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Aeroelastic response and control of airfoil-flap system exposed to sonic-boom, blast and gust

loads in an incompressible subsonic flowfield are addressed. Analytical analysis and pertinent
numerical simulations of the aeroelastic response of 3-DOF airfoil featuring plunging-pitching-
flapping coupled motion subjected to gust and explosive pressures in terms of important char-

acteristic parameters specifying configuration envelope are presented. The comparisons of
uncontrolled aeroelastic response with controlled one of the wing obtained by feedback control
methodology are supplied, which is implemented through the flap torque to suppress the flutter
instability and enhance the subcritical aeroelastic response to time-dependent excitations.
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A . System matrix for first order differential
equation

A;B: . Aerodynamic lag state variables

a . Elastic pitch angle

b . Semi-chord

B  Control input matrix

B . Flap angle

c  Nondimensional distance to flap hinge
line from the elastic axis

C . Output matrix

d . Nondimensional distance to elastic axis
from leading edge

G . Disturbance input matrix
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spring

. Filter gain matrix

Aerodynamic lift and moment, respec-
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. Mass matrix

Static moment of pitch and flap angles

. Unsteady torque moment of flap spring
. Control input vector
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. Flutter speed
 Gust vertical velocity

External disturbance

. Horizontal and vertical coordinates
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xea - Elastic axis position from the mid-chord,
positive rearward

Y . Column vector of plunge, pitch and flap
displacement

[ ]T : Transpose of a matrix

1. Introduction

The increasing need for highly flexible, and
light weight structural flight vehicles, capable
of operating in severe environmental conditions
requires to be exposed to more severe environ-
mental conditions than in the past. This requires
a great deal of research toward a deeper under-
standing of the effects of arbitrary time-depen-
dent external excitations, such as blasts, fuel
explosions, sonic-booms, and gust loads etc.
(Marzocca et al., 2001 ; 2002)

Under such circumstances, even in the condi-
tion of flight below the flutter speed, the wing
structure will be subjected to large oscillations
that can result in its failure by fatigue. Passive
methods to overcome the problem include added
structural stiffness, mass balancing, trailing edge
modification, and speed restrictions. (Yoo, 2001)
However, all these attempts to enlarge the opera-
tional flight envelope and to enhance the aero-
elastic response result in significant weight penal-
ties, or in unavoidable reduction of nominal
performances. In this regard, Moon proved that
passive damping methodology using piezoelectric
materials with resonant circuit can effectively at-
tenuate the flutter.(Moon et al., 2002) In the same
context, it is still correct to say that there is a need
and a considerable interest in alternative methods
of increasing the flutter speed beyond the original
unaided value. All these facts fully underline the
necessity of the implementation of an active con-
trol capability enabling one to fulfil two basic
objectives : a) to enhance the subcritical aero-
elastic response, in the sense of suppressing the
wing oscillations in the shortest possible time,
and b) to extend the flight envelope by sup-
pressing flutter instability and so, of contributing
to a significant increase of the allowable flight
speed. With this in mind, in this paper the active
aeroelastic control of a 3-DOF (three degree of

freedom) wing system exposed to an incompres-
sible flowfield will be investigated. The aero-
elastic model adopted herein is that of a thin air
foil immersed in a nonviscous, unsteady incom-
pressible flowfield. This model is able to capture
most of the dynamics of a three dimensional wing
and for this reason is still well used in linear and
nonlinear analysis. (Horikawa and Dowell, 1979 ;
Vipperman et al., 1998)

In the last two decades, the advances of the
active control technology have rendered the ap-
plications of active flutter suppression and active
vibrations control systems feasible.(Horikawa
and Dowell, 1979 ; Lazaraus et al., 1995) In a
classical sense, the active flutter and vibration
suppression control is adopted by employing a
control surface as a primary control. Its deflection
is commanded by a suitable control law, i.e. by
a relationship between the motion of the 2-D
wing section and the control surface deflection.
However, due to unmeasurable aerodynamic lag
states, developing an active control using full-
state feedback is not viable. The use of a state-
estimator is a more practical way of developing
active controllers. In the present paper, both neg-
ative velocity feedback control methodology and
LQG scheme are implemented, and some of their
performances are put into evidence. Even though
LQG method gives better performance as expect-
ed, we continue discussing velocity feedback con-
trol, as the LQG would require six sensors to
implement in this case, while velocity feedback
control requires only one.(Shim and Na, 2003)
From a physical point of view, the active control
is achieved by deflecting the control surface in
a manner that alters the overall nature of the
aerodynamic forces on the wing, as to change in
a beneficial way the dynamics of the wing struc-
ture.

