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Output Feedback Variable Structure Adaptive Control
of an Aeroelastic System

Yueming Zeng* and Sahjendra N. Singh'
University of Nevada, Las Vegas, Las Vegas, Nevada 89154-4026

The question of control of a class of aeroelastic systems with structural nonlinearities based on the variable
structure model reference adaptive control theory is treated. It is assumed that the system parameters are unknown
and unmodeled nonlinear functions are present in the model. Control laws for the trajectory control of pitch angle
and plunge displacement are derived. For the synthesis of controllers, only measured output variable (pitch angle
or plunge displacement) is used for feedback. The feedback loop includes two relays, whose outputs are functions of
certain auxiliary error signals. Modulation functions of the relays are generated on-line using bounds on uncertain
functions and signals derived from the input and output of the system. Digital simulation results are presented that
show that in the closed-loop system with only output feedback, pitch angle, and plunge displacement are smoothly
regulated to zero in spite of the uncertainty and unmodeled functions in the system.

Nomenclature
A by, A, b, = system matrices
bo, H, F, 8
a = nondimensionalizeddistance from the
midchord to the elastic axis
b = semichord of the wing
c = structural damping coefficient in plunge

due to viscous damping

Clys Cmy s Cly'> Cmg = lift, moment, and control coefficients

Cq = structural damping coefficient in pitch
due to viscous damping

e, ey, e, Va = error signals

Jos i = modulation functions

f(o), fo() = nonlinear functions

h = plunge displacement

1, = mass moment of inertia of the wing about

the elastic axis

ky, = structural spring constantin plunge
ke, = structural spring constantin pitch
ko () = nonlinear stiffness
m = mass
r = input
U = freestream velocity
W,,Li,G,, Gy = transfer functions
x, X = state vectors
Xo = nondimensionalized distance measured
from the elastic axis to the center of mass
Z,, R, Z,, R, = polynomialsin Laplace variable s
o = pitch angle
= flap deflection
0,co, k,00,,0u,, = parameters
ey ) eijs ejnom
0 = density of air

wi, wy, ws, Xi, § = filtered signals

Introduction

EROELASTIC systems exhibit a variety of phenomena in-
cluding instability, limit cycle oscillations, and even chaotic
vibrations.! =3 Flutter is an oscillatory aeroelastic instability caused
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by unsteady aerodynamic loads."> Active control of aeroelastic
systems is a problem of considerable interest. For flutter suppres-
sion, feedback controllaws have been developedby researchers *~!°
Piezoelectric actuation has been considered for flutter control in
Refs. 10 and 11. In these studies, linear control theory has been
used for the design of controllers. Based on a linear determinis-
tic autoregressivemoving average aeroservoelasticmodel, a digital
adaptive controller for active flutter suppressionhas been derived in
Ref. 12. Because the linear design is often not adequate, researchers
have focused their attention on nonlinear aeroelastic models and de-
veloped control systems.'*~!3 Although nonlinearities arising from
control saturation, free play, hysteresis, structural stiffness, and sta-
bility derivatives are encountered in aeroelastic systems, nonlinear
structural stiffness may play a dominantrole in causing the onset of
flutter.

Recently, experimental results have been obtained using an
aeroelastic apparatus that permits a prescribed nonlinear structural
stiffness.'” In a series of interesting papers, Ko etal. have considered
control of this aeroelastic system based on feedback linearization
theory'® and adaptive control technique.!” The inverse controller
design requires complete knowledge of the system parameters, and
adaptive control law design requires knowledge of the structure of
the nonlinear functions.'®!7 Furthermore, for the synthesis of con-
trollersin Refs. 16 and 17, it is assumed that all of the state variables
are available for feedback. Certainly, it is desirable to relax these
stringentrequirements for the design of aeroelastic control systems.

The contributionof this paper lies in the developmentof new con-
trol systems for the control of a nonlinear aeroelastic system based
on variable structure model reference adaptive control (VSMRAC)
theory.'®=2 It is assumed that the system has uncertain parameters,
and moreover, the structure of the nonlinear functions in the model
is unknown. Control systems for the trajectory control of plunge
and pitch motion, using a trailing-edge flap, are designed. For the
synthesis of these controllers, only the output variable (pitch angle
or plunge displacement) for feedback is used. In the closed-loop
system, the output variable (pitch angle or plunge displacement)
asymptoticallytracks the referencetrajectory and convergesto zero.
It is noted that, unlike the customary adaptive schemes,?' parame-
ter divergence cannot occur in the closed-loop system because the
control laws derived here do not use integral type adaptation laws.

