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Abstract. This paper concerns the active aeroelastic control of wing-flap systems operating in an incompressible flow
field. The goal is to implement actuators utilizing the shape memory alloy for active flap control capability to suppress
the flutter instability. Based on the state-dependent Riccati equation method, a state feedback suboptimal control law is
found for control current applied in the system, controlling thus the temperature in the SMA actuator. The simulation
results show that the SMA nonlinear actuator leads to an better response in closed-loop system.
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NOMENCLATURE
a Nondimensionalized distance from the mid- L Aerodynamic lift force
chord to the elastic axis m Mass of airfoil per unit span
Ag  Austenite start temperature M, Aerodynamic pitching moment about elastic
axis

A;  Austenite final temperature )
Mg Martensite start temperature

b Semi-chord of the wing M e final
D Elastic modulus of the SMA material M artensite final temperature
D,  Austenite Elastic modulus T SMA wire’s temperature
Dy Martensite Elastic modulus v Free Str?al? velocity . )
] 5 SMA wire’s martensite faction factor
h Plunge displacement Maxi . .
L ) €R aximum residual strain
I, Mass moment of inertia of the wing about the ) )
elastic axis P Air density
Iy Mass moment of inertia of the aileron about © SMA wire’s str§ss
aileron hinge 0 Wagner’s function
It Inertia moment of hinge tube ® SMA wire’s thermal expansion factor
Q Phase transformation contribution factor

K,  Structural spring constant in plunge

Structural spring constant in pitch

1. INTRODUCTION

Aeroelasticity is the dynamic interaction of structural, inertial, and aerodynamic forces. Conventional methods of
examining aeroelastic behavior have relied on a linear approximation of the governing equations which describe both
the flow field and the structure, Dowell et al. (2008). Mukhopadhyay (2003) presented a historical perspective on
analysis and control of aeroelastic responses. In recent years, a large number of control strategies have been developed
for the flutter suppression, such as adaptive decoupled fuzzy sliding-mode control, Lin and Chin, (2006), SDRE control
technique was developed to design suboptimal control laws for nonlinear aeroelastic systems, Tadi (2003), and Gain
scheduled controllers have been designed, Barker and Balas, (2000).

Flaps are hinged surfaces on the trailing edge of the wings of a fixed-wing aircraft. As flaps are extended, the
stalling speed of the aircraft is reduced, which means that the aircraft can fly safely at slower speeds (especially during
take off and landing). Extending flaps increases the camber of the wing airfoil, thus raising the maximum lift
coefficient. This increase in lift coefficient allows the aircraft to generate a given amount of lift for a slower speed.
Therefore, extending the flaps reduces the stalling speed of the aircraft.

Shape memory alloys (SMAs) refer to a materials group which has the ability to return to a predetermined shape
when heated. The source of the distinctive mechanical behavior of these materials is a crystalline phase transformation
between a high symmetry (austenite), and a low symmetry (martensite).
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The SMAs present high reversible strains compared to the conventional materials (pseudoelastic effect) and
permanent deformations that disappear upon an increase in temperature (shape memory effect (SME)). In the shape
memory effect, an SMA material exhibits a large residual strain after the loading and unloading. This strain can be fully
recovered upon heating the material. In the pseudoelastic effect, the SMA material achieves a very large strain upon
loading, which is fully recovered in a hysteresis loop upon unloading. The observable macroscopic mechanical
behavior of SMAs can be separated into two categories: the shape memory effect (Fig. 1a) and pseudoelastic effect
(Fig. 1b).
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Figure 1: a) Shape memory effect (SME) and b) Pseudoelastic effect

Tawfik et al. (2002) proposed a novel concept in enhancing the thermal buckling and aeroelastic behavior of plates
through embedding SMA fibers in it. Gou et al. (2007) investigated the large amplitude nonlinear flutter of thin SMA
hybrid composite plates at an arbitrary yaw angle and an elevated temperature. Ibrahim et al. (2008) investigated the
nonlinear random response of thick composite plates impregnated with pre-strained shape memory alloy fibers under
combined thermal and random acoustic loads.

This work presents a investigating of how use the SMA wire nonlinear actuators to control the flap movement of a
typical section. Two SMA nonlinear actuators are used to control the flap movement. One moving the flap down, after
of an electrical heating while the another actuator remain at constant temperature. When heated, the wire actuator at the
down part contract due to the SME, recovering a portion of their pre-strain and developing a constraining force. The
actuation of a trailing-edge is achieved using the shape memory effect. The shape memory effect involves plastically
deformation a segment of SMA and then recovering the prescribed pre-strain during phase transformation via heat
activation. The Fig. 2 shows the wing section. In Fig. 2a is presented the conventional airfoil with surface control where
the elements of this structure are linear. On the other hand, the Fig. 2b shows the system with airfoil-control surface-
nonlinear SMA actuator.

