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ABSTRACT

This paper present two proposals for adaptive control of supe-
rsonic aircraft. Inthe first proposal, the aircraft complete
transfer function is controlled to behave according to a second
order chosen model, while in the second proposal the inner loop
of the aircraft transfer function is controlled to behave acco-
rding to a first order model.

A modified gradient technique for a model reference adaptive
control system with less order model is employed in the two
proposals. Analog computer simulation resuits are presented
and discussed . ‘
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1. INTRCDUCTION

In the historical d:velopment of aircraft systems, controllers
were introduced to aitomatize straight and level flight, to en-
able flying by instr.ment without ground visibility and to simply
augment the stability properties, and thus improve the handling
qualities of the aircraft .

Part of the historical evolution in flight systems is that

the region in which the aircraft can operate has been increased
significantly, e.g. to high altititudes, high mach numbers,

and even to major changes in the geometry of the aircraft,
These signuficant changes in the aircraft dynamics had at least
partially to be overcome by means of the control system and,

in particular, the controller had to operate satisfactorily

for a drastically changing aircraft. Extensive theoretical and
experimental studies have been devoted to obtain a fairly acc-
urate model of the dynamic bhehaviour of the aircraft for all
possible flight conditions [1],[2]. Using this knowledge of

the possible parameters variations a control system should be
designed in a way suitably adopted to the flight conditioin .
Recent progress in the theory of adaptive control makes it
applicable and well suited to solve flight control problems

in an efficient way.

The available adaptive technigques are of the following type:
local parametric optimization theory [3], Lyapunov functions
technique [4], and hyperstability and positive concepts [5)
Most of these techniques avoids the identification problem,
but stresses that the order of the reference model must be the
same as that of the nonadaptive systemn.

In an attempt to give a perspective for the possible applicat-
ion of adaptive control to aircraft systems, this paper prese-
nts, two proposals of adaptive control of a supersonic aircraft.
The motivation of this work is based on one of the author ear-
lier studies [6)in the solution of parameter tracking problems.
Inl6]l. A modified gradient method was proposed to solve the
problem of adaptive model reference control system when the
model reference is less order than the adjustable system. In
this paper the method was used to control the longitudinal mot-
ion of a supersonic aircraft when the reference model was chos-
en less order than the aircraft system equation. The organizat-
ion of the rest of the paper is as follows: in section 2 a mod-
ified gradient method for the model reference adaptive control
is presented. The system equations for the longitudinal motion
of a hypothetical supersonic aircraft is given in section 3.
The first proposal where the aircraft complete transfer funct-
ion is controlled to bhehave according to a second order chosen
reference model is given in section 4. In section 5,the second
proposal, where the inner loop of the transfer function of the
same aircraft is controlled to, behave according to a first order
reference model and conclusion! appear in section 6.
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2. PROPOSEDN ADAPTATION TECHNIOQUE

Consider the following single input/single output model refer-
ence adaptive system shown in figure (1) and represented by:

a) The adjustable system

n ] v ; .
0o | dt! izo  dt
;=g +h; ; 1= 0,1,...,n (2)

Where r(t) is the input, c(t) is the output, . and B; are funct-
ions of the changing coefficients within the operation environ-
ments of the system, g:;are the variabhle parameters, and hi are

the controllable parameters.

b) The reference model

'” { boogi |
T o dyw =Y b drey  myp (3
ode? i
i=0 t iz0  dt
Where y(t) is the output of the reference model,cq; andb; are

constant parameters of the system, and (m+l) equal to the number
of controllable parameters of the adjustable system,

c) The generalized output error
e(t) = c(t) - y(t) (4)

The parameters g. are assumed to vary over extreme ranges within

the operating environment of the nonadaptive system. Assuming
that there exists a values of hifor which the system will behave

like the chosen reference model. The objective of the adaptation
mechanism is to provide these values. Its input information is
the generalized error e(t) and its output will be the instanta-
neous values of hi' The problem can be formulated as: find the

adaptive mechanism equations which, if no limitations are placed
on the values of hi’ then regardless of what values g take, the

outputs of both systems will be approximately identical whenever
a quadratic function of the generalized error will be minimized.
Considering the following error Ffunction:

fle)r=) +[a 4 et)] -
1=0 df.i )

where q; are constant factors,REquation (5) assumed the availab-

}
ility of the derivatives of| the error signal and it depends ind-
irectly on the differences between the parameters of the adjust-

oy =
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F' : 9
ing system and the reference model which can be. defined as:

5-‘:o<~\-Cl; (6)

If the parameters g, Vary slowly as compared to the basic time

constants of the adjustable system and the reference model and

the adaptation mechanism is designed to adjust the parameters
hiat a rate which is much greater than the rate of variation of

gi, the gradient optimization téchnique can be used and leads to

the basic adaptation rule:

d o =K. 2 f(e .
e o = oK aa«\ﬂ) (7)

where X;are arbitrary positive constants to be chosen by the
designer and depend on the particular system considered.