Itis pointed out thata VSMRAC system for the wing-rock control
of a second-order model of slender delta wings has been recently
designed?> However, the fourth-order aeroelastic system differs
from the deltawing modelin an importantway as the aeroelasticsys-
tem has zero dynamics of dimension two, but the delta wing model
has no zero dynamics. It is well known in a qualitative sense that
output trajectory control of systems that have exponentially stable
zero dynamics is possible with internal stability in the closed-loop
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system. However, for a successful applicationof the VSMRAC the-
ory to aeroelastic systems with unknown dynamics, it is necessary
to examine the transient behavior of the zero dynamics. Zero dy-
namics have significant effect on the convergence property of the
state vector to its equilibrium value and the control input.

Aeroelastic Model

The prototypical aeroelastic wing section is shown in Fig. 1. The
governing equations of motion are provided in Ref. 16 as

I
-

where / is the plunge displacement and « is the pitch angle. In
Eq. (1), M and L are the aecrodynamiclift and moment. It is assumed
that the quasisteady aerodynamic force and moment are of the form

L = pU’bc,,[a + (h/U) + (1 — a)b(@/U)] + pU%bc;, B
)
M = pUb’c,, [ + (h/U) + (4 — a)b(@/U)] + pUbc,, B

The nonlinear stiffness k, () is such that
aky (@) = aky, — ky, (@)

where k,, is a constant and &, («) is the nonlinear part of ak,.
It is pointed out that although a rudimentary form of Eq. (1) is
considered here, the VSMRAC theory is applicable to models with
complex time-dependentnonlinearities and disturbance inputs. We
shall be interested in the trajectories of Eq. (1) in a bounded region
Q C R* surrounding the origin.

Consider a reference trajectory y,, that represents either a pre-
scribed pitch angle trajectory «,, for pitch angle control or a plunge
displacement trajectory £, for plunge motion control. Appropriate
reference trajectory is generated by a second-order command gen-
erator. We are interested in deriving control systems so that « tracks
a, or h tracks h, asymptotically, and in the closed-loop system
the state vector (h, o, h, &)T convergesto zero as t — 00. Here T
denotes transposition.

U >

c=2% |

a*b ﬁ midchord

\— elastic axis

W

Fig.1 Aeroelastic model.

VSMRAC Law
Input-Output Representations
The system described by Eq. (1) may be written as

p (MY = (7 poveps () 3)
O () = (o) 008+ () b

where s is the Laplace variable or the differential operator and the
elements of the matrix D are

d,, = ms*+ (ch + ,och,a)s +k,

dyy = mxubs* + pUb*c; (0.5 — a)s + pU?b¢,,

“)
dy, = mx,bs® — ,oszcmas
dy, = 1,5* + [ca - pUbc,,, (0.5 — a)]s + koo — pUb?c,,
Solving Eq. (3) for « and & gives
h = ~(dn(s)cy, +di(5)be,, ) A~ (5)pbU B
—dp(s)A™! ($)ky, ()
(5)

a = (do()ey, +di (5)be,, ) A~ (5)pbU B

+di1 () AT (9)ky, (@)

where A(s) = d|dy, — dj»d,;. These input-output representations
for h and « are useful for the design of controllers.

Pitch Angle Control

First, we shall consider control system design for the pitch angle
control. The input B-output « representation obtained from Eq. (5)
is written as

@ =G, ()[B+ Gu (ks (@)] 6)

where the transfer functions G ,, and G, are given by

p1

G, {m(xac,ﬁ + c,,,ﬁ)s2 + [cmﬁ (ch + ,och,a) - ,ochmac,ﬁ]s
+khcmﬁ}pb2U2[m(Ia — mbzxé)RpT1

Z,(s) @)
Pi R,(s)

1>

G [dus)Al(s)Rp(s)}
“ Ky, Z,(5)