In the present paper, the aerodynamic forces
are used for the case of time-dependent arbitrary
motions of a 3 DOF airfoil featuring plunging-
pitching-flapping deflections, which are derived
from the Theodorsens equations using Wagner’s
function. (Edwards, 1977)

In spite of the interest and intense research
work concerning modeling and analysis for the
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effects of the characteristic parameters of ex-
plosive pressures such as sonic-boom and blast
loads through the atmosphere to wing-type struc-
tures, few results concerning the aeroelastic re-
sponse to various loads can be found in the
specialized literature. It should be noted that the
time domain formulation of the lifting surfaces
is essential towards determination of the dynamic
aeroelastic response to time-dependent external
loads. The principal goal of the paper is that
of investigating in the subcritical aeroelastic re-
sponse of 3-DOF wing type surfaces to gust and
explosive loads associated with uncontrolled/
controlled mode. To this end, a conventional con-
trol methodology using negative velocity feedback
control law and the Linear Quadratic Gaussian
(LQG) method are implemented and their per-
formances toward enhancing the aeroelastic re-
sponse in the subcritical flight speed range are
demonstrated.

2. Configuration of the 3-DOF
Wing-Flap Model

Figure 1 shows the typical airfoil-flap section
that is considered in the present analysis. The 3~
DOF configuration associated with the airfoil
appears clearly from Fig. 1. In order to provide
the proper restraining forces so that the airfoil
behaves as part of an attached wing, one assumes
the existence of linear and torsional springs.
(Scanlan and Rosenbaum, 1951 ; Edwards, 1977)
The stiffness coefficients for these springs are

Fig. 1 3-DOF wing-flap section

given by K, and K., respectively. The torsional
flap spring with stiffness coefficient Kj provides
a restraining force on the control flap. The con-
trol force is given by a torque applied to this
spring. The plunge displacement is denoted by
h, the pitch angle, @ and the flap angle of the
controlling flap, 8. The plunge is measured posi-
tive downward. The pitch, or the angle of attack,
is measured from the horizontal at the elastic
axis of the airfoil, positive nose-up.

The flap angle is measured from the axis
created by the airfoil at the control flap hinge,
positive flap-down.

3. Governing Equations of the
Aeroelastic System Model

The governing equations pertinent to the 3-
DOF aeroelastic systems can be found in the
classical aeroelasticity monographs (Edwards,
1977 ; Olds, 1997). In matrix form the equations
governing the aeroelastic motion of a 3-DOF
wing system can be written as : (Olds, 1997 ; Bail,
1997)

MY (1) +KY(£)=—[L+(¢) M:(t) Tx(£)]7 (1)

In this equation the column vector of plunging/
pitching/flapping displacements is defined as

Y()=[hr(t) a(t) ()] (2)
where
m Sa Sﬂ
M=| S, Iy I+ bcSs (3)
Se Is+bCS, I
K., 0 0
K=|0 K, 0 (4)
0 0 K;

denote the mass and stiffness matrices, respective-
ly.

The second order aeroelastic governing equa-
tion can be cast in a first order state-space form
in order to implement various feedback control
laws as:

X (#) =AX(#) +Bu(t) +Gw(#) (5)
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The state vector X (t) is given by

X(8)=[h(t) a(t) B(t) h(t)/b alt) B(P) (
Bi(t) B:(t) Ai(2) A(8)]T

where the last four states, Bi(f), B2(¢#), Ai(f)
and A.(¢), are the aerodynamic lag states. The
control input u{#) is the torque applied to the
flap. The input w(¢) is an external disturbance
represented by a time-dependent external excita-
tion, such as gust; G is the disturbance-input
matrix, while B is the control input matrix that
is given by

6)

=IL[(M—‘[0 01]H70000000]" (7)
B
4, Time-Dependent Loads Associated
with Aerodynamic Loads and
Explosive Loads

4.1 Configuration of the aerodynamic loads
The aerodynamic load vector appearing in Eq.
(1) is expressed in terms of its components as

Lr(t) =L(t) +Lc(f) (8)
Mr(8) =M (t) + My (2) 9
Tr(t) =T (t) + Tyc(2) (10)

where L, M and T denote the aerodynamic lift
(positive in the upward direction), the pitching
moment about the one-quarter chord of the
airfoil (positive nose-down), and the flap torque
applied to the flap hinge, respectively.