(a) (b)

Figure 2: (a) Schematic of airfoil section with a control surface and (b) system airfoil-control surface-SMA actuator
2. SMA CONSTITUTIVE MODELING

An SMA material exists in a completely austenite or martensite phase or fractions of austenite and martensite phases
depending on the temperature and stress. A one-dimensional constitutive model was proposed by Brinson (1993) to
describe the thermomechanical behavior of SMA. The model uses an internal variable approach to derive a
comprehensive constitutive law for SMA materials from first principles without the assumption of constant material
functions. The major contribution of the model is the separation of the martensite fraction internal variable into
temperature induced and stress induced parts, which allow the derived constitutive law to quite accurately present both
the pseudoelastic and shape memory effect at all temperatures.

The motivation for using Brinson model is the flexibility to model the SMA nonlinear behavior closer to reality. The
basic equation for the change in stress in the model developed by Brinson (1993) is given by

dozz—cds+§—¥dT+3—gd6:>d0: D(,8,T)de+©(e,8,T)dT+Q(&,5,T)dd )
€
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If the material functions are assumed to be constants, Equation 1 can be expressed as:

6=Dé+OT+QS 2)
where
D:DA+6(DM—DA), Q:—SRD (3)

Based on the micro-mechanics of the SMA material, Brinson (1993) expressed the Martensite function § as:
5= +0g @)

where O represents the fraction of the material that is purely temperature induced martensite with multiple variants,
and dg denotes the fraction of the material that has been transformed by stress into a single martensitic variant. A brief
description of the Brinson’s constitutive model is given below. Conversion to Martensite - for T >Mg and

o+ Cy (T-My) <o <o +Cy (T—-Mg)

crit
—0

1-5g i . 1-3g 5
dg = . cos{ = [c—cgm —Cp (T—Mq )}}+—2 -, 8 =019 ] T(SO (65 _650) )
O3 f >

1-5g i T 1-3 5

— 0 __crit 0 _ __YT0 _

65 = ’ COS{Ggrit _G?i[ ((5 Gf )‘|+ > . ST = STO ]—850 (SS 550 )+AT (6)
when My < T <Mg and T <T, we have that A = 2T° {cos[aM (T-M; )J+1} , otherwise A =0. Conversion to

Austenite - T > Ag and Cp (T—-A;)<o<Cy (T-Ag)

ds, 6 6
dg = T{cosl:aA {T—AS —aj:l+l} , 01 =079 {cosl:aA {T—AS —aﬂ+l} 7

3. ACTUATOR CONCEPT

Conventionally, the flaps are controlled via electric motors or hydraulic actuators. Actuators made of shape memory
alloy (SMA) have the advantage of higher power-to-weight ratio as compared to conventional electric or hydraulic
actuators, Mavroidis (2002). Figure 3 show a typical section with two SMA wire actuators. In the figure, an upper and a
lower of SMA wires, are fixed at one end and connected to a hinge tube at the other end, and the wire are used to

actuate a flap. Both wires are assumed to have the same initial length 1 the same plastic deformation €, and cross

wire »
section area Ag . Considering that the upper and lower parts of the wire are thermally and electrically isolated from

each other and are heated by resistivity.
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Figure 3: Diagram configuration of the typical section using the SMA wire actuator

The flap deflection concept is described in Fig. 4. Here, both SMA wires are in the transformed state of the 50%
martensite phase under residual stress. The residual stress state is generated by the interaction between two SMA wires.
To flap deflection downward, the lower wires are heated while the upper wires remain at constant temperature. When
heated, the lower wires contract due to the SME, recovering a portion of their pre-strain and developing a constraining
force. The force produces a clockwise moment about the hinge tubes shaft axis, rotating the hinge tube and,
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consequently, deflecting the flap downward. The upper wire, at constant temperature, is elongated the same amount that
the lower wire. Note that the plastic deformation of the upper wire is increased by the amount that they are elongated.
As the wire is elongated, their load-displacement characteristics dictate the amount of force that the system develops.

SMA wires Wire A

7 S 25
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Hinge Tube
%
Figure 4: Free body diagram of the SMA wire actuator

Wire B

The temperature cycle which is induced to the double SMA wires actuator is shown in Fig. 5a. Both SMA wires are
transformed into 50% martensite phase initially. First, wire B (black color) is heated from 20 to 90 °C (step 1) and, wire
A (blue color) is sustained at 20 °C (step 1). Second, wire B is cooled from 90 to 20 °C while the temperature of wire A
is sustained at 20°C (step 2). A diagram to estimate the forces on the SMA actuator B is shown in Fig. 5b, where the x
coordinate represents the position of the actuator. Considered to that the Fig. 5b show the behavior of SMA actuator
B in their three possible states. In the pure austenite phase, 1, is considered the length of SMA actuator B. In 50%

martensite phase, the SMA actuator B reaches its maximum lengthl; .. , which also corresponds to the situation where
the load is in position x =0 . The difference between the length 1, and 1, is approximately 5% of the initial length

lyire - An intermediate phase deformation Alg in relation to their length 1, is given by 5%l — X .
(" e 2 = _lx
B — — - = 5%"'fwire i
) . , Al ;
L f.fi s 20°C ;" g e / 3 B / wire
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Figure 5: (a) The actuation of the SMA actuator and the current position of each SMA wire along given thermal steps
and b) SMA wire behavior actuator B