Here Z,(s) and R, (s) are monic polynomials given by
Z,(s) = 5" + ks + kos
and
R,(s) = (dy1(5)dxn(s) — di2(s)d> (5)) [m (Ia — mbzxj)]i1
where

XoCpy + Cy ) 0b?U?
8 B
(Ia - mbzxg)

P

Cimg (ch + ,och,a) — pUbc,,ciy

ki —
: k(/

khcm,:;

ky —
’ kd

ky = m(xaclﬁ +cmﬁ)
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Because k,,, can be positive or negative, it will be convenient to
define

B= (sgnkm)u 8)
where u is a new input. Then Eq. (6) gives

o = Gp(s)[u + G,(s)k,, (Ol)]

Gy + f(a)] C))

where G,(s) = k,[Z,(s)/R,(5)], k, = |k, | > 0, G,(s) =
sgn(km)G(h (S)v and f((}() = G(I(S)kna ((X)

Consider a reference model having input r and output «,, of the
form

a, = W, (s)r
where

Zu(s) K,
"Ru(8) 24 Py S+ Pug

m =

(10)

with Z,, = 1. The polynomial R, (s) is assumed to be Hurwitz. A
polynomial is said to be Hurwitz if its roots have a negative real
part.

For the derivation of the VSMRAC, both the aeroelastic model
and the reference model are assumed to satisfy the following
conditions: 1) the monic polynomial Z,(s) of degree 2 is Hur-
witz; 2) the sign of k,, is known; 3) the relative degree n* =
deg(R,) — deg(Z,) = deg(R,,) — deg(Z,,) = 2; and 4) sgn(k,) =
sgn(k,,).

Condition 1 implies that G ,(s) is a minimum-phase transfer func-
tion. This restrictionon Z, (s) is essential for trajectory controleven
in nonadaptive control systems design.'® The sign of k,, in condi-
tion 2 can be determined using a nominal model. Conditions 2 and
3 are easily satisfied by the choice of the reference model. The roots
of Z,(s) = 0 depend on the parameters of the system. The polyno-
mial Z,(s) is Hurwitz if and only if k, and k; are positive. Because
Cmy < 0, polynomial Z, (s) is Hurwitz if and only if

ky = m(xaclﬁ +cmﬁ) <0
(1
Cimg (ch + ,och,a) — pUbc,, ;5 <0

Itis noted thata € (—1, 0). For the parameters given in Table 1, the
firstinequalityin Eq. (11)issatisfiedifx, < —c,,, /c;, whichimplies
that a > —0.542. For these values of a, the second inequality holds
for all values of U. We assume that the parameters of the model and
the location of the elastic axis are such that these two conditions
are satisfied, and therefore G ,(s) is minimum phase. Note that k,
isnegativebecausek, < 0 and the momentof inertia (I, — mb®x?2) is
positive. This impliesthat 8 = —u. Under the assumptionthat G , ()
has stable zeros, it follows from Eq. (7) that G, (s) is a stable transfer
function,and it also follows from Eq. (7) that for a bounded function
(1), function f («) is a bounded function.

Table1l System parameters

Parameter Value

b 0.135m
ki 2844.4N/m
Ch 27.43 Ns/m
Cq 0.036 Ns
P 1.225 kg/m®
ci, 6.28

cl 3.358
Cmg 0.54a)c,
Cmp —0.635
m 12.387kg
Iy 0.065 kgm?
X [0.0873 —(b + ab)1/b

Consider a controllable and observable representation of Eq. (9)
as given by

x=Ax+bu+ f(a)), o= Hx (12)
where G, (s) = H(sI — A)~'b. It is noted that the knowledge of
matrices A, b, and H is not essential for the design of the controller.

For the synthesis of the pitch angle controller, we introduce the
following filters:

oblewl-i—gu, O;’zZsz-’—gO( (13)
where w,, w, € R*, g € R3,
A=A —ho 1
F=| 1 0 o |, g=10 (14)
0 1 0 0
and A; are the coefficients of
A@s) =det(s] — F) =% + 182 + 415 + X (15)
Define w = [w!, o, w!, r]" € RS,
For f(a¢) = 0, there exists a unique constant vector 8* =
(63,05, 65, c;]” € R® with 7, € R® and 6, €sR* such that

the transfer function of the closed-loop system with u = "' w
matches W, (s) exactly;i.e.,

a=G,(s)u=G,(5)0" w=W,(s)r (16)

The parameter vector 0" satisfying Eq. (16) is obtained by
solving?®

05 VSR, () + Ky (021 7(5) + 0, A($)) Z,(5)

= AR, (5) = Zp(5) R (5)] a7

¢y =kn/k, = ()

where v(s) = [s2, s, 1]7.

