAtybpeiAgqin tfit0o  fesRect to argle,Of attack is found e be independent of x 
eigen values as a function of thl ele- 
ments of 21Td2a_comftukgc(priscamah -/ 

- 	2 	 ink (' -i;:e44 10 )..., 
Fig. 8 and 9 show the root loci of the 
alsarpARgnEAR4,1141 qyrxe fuggisqment curve 
angle of -Htac reTafea to wing planrorm area A - 
01E,§9dattieronac@xpopleergoityifviiie  then 
ustment, - other 016Ments oi;itatrix 

ttaa.&kaki,,,g6/#k52  
r1. 

IF; 
 

11 1  

•se.Ylos 

Short perio tmlor 

and Veglria_lipbnC410.44n 
e. of either q3  0 

and 
9C 

as wb  Vo( wb  
Effect.ofqion closed 

ofi 	.da.lartuppes 1;y1 	o 

Itl '9 
u. al5II  
•1t!1

• 	• 

4 ;7iTIZ745-  
Fig. 7. 

I ii 	%4406
Ju "misimmhty.:::111 

Effect of r1  on closed 

Short ri 

tends 
rlPhi 

prpicgo(17,-Rio-8.1 

in egra equa 
with lift coefficient and a position 
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Using the cornell Aeronautical Laboratory "thumbprint" (Ritr. 6),as a guide, 

a damping ratio of approximately.7 and a natural frequer, y of 12 radians 

per-second was chosen as the desired operating point for t'*e short period. 

3.2. Sampling Period Adjustment : 

After choice of the matrices Q and R , a suitable sampling period was ch-

osen to complete the discrete regulator parameters, the chc,ce of the sam-

pling period is done by calculating and plotting the eigen values as a 

function of sampling period in the S-plane and Z-plane. 
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Fig. 10 shows the discrete closed loop root movement as a function of 

sampling periode in the Z-plane, while Fig. 11 illustrate this relation 

in the S-plane. 

A value of .1 sampling time is enough to have the first folded root to be 

far enough from the dominant roots to have minimal effect on the system 

(Z-plane), in the same time to keep the short period damping ratio near 

to 0.7 (S- plane). And higher sampling rate does not give a considerable 

improvement on model response. 
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3.3. Discrete regulator Simulatipn: 

The continuous linear system with performance index was discretized at 

sampling frequency 10 Hz ,then the discrete regulator problem was solved 

Considering that output  states [y] 
Closed loop state Response 

to get the optimal gain, G, (Ref. 4 
are all measured. 

The discrete optimal regulator wag 

tested, and Fig. 12 illustrates the 

closed loop time response of all the 

model states, to an initial error 20 

feet on the state variable h. 

And with the following closed loop 

Eigen values 

REAL IMAGINARY 

0.29286790E+0p 0.34526905E+00 
, 4*444.0***444* #4********v***** 
0.29286790E+J0 -0.34526905E+00 
x.44.4*****m**Ic 4*************t-4 
0.60709187E+00 0.00000000E+00 
4-....c************ #*************** 
0.67222929L+00 C.00000000E+00 
4c**4.***-4-444 *************44,* 
0.87071470E+00 0.00000000E+00 
**44***44****44. **************** 
0.9J2b3k,99E++.0 -0.11277747E+00 
**m********** 44**************: 
0.90283994E+00 0.11277747E+00 
*44-t,44-4******** 

Because of long time spent in construc-
tion of a complatible sets of reference 
states and commandes, only the determi-
nistic regulator was solved, lefting 
the wind effects on aircraft states 
(stochastique regulator) for futuie-
work. 

It 	clear that the system overcomes 

its states deviations during a short 

time, about 4 seconds. 

L 
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1 

4. INTEGRATED FLIGHT CONTROL SYSTF'4 SIMULATION. 

The performance of the whole system was tested :n digital computer. 

Assuming that all the output states are known, linear aircraft model given 

in the Appendix its appropriate matrices, the incremental acceleration was 

constrained between - 1 5 and + 3g, which denotes "hard ride" quality. 
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Fig. 13. 

Fig. 13 shows that the aircraft follows the reference trajectory with 
a good manner, with maximum error 20 feet . 