The second terms of the right sides in the
expressions (5)-(7) are due to the wind gust. In
this respect, for the gust loading we have (Dowell,
1978):

c(t) =’£tILG(t—O')—u%/G—dO‘ (1
My (t) =’/o-tIMG(t—O')w—VGdO (12)

t
Tyo(t) = [ Lo(t—0) % do (13)
o
where Ir¢, Iuc and Irc are the related indicial
impulse functions. For the incompressible flow,
we have:

ILG=47F¢ (14)
Tue=1Ic(1/24 xx4/ b) (15)
Iig=0 (16)

The Kssner’s function ¢ is a approximated by :
¢(t)=1-05¢"%—05¢7" (17)

In the time domain, aerodynamic loads have the
forms as follows :

L =7rpbz[iz‘ (t) — bast(t) +5b7;a>4[é(t) +Valt)
(18)
+Loup(0) [+210VBD (1)

M) =npb3[—aﬁ(t) +b<—l— a2>h"(t)

+b @73(1‘) +(+—a)va®

(19)
+g cD.;B(t)—”b— d)sﬁ(t)]
—27rpb2<%+a) VD(t)
T(t>=:rpb2{(iw4)iz‘<> (”2 o)1)
(o 02)(0 +(SF- 0)att
(3; 4311)/5’( )+ ( ? (Dm)lg( )]
+mo VbP(t)

The functions D(¢) and P(¢) are Duhamel Inte-
grals given in Appendix A.

4.2 Gust, blast and sonic-boom pulses

Herein, the response of 3-DOF wing system to
gust, explosive blast and sonic boom overpres-
sure signatures will be addressed. In the follo-
wing developments, Kiissner’s function derived
for sharp-edged gusts will be used to determine
the aeroelastic response to gusts of different
shapes. In this context, gusts of selected shapes,
implying specific time variations of their velocity
distribution will be used. Such distributions used
in this study are: (a) sharp-edged gust (Fig. 2
(a})), (b) 1-COSINE gust (Fig. 2(b)), (c) trian-
gular gust (Fig. 2(c)) and (d) graded gust (Fig.
2(d)). Their analytical expressions are :
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sharp-edged gust: we(7) =H (1) wo triangular gust :

1-COSINE gust : 0eld) =2w.,i(H(r)—H<r—i)) (21
we(r) =H(z')% wo(l—cos %) —z:(i—IXH(r—hzc)—H( r—lc—))
[ 2

1 T
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Fig. 2 (a) Sharp-edged gust (b) 1-COSINE gust (c) Triangular gust (d) Graded gust (e) Blast load
(f) Sonic-boom
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Herein, the Heaviside step function H (z) has
been introduced to describe the typical velocity
distribution corresponding to the various types of
gust load. For the case of blast loadings, various
analytical expressions have been proposed and
discussed (see, e.g., Gupta, 1985; Birman and
Bert, 1987). As it was clearly shown based on
experimental evidence, the blast wave reaches the
peak value in a short time and can be described
in terms of the modified Friedlander exponential
decay equation as:

B=Pu(1=-L)eeee (22)

Iy

where Pp denotes the peak reflected pressure, %
denotes the positive phase duration of the pulse
and @  represents a decay parameter which has
to be adjusted to approximate the overpressure
signature. A depiction of the ratio P,/ Py vs time
for various values of the ratio @’/# and a fixed
value of ¥, is displayed in Fig. 2(e). Regarding
the sonic-boom loadings, it can be modeled as
an N-shaped pressure pulse arriving at a normal
incidence. Such a pulse may be produced by an
aircraft flying supersonically in the earth’s atmos-
phere or by any supersonic projectile rocket or
missile. The N-wave shock pulse can be described
by

_t
Py_{P,,.(l tp) for 0<£<rty o

0 for t>7"tp

where » denotes the shock pulse length factor,
and P, and f{, maintain the same meaning as in
the case of blast pulses. It may easily be seen that
i) for =1 the N-shaped pulse degenerates into
a triangular pulse; ii) for =2 a symmetric
N-shaped pressure pulse is obtained; while
iii) for 1<#<2 the N-shaped pulse becomes an
asymmetric one as shown in Fig. 2(f).