The adaptive controller, which is to be presented here, has many
similarities with the controller designed in Ref. 22. Therefore, only
the essential steps in the control design are given. For the derivation
of the control law, one has to obtain a representationof the tracking
error ey in suitable form. Defining X = (x7, w”, wl)" € R, the
system described by Eqs. (12) and (13) can be written as

X:AOX+bou+l_70f, O(:H(-X (18)
where
A 0 O b
Ag=| 0 F 0], by=|g
gh” 0 F 0
»
bo=|0], H, =[H,0]
O_
Define
(O3] _O E 0
al=|H 0 o|xENx
(035} _O 0 E

Now using if = u — u* = u — 0*" w in Eq. (18) gives
X=AX+b.*i +b.r+b,f, a=HX (19)

where A, = Ay + bo[o*le .05, B*sz]N and b, = cjbo. For u = u*
and f = 0, one has ‘

Wm = H('(SI - A(')ilb(' (20)
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Therefore, the output of Eq. (19) takes the form

o =W, ()r+ k"W, ()i + f.(2) 21

where

fel@) =W, () f (@), W, (s) = H.(sT = A)"'by  (22)
Because W, (s) is a stable operator, f(«) is bounded whenever « is
a bounded function.

In view of Eq. (20), a nonminimal realization of the reference
model is

X, =AX, +b.r, a, = H.X, (23)
where X,, € R'C.
Let the state vector error be ¢ = X — X,,. Subtracting Eq. (23)
from Eq. (19) gives the error equation
é=Ae+buiti+bf, eo = He (24)
where the pitch angle tracking erroris ¢y = a — «,,. Using Eq. (24),
the output tracking error can be written as

eo = k* W, ()i + f. () 25)

Equation (25) is important for the derivation of the control law.

Table2 VSMRAC algorithm

833

For the synthesis of the controller, it is essential to introduce a
chain of auxiliary errors (e;). Because the relative degree n* of the
reference model is two, a polynomial L (s) of degree (n* — 1) is
chosen so that W, (s) L, (s) is strictly positive real. We select L, (s)
of the form

Li(s) =(s+1)/x

where A is a positive real number.
Now, we introduce the following set of filtered signals:

&o :Lflgl

where x; = u,§, = w, and §; = (§,...,&;s). These signals
are used to generate a chain of auxiliary error signalse; (i =0, 1).
Based on the results of Refs. 18-20, the complete algorithm for the
aeroelastic control is given in Table 2.

In Table 2, ,,,m and k,onm are nominal values of the parameters
0" and «*, respectively, obtained from some nominal model of the
plant. Also € > 0, €; > 0, and the upper bounds 6;; (i = 0, 1 and
j=1,...,8),k,and g (i =0, 1) fora € Q, C Q are defined as

X0=Lf1X1,

) *
) elj > |91 - ejnom

éOj > )0|9;k - ejnom ) Kk > |)0 - 1|

gO > Sup(knom Wle)ilf;' = Sup(knom Wle)ilwmf

=0 =0

(26)

g > supcSanlf(. = supcéWﬂjlef

=0 =0

where 6 denotes the jth element of 0" and p = K*/Kpom. Note
(Knom W L1)™'W,, and W' W, are strictly proper and proper stable
transfer functions, respectively,and f is a bounded signal for « in