I1f the development were to be based upon equation (7), the
resulting design would require explicit knowledge of xjand con-
sequently g - Now suppose thateare treated as constant, and

agjara to be adjusted so as to cause the differences %to appr-

oach the same values then the variations in aibecomes
a g K 2 P(
& __ G 2 - ' — e) o)
dt ! \ 2a; : (8)

The objective is not to change a; however, to change . Since

from equation (6) the same changes in §;jcan be obtained by sub-
stractingda; from «; rrather than adding them to a;. The resulting

instantaneous rates of adjusting®:;can be written as:

d o

—_— . = K (9)
- ode ! Kia 2d; Fe)

When equation (5) was substituted into equation (9), and the
indicated partial derivative was carried out equation (9)

becomes: . 3
m arm
d " d e'}[ B d
Y o= =Kl 9 5= — — Y 10
dt o Lz 13 dt? qulaa-, olt3y .
Introducing the notation:
|~ _ ’ay R ...., . 1 L.

‘Again, assuming that the parametersé]are changing with slow

rates, the order of differentiation in the right-hand side of
equation (10) can be interchanged, yielding to '

L. -
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dd—td - -K""[X Y cw][ qu dF “J*} (12)

Since it is assumed that the adaptation mechanism will be des-
igned so as to adjust the controllable parameters hj; in a rate
greater than the changes in g; . The rates of g; can be neglec-
"ted and from equation (12) the rates of h' can he written as:

dh; dof. S K '{“ dJ
Jt '°‘D—_ dtJ‘I[Z— N u“"] ‘

Jd=o

o
W
~—

The only unknown quantities in equations (13) are K s Consid-

ering the differential equation of the reference model (3), and
taken the partial derivative of both sides with respect to the
parameters a treating the derivatives of y with respect to time
as trivial partial derivative, and interchanging the order of
differentiation and employing the notation introduced in equat-
ion (11), the Eollowlng set of equations for Uj o Can be written

as

1

d .
E :___)3'“— o J=0 (14)
j=e dt’ dt

Equation (14) represent a set of differential equations with
available forcing functions and their solutions provides the

values of u for equations (13).
Similarly for the case of the parameters Bi’ the following ada-

ptive mechanism equations are required.

<LB [ ) (15)
. = . = .y \
d t = IB ‘)E__cq dtJ ][E qJ dtJ ‘ :‘ I 0, )
m T
J . (16)
z = d - l"(t) 5\):0; 1) TR V
i= t’ At? Y . .
- d Where Uij:ab}’ i=oy 4, ce iy ¥ (17)
The four sets of equations (13), (14), (15), and (16) represent

the adaptive mechanism algorithm required for adaptation of the
adjusting system to follow the reference model. The complete set

of differential equations which describes the adaptive system
0perat10n can be wrltten as: :

_za ____dcm '553 __if r(t)
ﬂ\ ] H
d _ I
‘Z_oa, dt,Y(’c)—i)'__;b, %r(t)
m [ - 3
.4 4’
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m j J o
Zoei 4y = —S—F—r(f)) Jewy by -2V,

m

d b > &y
— b= K, ‘Z;%.iiﬁﬁ: ﬂtﬂJq4,;=mfum

ol J=o de J

dB- m J & J , .
J=o

diJ £ rtJ
- J=O G
2 - MATHEMATICAL MODEL OF AIRCRAFT SYSTEM

It is well know that the short period mode can be used to rep-

resent the longitudinal dynamics of supersonic aircraft with
sufficient accuracy due to its simplicity 1 . The fundamental

transfer functions that describe the dynamical motions of an
aircraft in the longitudinal-vertical plane of motion are given

by:

.S N3s : (/9)
e p2+2d w, p+ W)t

6 _ N (Prhz) (20)

‘e P(P% ‘ZdwoP+W02)

Wo = VM2 53 M3z ¥ o= Nez?az”fso (ll)
Where: 24s

o< is the change in angle of attack

O is the change in pitch angle

6o 1is the change in elevator deflection

'”j are the coefficients for the short period mode
For the purpose of illustration, consider a hypothetical airc-
raft with the following basic parameters:

Mass of aircraft m = 8100 kg

Wing area s = 32.4m

Wing span £ = 9.52 m
b= 3.4 m

length of mean aerodynamic chord

ficients for

For such aircraft, the numerical values of the coef
1 horizontal

the short period mode nij were calculated for initia

flight also the damping factor d and the natura Cd

1 frequency AR

r different altitudes and

the calculations were performed fo
described abho-

given in table (1). For the 'supersonic aircraft

L =
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ve a typical classical autopilot can be represented by th= fol-

lowing equation [ 7)}:L8]:

| K/ | ' | (22)
de = “P(7R77) I:K2 (Q“Qr) * (E.+‘?2P)P9:'
Where:
a8

¥ the input reference signal
n' the accelerometer gain
E, the rate gyro gain
T time constant of servomechanism
K, the amplifier gain
Ké’ the vertical gyro gain.
The block diagram of the complete aircraft system is given in

figure (2). From which the transfer function representing the
total behaviour of the system can be written as:

O(p) _ = N3s K Ko (P+N22)

Brlp) a_p>+aph+a,p3ra,p*+aq, p+Qx
where QOT‘.T O(P I’P ZP 3?9 e L{P &

a, = A+ T (Nya + Naz +Ngp)

Q2 = n22+ n33 +n30‘n35K|0Q +T(n31+ﬂ21ﬂ33)
A3 = Nyq N33 +N3y-N2aNss KiM-N3s K&

Ay = = Ngy N3g KIE - Nz5 KKy

aS: - Nzg N2y Kl KZ.

It is clear that the behaviour of the aircraft system will vary
according to the flight altitude because of the variation of
the coefficients WU . For this reason the need for adaptive

control for such aircraft is required. Sensitivity analysis

and analog computer simulation for the above aircraft shows
that the aircraft system parameters which have the main effect

on the transient response are the accelerometer gain 7, and the
rate gyro gain& . In the following sections two proposals for
the adaptation of the aircraft are given.

4— FIRST ADAPTIVE PROPOSAL FOR THE AIRCRAFT SYSTEM:

The first proposal for the adaptation of the aircraft system

= .
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consist of con:crolling the feedback parameters. and € by the
adaptive mecharism so that the aircraft system response behave
according to a second order reference model. The hlock diagram
of the proposec¢ adaptation scheme” is given in Figure (3).

According to the proposed principle of adaptation given in sec-
tion 2 let the r¢ference model and the error function equations
be:

o< —“—2~y<t)+\x 4oy (24)
o 32 i Y + A,y = B,(t)
2
& : e (B (25)
fley=1, [gew)+q e+ g, el I
The equations representing the dynamics of the adaptation
mechanism are:
ag4=-¢[q ex+9e +9,E10q,u+ Gt + % 0]
ay=-tlqerqerqellqura U+, ) (26)
and
o, U+ o A, + oy Uy = =Y L)

From Equations (23), differentiating a, and azwith respect to

time, and considering that the time derivatives of the aircraft

parameters nhjare neglected, the time rates at which the accel-

erometer gainm and the rate gyro gain ¢ will be

£= - 24 (28)
Ng2 N5 K, )
- a a‘
= - < 7 — {287
Ny Nas K naa Na5 ¥

The rate of changing the accelerometer m in equation (28) de-

pends on both é4 and éj , but to secure the stability of the

adaptive process, it will be considered thatn will be contro-
lled only by the changes in 33, also the cerEicient[_ —
| 22 N35 %
will be absorbed into the coefficients c, and cg.

The complete adaptive system were simulated on analog computer
with the reference model equation as:

0.0625y + 0.35y + y = 8r (30)

The numerical values of the autopilot's coefficients K‘and K,

L .
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1

and the time constant of the servosystem were chosen, as to get
the best transient response, to bhe:

20 and K, = 16 and T = 0.05 sec. (31)

I

K

The best function of the adaptive mechanism, where obtained
for the following values of the proportionality factors: .

9, = a4, = 9,=1

19.81 c, = 0.589 (32)

[}

€y

The aircraft autopilot system was excited by input pulses of

amplitude 0.09°and with 5 seconds duration in one polarity,
then the convergence of autopilot's coefficients?f ands to an
optimum value, from extreme initial values, was checked, In
Figure (4), the aircrdft was set to the parameters of altitude
5 km. It was found that the parameters" and &, converged nearly
to the same optimum value after 5 changes of the input level,
from extremely large initial values. Figure (5) represents tl=e
same trajectories ofn andé¢ when the aircraft parameters set
the values of altitude 25 km. The system was simulated for a
step input, for altitudes (5, 10, 15, 20, and 25 km), with the
adaptive autopilot parameters initially are?,= 1.12 and &, = 5.7.