5. Design of Control Methodology
and Stability Analysis

Within the present simulations, a standard
negative velocity feedback control law and LQG
control law will be applied, respectively. In the
present case, due to the fact the proportional

and acceleration controls were proven to be less
efficient, only combined velocity feedback control
will be addressed. As a result, herein, plunging/
pitching velocity feedback control and their com-
binations are used. These relates the control input
u(#), ie., the required flap deflection angle, to
the decoupled plunging and pitching velocities
of the main airfoil surface. Hence u(#) is re-
presented according to the law

u(t) =—gu(h/b) —gala) (24)

Herein g» and g, are the corresponding control
gains.

In the context of optimal control taw, a Linear
Quadratic Regulator (LQR) technique is initi-
ally used where the optimal regulator problem
is to find a control input u(#), which drives the
states X(f) to zero in an arbitrarily short time.
The optimal full-state feedback gain required
to achieve this task is obtained by minimizing
a scalar performance index (Na and Librescu,
2000)

_ {¥ryr T
]—fo [X'ZX +u"Ruldt

y (25)
~ [“l¢"™Ma+a'Ka+uRuldt
where
K 0
Z_[o M] (26)

Note that the state weighting matrix Z was
chosen so that the first term in the cost function
represents the sum of the system kinetic and
potential energies.

Herein if the terminal time #; approaches
infinity, the Riccati gain matrix P(#) becomes
a constant P¢ which is the solution to the non-
linear algebraic Riccati equation.

A™Pc+PcA—PcBR'B™Pc+Z=0 (27)

The optimal controller for the controlled system
can be obtained in this case as

u(t) =—R'B"Pc(t) X (t) (28)
and
I u (t) | <Umax (29)

where Umax represents the maximum control input.
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While the LQR design provides a robust con-
troller, the unavailability of all states for feed-
back makes the design impracticable. In this re-
spect, an LQG design, which uses noise~corrupt-
ed outputs for feedback, is used as a controller.
The practicality of the LQG design also lies in
the assumption that the uncertainty is represented
as an additive white noise. It is assumed that
additive process noise v and the measurement
noise n are uncorrelated zero-mean, Gaussian,
white-noise. The corresponding state space equa-
tions are given by

X(t)=AX(¢#)+Bu(t) +Gw(t) +v(¢) (30a)
y=C X+n(t) (30b)

where y is a measured output while v, the plant
noise and n, the measurement noise are white
and Gaussian with joint correlation function

&([V Jvonw)=[) olse-a G

For the present case, V and W are defined to be
V=/[Tiox10], and W=Igxe]

The associated control input is obtained such that
the system is stabilized and the control minimizes
the cost function

Z 0}[X(t)

]Loc=Lirle E{ /oT[X(t) ()] {0 Rllu(t)

}dt] (32)
The matrice Z is defined earlier and R is defined
to be

R=al (33)

Herein « is a scaling factor and I is an identity
matrix.

The LQG design methodology is a combina-
tion of LQR and a Kalman filter as the state
estimator. In LQG design the measured output
is used to build a state estimator for the system.
This state estimator is of the form (Dorato et al.,
1995)

adFX[Aﬁ-LC]X—Ly-l'Bu(t) (34)

The control law makes use of this estimator and
is defined by

u(t) =—XX (35)

The control gain K. and the filter gain L are
defined as, respectively (Dorato et al., 1995)

K.=—R™'B'P (36)
and
L=—1IC'"W! (37)

Hence, we expect that u(t) stabilize the system
much like LQR utilizing full-state feedback. The
LQG controller is built by first solving the de-
coupled algebraic Riccati equations

A™P.+P.A—PBR'B"P.+Z=0 (38)
AI+ITA™—[ICTW'ICIT4+V=0 (39)

6. Results and Discussions

The considered geometrical characteristics of
the 3-DOF wing system are used in the work by
Edwards (1977), of which corresponding data
are shown in Table 1, and the associated flutter
speed is V»=271.3 m/sec.