Variable Definition g ! .
— a bounded set 2. Also, (ug).q is the equivalent control, which can
Auxiliary errors be formally obtained by setting é)() = 0 in the dynamical system
Ya = Kknom Wm L1 [uo Ly ul] governing the error ¢;,. The signal (¢9)cq can be approximated from
€ =a—ay uy by means of a low-pass averaging filter.>* Figure 2 shows the
e =e0=Yo closed-loop system.
e = (uo)eq — Ly (u1) Now considerthe VSMRAC law of Table 2. Then accordingto the
Modulation functions {esults of Refls. 1ti—2f() ]flor any trajectc;.ry e\;gltvhing in €, /tlze cloge;i;
T 8 2 e |, - oop system has the following properties: eerrorse. (i =0,
fo zk |);° ?"‘““EO| + Zj:l bj |E°’ | t8o+eo all converge to zero in finite time and 2) the pitch angle tracking
A > Z,- _, 01 |51,- | +81 te error e, converges exponentially to zero.
The signals w;, i = 1,2, are used for computing the modula-
Control law . . L .
w — £ sen(e)) tion functions. Although the control law of Table 2 is discontin-
i ' _ OI, T uous, smooth approximations of the switching functions are used
_ _ for the synthesis to avoid control chattering. For this purpose, one
u = —ui + Upom = Sg“(km)ﬁ i
0w replaces sgn(n) by sat(n), where sat(n) is defined as sat(n) =
Ynom — “nom sgn(n) if |(n)| > &, and sat(n) = (n/8) if |(n)| <§. Here, § is the
r Reference
Model a  {orh,)
o Te I I K
N A ~5 0
a -
Unom + » ™ U Sentk ) B Aeroela§tic (or hy
o _» ./ pi Dynamics
nom _ Ya +
knomeLl
Ut | | Filter Filter -
;ﬁ)l ¢ W,
L
2O
' 3 (UO) eq Ts+l
1

Fig.2 Closed-loop system.
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boundary-layer thickness. The lower bound functions of the mod-
ulation functions f; are obtained on-line using the expressions in
Table 2 and the available signals & and x,. Because the choice of
the modulationfunctionssatisfyingthe inequalitiesin Table 2 is only
sufficient for stability in the closed-loop system, a practical way is
to choose an overestimated value of bound g; in the computation of
the modulation functions, by observing simulated responses of an
approximate aeroelasticmodel for a set of initial conditions. A sim-
plified relay VSMRAC law is obtained when modulation functions
are replaced by appropriate constants satisfying the conditions of
Table 2.

It is noted that for the aeroelastic system, it is desired to regulate
h and & to zero. Thus, one sets 7 = 0 in the reference model for gen-
erating a command input «,, () converging to zero. The VSMRAC
law accomplishesregulation of pitch angle to zero. When the pitch
angle s zero, the nonlinear functionk,, () vanishes. Setting @ = 0
and eliminating 8 in Eq. (5), the evolution of 4 is described by
the zero dynamics of the system represented by a linear differential
equation given by

(dai (s)cip +dii (8)beyp)h =0
which implies that
Z,(s)h =0

Because Z,(s) is assumed to be Hurwitz, it follows that 2(t) — 0
exponentially. Thus, in the closed-loop system the VSMRAC law
accomplishesregulationof the state vector (h, a, i, &) to the origin
in the state space.

Plunge Motion Control

For the plunge motion control, the output variable chosen is the
plunge displacementy = A. In this case the input S-output 72 map
is described by

h = —(dn(s)A™" (5)ci, + dia(s) A (5)be,, ) pbU? B

—dj A7 (8)kn, (@)

= G, ()[B+ War()ky, (@) ] 27)
where
—1 2, A Z,,(s)
G (8) = = (dna(s)cy, + dia(9)be,, ) A (5)pU b =k
R,(s)
and
-1
Gdz (S) — _ Rp(s)dIZ(S)A (S)kna ((X) (28)

kp,Zp, (5)

The monic polynomial Z,, of second degree is easily computed
from Eq. (27). The high-frequency gain &, is given by

P —,obUz(Iac,ﬁ + bzcmﬁmxa)

p2

ml, —m2b2x?2
The control input B is defined as
B = sgn(k,,)u

where u is a new input. For the derivation of the VSMRAC, it is
assumed again that G, (s) is minimum phase. The derivation of
the control law is done in a similar manner as described in the
preceding section and, therefore, is not repeated here. The control
algorithm is obtained from Table 2 by replacing the pitch angle
tracking error by e = h — h,,, where h,, is the reference plunge
displacementtrajectory.In this case, modulationfunctions f; depend
on«. Overestimated constantmodulations are used for the synthesis
of the controller. Of course, the lower bounds of the modulation
functions have different expressions, which are derived following
the steps outlined in the preceding section.