Figure (6) represent the responses of the aircraft system §;
rate of pitch &, the changes in the angle of attack« , and the
generalized error e.

5. SECOND ADAPTIVE PROPOSAL.

In this proposal the same aircraft controlled with the same
autopilot is considered. The difference is that the adaptive
mechanism will be designed to control the two parameters and
as for the inner loop, to behave according to a first order
reference model. The block diagram of the adaptation scheme

is shown in figure (7). .
The transfer function of the inner loop was derived to be:

6 (p) B — Nax K, (P +171) o
BieY Bebo koS eb. 52 abopab
Where o BT BAPIT PP A b P 4By
bo:T

bi = 4 +T(n22+n33+ﬂ3o)
=My, + Mgy 4 N30 = N35 K+ T Ngg + Ny Mg

Ba= Ngung, 4 Nyu - nZZmSSKﬁl" N,s K&

Oy = Ny NggKE
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"
The reference model and the error function was.chosen to bhe:
OF + G2 = (34)
. 2
feey=4lq,.e +q,é] | (35)
The equations representing the dynamics of the adaptive mech-
~anism in this case are:
..L\: ~¢c, lq,8 +q,é)(qouo+ C\‘CLQ)
b= - ¢ (qe q,&)( g\ + q.4d,) (36)
and | |
Q,le + a4, U, = -2
a}&|+aou.l:_.,é (37)

From equations (33), differentiating b4 and b3 with respect to

time, considering the same assumptions stated hefore, the time
rates at which the accelerometer gainqZ and the rate gyro gain

&will be:
s e K
£==-b,/NaaNas ™ , (38)
A . C n_ K
Mz =63/ NgyNagk, + By /Mg Mg ™ (39)

Taking into account the same assumptions as in the first pro-
posal the rate of change of the accelerometer gain ﬁ‘will dep~
end only on bs.

The complete adaptive system was simulated on the analog comp-
uter with the reference model equation as:

0.5z +z =M ' (40)
The numerical values of the autopilot's coefficients Kl and Ky
and the time constant of the servosystem were chosen to bhe:

K, = 20, K2 = 2.2 and T = 0.05 sec. (41)

The adaptive mechanism parameters was taken as:

c, = 31.25 c, = 3.9

q =gq, =1 ; (42)

o | I

The aircraft autopilot system was excited by input pulses of

L -
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amplitude 0.15 and 5 scconds duration in one polarity, then

the covergence of the samuc parameters? and & was checked.

In figure (R), the aircratt parameters were sect to the values
of altitude 5 km, the parameters? and & converged nearly to the
optimum values after 5 changes of the input level from extrem-—
ely large initial values. The system were simulated with aircr-
aft parameters'at altitude 25 km and the convergence result as
shown in Figure (9). The system was simulated for a step input
for altitudes 5, 10, 15, 20, 25 km, with the adaptive autopilot
parameters initially are?, =0.51 and & =0.94. Figure (10) re-
presents the responses of the aircraft system 8 ,the rate of pit-
ch9, the changes in angle of attackxand the generalized error

e-
6. CONCLUSION:

The concept of a proposed yradient method is used to seek out
solution of the problem of adaptive control for aircraft syst-
em where the reference model used is less order than the aircr-
aft system. Two proposals for adaptation of the longitudinal
flight of aircraft system were presented. In both cases, the
suggested technique proved to secure the needs of aircraft ste
bility and control. The adaptive mechanism is quite reasonable
from the stand point of actual physical hardware. In the second
proposal the control of the inner loop of the aircraft system
leads to a considerable simplification of the mechanization of
the adaptive mechanism. Analog computer simulation for the two
cases shows that the stability of the adaptive system depend on
the choice of the adaptive mechanism parameters.
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H(km) 5 10 15 20 .25

nyq 0.68 0.507 | 0.28 0.1175 | 0.047

Nyo ) 1.06 | 0.672 | 0.34 - 0.168

nqy 4.85 | 24.7 |25.3 18.6 13.3

Nqq 1.5 1.23 | 0.782 | 0.391 0.184

a5 -15.9 |-17.0 [-13.15 -7.17 -4.67

d 0.665 0.274| 0.169 0.098 0.0548

Wy 2.61 5.1 5.08 | 4.32 3.642

Table (1)
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