The critical value of the flutter speed is ob-
tained herein via the solution of both the com-
plex eigenvalue problem and from the subcritical
aeroelastic response analysis. The flutter charac-
teristics obtained via the present approach, are
in excellent agreement with Edwards (1977) and
Olds (1997). In the presence of external time-
dependent excitations, the determination of the
time history of the response quantities (%, @, 8),
at any flight speed lower than the flutter speed,
requires the solution of a boundary-value pro-
blem (Na and Librescu, 1998). Z(=%/b) denotes

Table 1 Geometrical characteristics of the 3-DOF
wing system

b=0.9144(m) Ky=50"m
xea=—04 K.=100I,
c=10 Ka=300°I;

= kg = (k_g
m=128.6820( X&) p=12252(-%)

P
Ip=0.672466(kng> Se=1.4706 (kg)

L =26.8280< 53;—’"2)

S.=23.53333(kg)




Aeroelastic Response of an Airfoil- Flap System Exposed to Time-Dependent Disturbances 567

nondimensionalized plunging displacement. Fur-
thermore, Figure 3 depicts the variations of flut-
ter speed Vp, against velocity feedback gains gy,
and gx. The result reveals that the flutter speed
increases in a certain range with the increase of
the feedback gain until a maximum value, beyond
which a sharp drop of the flutter speed is ex-
perienced. The nominal point of the g, occurs
farther after the one of the g, which is not
shown in the result. The similar trend of both
authority and limitation of the velocity feedback
gain is also found in Shim and Na (2003). The
aeroelastic stability characteristics are obtained
by finding the eigenvalues of the corresponding
characteristic equation of Eq. (1). The results of
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Fig. 3 Variations of flutter speed vs. velocity feed-
back gains
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the aeroelastic stability analysis are presented in
the form of root loci, where the solution (which
are complex eigenvalues) at each flight speed is
plotted on real/imaginary plane. In the same
context, Figs. 4(a) and 4(b) display the root
locus of the only fifth pole related to pitching
motion (dominant role in the present case) upon
which plunging/pitching velocity feedback con-
trol applied, respectively. In Fig. 4(a), one can
observe that the path of the pole mainly exist
at right half plane (RHP) of the domain even
though the value of the control gain gy increases,
which reveals plunging velocity feedback seems
not to be possible to reduce the aeroelastic re-
sponse except narrow band associated with flight
speeds and control gains. However, Fig. 4(b)
indicates that the pole moves to the left half
plane from the RHP when the pitching control
gain increases, which shows strongly positive
effect with an increase of the flight speed. In this
regard, it should be stressed again that the result
clearly shows a complete understanding of the
influence of feedback mechanism authority ; the
pitching velocity gain g, works better than the
counterpart of it, plunging velocity feedback gain
&, in the point of capability of increasing flutter
speed.

The aeroelastic response time-histories of a 3-
DOF wing-flap system subjected to gust loads
and explosive time-dependent external excita-
tions are displayed in Figs. 5-9. The plots depic-
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Fig. 4 Root locus of the fifth pole of the closed system upon plunging/pitching velocity feedback

gain applied
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ting the aeroelastic response time-histories b a
of the aeroelastic system to blast load are dis-
played in Figs. 5(a), (b). Those figures show
that with the decrease of the parameter o,
higher amplitude of the deflection are obtained.
It should be indicated that the specific condition
such as variation of parameter, @’/ in the blast
load is the dramatic role on the associated aero-
elastic response of the wing system. Figures 5(c),
(d) display the aeroelastic response &, @ of the
system subjected to sonic-boom pressure pulses,
which reveals the quantitative and qualitative
differences in the aeroelatic response due to a
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symmetric (#=2) and asymmetric (»=1.5) N-
shaped pulse. It should be pointed that corre-
sponding to the specific conditions such as varia-
tion of parameter, 7, the response to sonic-boom
pressure pulse features two distinct time periods ;
one for 0< r<7{p, that corresponds to the forc-
ed motion regime, and the other one for 7> 7,
belonging to the free motion regime. The jump
in the time-history of N-shaped sonic-boom is
due to the discontinuity in the load occuring at
7=rtp. This jump does not appear in the time-
histories of the explosive pressure pulses, where
r=1.0.
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Figure 6(a) and 6(b) display the open/closed
dimensionless response time-histories of the quan-
tities, /2, @ of the aeroelastic system operating in
close to the flutter boundary (V'=270.96 m/sec)
subjected to the graded gust (represented in the
inset of the respective figures). The results show
that the amplitudes of the corresponding response
are on the verge of increasing in time, implying
that the system is in close proximity to the flutter
instability. However, the application of the LQG
to stabilize the plunging/pitching aeroelastic re-
sponse of the airfoil appears to be successful. The
open/closed dimensionless aeroelastic responses
to blast loads corresponding plunging and pitc-