Here h,, (t) is a reference trajectory converging to zero generated
by the reference model of Eq. (10) with r = 0. The VSMRAC

accomplishes tracking of 4, (¢) and regulation of A(?) to zero. In
the closed-loop system, when A(¢) = 0, it is seen from Eq. (3) that
the zero dynamics are described by

dix(s)a = —pU’bcy, B

(29)
d22 (S)(X = )OUZbZCMﬁﬂ + kn,, ((X)
Eliminating 8, the nonlinear zero dynamics are given as
(b, dia(s) + ciydn(s) Jo — ik, (@) = 0 (30)

Because, by assumption, G, (s) in Eq. (28) is minimum phase, in
view of Eq. (27), the polynomial

n,(s) = [bcmﬁdlz(s) + Clﬁdzz(s)]

is Hurwitz. Substituting the expressions for dj, and d,,, it easily
follows that n,,(s) is Hurwitz if and only if

Uzbz,o(c,a Cmy = Cm, czﬁ) + kg o
>
k(lZ

(31
oy, + 0 pU (0.5 — a)(cmﬁc,a — cmac,ﬁ)

>0
k(lZ

where
kg = (Iaclﬁ + bzmxacmﬁ)

For the values of parameters in Table 1, k,, is positive. It is easily
verified thatfor —1 < a < —0.5+ (¢ /ciy) = —0.6891,

ClyCmy — Cmy €1z = 0 (32)

and both the inequalitiesin Eq. (31) hold for all values of U .. But for
—0.6891 < a < 0, these inequalities in Eq. (31) are satisfied only
if the velocity U satisfies

U< min{(;ﬁkuo)%, catt"[b(0.5 — a)]’l} (33)

where u* = c,ﬁ/[bz,o(cma €1y — €1,Cny)]. The stable region in the
a-U plane satisfying Eq. (33) is shown in Fig. 3. Note that for
—1 < a < —0.6891, the zero dynamics are stable for any U, and in
Fig. 3, U tends to infinity as a tends to —0.6891 from the right.
For minimum phase G ,,, the equilibrium point (¢, &) = 0 of
Eq. (30) is locally exponentially stable. This implies that as the
VSMRAC accomplishes regulation of (¢) to zero, the pitch angle
trajectory, which remainsin a small neighborhoodof the origin, also
tends to zero asymptotically. It is evident from the zero dynamics
equation (30) that, in this case (unlike pitch angle control), one
expects somewhat complex dynamic behavior of the pitch angle.

50
40
%) 30
E
pol 20+
Unstable
10
Stable
0
-0.8 -06 ~0.4 —0.2 0
a

Fig.3 Regionina-U planefor stable zero dynamicsfor plunge control.
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Simulation Results

In this section, numerical results for the pitch angle and plunge
motion control are presented. The closed-loop system equation (1)
with the controller of Table 2 is simulated. The parameters of the
system are given in Table 1. Simulation is performed for different
values of @ and U. The transfer function of the command generator
is chosen as

A‘Z
BRCENNE

m

to obtain exponentially decaying command trajectories. The initial
conditions selected are £(0) = 0.01 m, «(0) = 5.73 deg, and
(h(0), @(0)) = 0. The initial conditions of the command generator
are set as «,, (0) = «(0), a,,(0) = 0 for the pitch angle control and
h,,(0) = h(0), h,,(0) = 0 for the plunge motion control. The value
of modulation functions f;, the boundary-layerthickness 8, and the
parameter t of the averaging filter are selected after several trials
by observing the simulated responses. For simulation, it is assumed
that |8] < 20 deg and B is set to its limiting values whenever
it exceeded the prescribed limits. The maximum tracking error is
denotedas e,,,. Figure 4 shows the responseof the open-loopsystem
(B=0,a =—-04,and U = 15 m/s). For the uncontrolled system,
« and h undergo persistent periodic oscillations.

500

a. (degls)

-500
-10 0 10 20

Fig.4 Response of uncontrolled system.