5. CONCLUSIONS. 

This flight control system is a flexible technique that can be adapted 

to variety of sensor (GPS,...)/ aircraft configurations (fighters, RPV's), 

with varying operational considerations (check point times, maximum and 

minimum speed and acceleration limits). The control system incorporates 

both flight path control and engine control. Using the optimal spline 

path and adjusting the desired energy level for the vehicle improves en-

gine life, fuel consumption and engine noise. The overall performance 

of the system depend on the accuracy of the terrain data and navigational 

information that define the true state of the vehicle relative to the • 

I:terrain, considering recent advances in using satelites in these tasks, thej 



x =Ax+ Bu 

y = C x 

where 

x 

u 

y 

(A.1)  

(A.2)  

CT 
 w q 

Sec 

h  
Vp  

0 6, 

T  C
Tc 

 

2 Vo 

0.00000E,00 

0.07000E+00  

0.000001+ 00  

0.00000E+00 
 (A.6) 

0.070001+00  

0.11:0001+00  

0.00000E+00  

1 

0.11710701.1.01  
0.0000001+00  
U.0./0000E+00  (11.7) 
0.007000E +0U 

[ 0 0 
O 

0 	0 

0 	0 

10 

0 	5 	0 
B 

(A.8) 
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required accuracy can be accomplished. 

Finally, this flight control system is very useful for the special tasks 

of remotely controlled vehicles. 

Appendix: 

The aircraft linearized model using the stability axes system assuming st-

raight and level flight as nominal state is given by: 

• 0.00000E+00 • -0.32170L+02 	
• 0.00000E+0U • 0.10672E+0 • 

• 0.10240E.01 • U.0U0MUE*00 * -0.2112761+03 	• -0.145511.01 	• 

( 	-0./90601401 	* 0.00000Ea00 • -0. 710401.02 • 
0.000001.0u • 

• 0.1170071+01 	• U.000001 400 • U. 00000L+,70 • U.0000.11+00 	• 

• 0.000UU.00 • 0.0011001+00 	• -O. 101100E+02 	• 
0.00000E*00  • 

• u.u0o0UE+00 	• 0.00000E+00  • 0.00000E*00 • -2.50000E*01 • 

4 	0.000000 400 • 0.692401+03 • 0.00000E+00 • 0.00000E+00 • 

0.00110001.f00 	• U.U0001101:+00 	• 
U.000000E400 	• 00,uu0u0Lt00 • 

• 0.0000001+00 
4 	0.0000000 400  * 0.100000E*01 	

• 0.0001100E.00 	• 
0.17770UL-05 • 

• -.111400E-02 	• 

• 0.0011000F•U0 	• 

0.0U0OuuEt00 • 
0.00001101;t00 	• 

0.254600E-03  • 
0.000000E+00 • 0.0(10UUJI.+U0 	• 

41A1RIYCA Yi 
$•40444••0•4•44••4•4  

-0.95650E-U3 • 0.90140E-U2 

-0.978do1 -01 • -0.274051E+01 

0.000001..00  • -0.36434E-01 

0.u0uOuCtuu • U.OULRAJL*00 

0.000001 4U0 • U.070110F+00 

0.00000E+00  • 0.000011E+0u 

0.00J0'JE+GU • -0.10000E 6 01 

MAlitlx C 

10 

 • ••■•••••• •40****** 
0.00u0U0L+00 • 0.000000E 400  

0.000000E+0U • -.11210111:-02 

.1232001-01 ■ * 0.344700E-OS 

0.100000L+01  • 0.0011100Lt00 

L 
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NOMENCLATURE 

m 	aircraft mass 

I
y 	

moment of inertia arround axis y 

R 	horizontal range 

V
o 	

nominal speed 

h
r 	

reference altitude 

S
r 	

reference slope 

k
r 	

reference kurvature 

P
r 	

reference kink 

r
c 	

radius of terrain curvature 

a
n 	

normal acceleration 

L,M lift force and moment 

T,D thrust and drag forces 

Q,R state and control cost matrices, 

Q = diag. [q1  q2 
q3  q43  , R = diaglr

1 
dynamic pressure = 5) V2 
reference flight path angle. 

CL  , CL, CL  , CL, CL  , CCm 	C
m ' 

C
ma ' 

...ect, 

L 	are tYe a ircraft stabilityVderiv
s- 
 atives. 

1 
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