hing motion are depicted in Figs. 7(a) and 7(b),
respectively. The result shows that within the free
motion regime (i.e. for £ >10 sec) the implement-
ed control methodology is much more effective
than within the forced motion regime. The open/
closed-loop system exposed to a sonic-boom
(r=2.0) are depicted in Figs. 8(a) and §(b).
From the graph, the authority of the adopted
control law becomes fully evident again. Figures
9(a) and 9(b) show that the open/closed non-
dimensionalized aeroelastic response to sharp-
edged gust, at two different flight speeds V=
243.84 m/sec, V= V. It becomes apparent that
the amplitude of the aeroelastic response de-
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creases with the increase of the speed. However,
for V= VF the response becomes unbounded,
implying that the occurrence of the flutter insta-
bility is impending. In this connection, whereas
for flight speeds below the flutter speed, a very
little influence of the control is visible, in the
sense of a marginal influence on the time-history,
at V=V the flutter response is converted, by
control action, a stable response.

7. Conclusions

In this paper, the aeroelastic response and con-
trol of 3-DOF wing-flap systems operating in an

Time

Fig. 8(a) The counterparts of Fig. 6(a) for a sonic
-boom (7=2.0)
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V =V controlled P
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Fig. 9

incompressible, subcritical flight speed and ex-
posed to explosive time-dependent loads and gust
loads are presented. The paper also illustrates the
methodology and the importance of the imple-
mentation of the active control synthesis on the
lifting surface equipped with a flap. The closed-
loop equation of motion for the wing-flap system
is derived and the corresponding complex eigen-
value problem as well as aeroelastic response
problem is solved numerically. To the best of the
authors’ knowledge no results concerning subcri-
tical open/closed aeroelastic response of the 3-
DOF wing systems subjected to blast and sonic-
boom pressure signatures are available in the
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different flight speeds. (V;=243.83 m/sec, V= V;)
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specialized literature.
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Appendix A

The functions D(t) and P(t) are Duhamel
Integrals given by

pw=['o[Y=2V \q01do (AN
pi=[ o[V girds (a2
where (D[(t——;)—v] is the Wagner’s function
whose argument is =9V
a0 =29 (o) 40 ()b

(A3)

+L 0.8 (1) + Vo' (1) +% 0,8 (1)

Q& ( )—“’Q2 L 0w ( )+b72@aa”(r)
+2 0.0 (0 +2 0w (2) (a9
+'Zb—; O\0:53 (1)

-V
r—tb

(A5)
While @;(¢) are Theodorsen’s Constants, where
¢=arccors (—Xsuap/ b) .

The standard two-term Jones exponential ap-
proximation of the Wagenr’s function is given by

O(r)=1—me """ —me™™" ;
a1=0.165; a,=0.335; £1=0.041 ;

By replacing Eq. (A-6) in Egs. (18) and (20),
one obtain for D(#) and P(#) the expressions:

B:=0.32 (A6)

D(t) =@ (t) —aB:1(t) — @B (¢) (A7)
P(t)=Q:(t) —mAi(t) — Az (t) (A8)
where
Q(t)—h(t)+a(t)b+ (1)2,8
(A9)
+Va(t)+7d)1ﬂ(t)
Qz(t)=%¢nh(t)+b72@sd(t)
2 .
+ 2 0080 +E2 0ut) (a10)
=—I;2£'¢1¢s/3(t)