6
5
s
R
=4 O m
53
. o
=2
3
0
0 5 10

15 20
Time (sec)

a) Pitch angle o and o,

0.5

(deg)
(&

0 5 10 15 20
Time (sec)

b) Tracking error ¢y = o —

Case A1

For case Al, the closed-loop system fora = —0.4 and U = 15
m/s is simulated. The controller parameters are selected as A =
04, fo = fi =500, kyom = 30,7 = 0.001, and § = 0.5. The re-
sponsesare shownin Fig. 5. We observe smooth pitch angle tracking
control in about 18-20 s. Because the G, (s) is minimum phase,
plunge displacementalso convergesto zero. The maximum tracking
error (o — ayy,) is 1.3 deg.

Case A2

Simulationis done for the model of case A1, buthigher freestream
velocity U = 20 m/s is assumed. Because responses are somewhat
similarto those in Fig. 5, these results are not shown here. Inasmuch
as the control effectiveness matrix is larger, small control input (less
than 13 deg is required in this case. The maximum error e,,, is less
then 0.6 deg.

Case A3

Simulationis done for the model of case A2, but a different value
of a = —0.45 is chosen. The selected response is shown in Fig. 6.
Although, a larger tracking error compared to case A2 (about 3.3
deg) is observed, regulation of both the pitch angle and the plunge
displacement to zero is accomplished.

AUm

S

0] 5 10 15 20
Time (sec)

Fig. 6 Pitch angle control,a = —0.45and U = 20 m/s.

0 5 10 15 20
Time (sec)

¢) Control input 3
x 107

10

h{m)
N

-2
0 5 10 15 20
Time (sec)

d) Plunge displacement &

Fig.5 Pitch angle control,a = —0.4 and U = 15 m/s.
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x 107
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) -5
E e 5
= 4 g-10
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2 ~15
h
0 -20 1
-2 25
0 10 20 30 10 20 30
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Fig.7 Plunge motion control,a =—0.68 and U = 15 m/s.
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Fig.8 Plunge motion control,a =—0.75 and U = 15 m/s.

Case B1

The closed-loopsystemforplunge motioncontrolwitha = —0.68
andU = 15 m/sis simulatedin which the controllergivenin Table 2
with e = h — h,, is synthesized. The controller parameters are
chosen to be A = 0.8, k,om = 6, fo = fi = 500, = 0.001,
and § = 0.5. The model parameters are chosen as a = —0.68
and U = 15 m/s such that the zero dynamics are stable. For these
values, the transfer function G, (s) is minimum phase. Responses
are shown in Fig. 7. The plunge displacement smoothly follows the
command trajectory and converges to zero. The response time for
h is quicker because a faster command generator (A = 0.8) has
been used. Because the zero dynamics are nonlinear, oscillatory but
convergent o response is observed in this case.

Case B2

Simulation is done using the model of case B1, but the speed U
is increased to 20 m/s. A smaller control input (less than 18 deg)
and tracking error ey = (h — h,,) (less than 2.1 x 1073 m) are ob-
served. The state vector asymptotically converges to zero. Because
the responses are somewhat similar to those of case B1, case B2
responses are not shown.

Case B3

The model of case B1, witha = —0.75 and U = 15 m/s, is
simulated. For this value of a, the zero dynamics are stable. Selected
responses are shown in Fig. 8. Again convergentresponses for the
pitch and plunge motion are observed. Compared to case B1, the
tracking error is relatively small (less than 2.1 x 107 m).

Conclusions

Active control of an aeroelasticsystem s presented. Based on the
variable structure adaptive model reference control theory, control
systems for pitch angle and plunge displacement trajectory control
are derived. Interestingly, for the synthesis of the control systems,
only the tracking error is required, and the knowledge of system
parameters and the nonlinear model structure is not assumed. This
is an important feature because the nonlinear stiffness of model is
difficult to model. In the closed-loop system, tracking error asymp-
totically tends to zero, and the state vector is regulated to the origin.
Simulation results are presented that show that, in the closed-loop
system, precise trajectory control of pitch angle and plunge dis-
placement is accomplished. Furthermore, it is seen that regulation
of the state variables to the origin is accomplished in spite of the
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unmodeled structural nonlinearities and parameter uncertainties in
the aeroelastic model.
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