L, -L ’
M =B = X—, where L, and Lg is the length of

Ip Ip
actuator A and B, respectively, therefore, we obtain that x = pry. Thus,

As the angular velocity of the hinge tube is given by B’ =

AIB = O.OSIﬁO - rTﬁ (8)

The stress and strain compatibility conditions define the states of the system during actuation. For wire A and wire B
these are given as Al, =—Alg. The forces given by the SMA actuators A and B are represented by F, and Fy, which
can be estimated using the constitutive equations below

Fy =0pA; 9)
Fg =ogA,; (10)

4. HEAT TRANSFER MODEL

To simulate the behavior of SMA nonlinear actuators electrically activated the model must be able to describe the
contribution of Joule heating to the temperature increase in the actuator. The assumed SMA wire heat transfer equation
consists of electrical heating and natural convection, Williams and Elahinia (2008),

dT
mgpa Gy &

=I’R-hAg (T-T,)-mgya AHS (11)
t
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where mgy is mass per unit length, Cp is the specific heat, R is electrical resistance of the wire, h is the heat
convection coefficient, Ag is the circumferential area of the SMA wire. Also, V is the applied voltage, T, is the

ambient temperature, AH is the latent heat, and § is the phase transformation rate. Assume also the following cases:

The temperature is uniform along the length of the wire.

The room temperature will be constant over time.

The deformations of the SMA actuator are uniform during the phase transformations.
Will be considered only the effects of convection and heat conduction.

The electrical resistance of SMA actuators is variable as a result of phase transformation is given by the following
equation Elahinia and Ahnmadian (2005);

R=R, +3(Ry—Ry) (12)
the subscripts A and M indicate the austenite and martensite phases, respectively.
5. EQUATION OF MOTION OF THE SYSTEM AIRFOIL-CONTROL SURFACE-SMA ACTUATOR

Defining the actuator behavior now is necessary to make the modeling these actuators. The SMA wire strain rate &

and angular velocity B are related kinematically as

é=[rijﬁ (13)
ly

where rp is the hinge tube radius and 1 is the initial length of the SMA wire. For simplicity, in the rest of the text the

term airfoil-CS-SMA actuator will be used to describe the system airfoil-control surface-SMA actuator. Thus, the
equation of motion that governs the airfoil-CS-SMA actuator may be written as

mh”+mbx,0a”+mbxpp”+F(h)=-L (14)
mbx " +1,a”+((cp —ap |b2mxg +15 )8+ M (o) =M, (15)
mbxph”+((cp —ap | b2mxg +15 )o”+ (Ip +15)8"— P A (0.051G, — rrB) + ™ A (0.0515, + 1) = Mg (16)
oA =pA [iij B+QAFA roA (TA —T(;*) (17)
0
o® =DB (%}B#QBS’B +08 (TP -17) (18)
0
A
ot Br hMAR(TN-T) g (19)
dt mSMACp mSMACp Cp
B
ar® gr h(T)Ag (T8 -T..) _ AHY 00,
dt mSMACp mSMACP CP

The nondimensional equation of motion of the system airfoil-CS-SMA actuator is given by the following below
equation

2
. ) . (0
§+Xaa+XgB+(Fl] &=p(n.&ap) (21)
Xg o . ZB . 1
—2§+a+—25+Fa:q(r,§,a,B) (22)
r(l o
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Xp .. Z ..
—E§+—gd+ﬁ+(rT(‘I’B+‘PA))B+O.051ﬁo(‘PA ~¥8)=r(r.a.p) 23)
B b
A mA(Tr )i qAsa L O% (A A
6" =DA| I |31+ 086 +—(T ~T ) 24)
10 U o
B _ B[ 5. B:B. ©° (B B
6B =DB| L |3+0B +—(T ~ T8 ) (25)
10 U o
A .
ot BR M(DAR(TA-To) g 06)
dt mgyaC,Un, mgpiA CpUwy, (O
B )
a®  Br h(MAR(TP-T) o
dt mSMACpU(D(X IrlSlv[chij(l)(x Cp
Ut h S » K » K 2 1 m Lb
where T=—), E_}:—7 Xa:_a’ wéz_h?w(xz_a?r(x: (12, w= > ; p(‘n&’gﬂﬁ):——z,
b bm Iy Iy mb pb m mV
M M )
q(r,i,a,B)z ;2 R r(r,i,a,B):%; Q1 and Q, are uncoupled frequency ratios defined as € =% s
Vg 1\ % Oq
o AA BA Jp+1
Q, Z—B, the parameters related to actuators are pA = ° 3 r2 S wB o 3 1'2 S rBZ :(—ZB)' For incompressible
(O mb 1 mb 1 mb

inviscid flow the aerodynamic force and moments have been formulated for any arbitrary motion of the airfoil and
aileron Alighanbari (2002), giving

L(x) :npr2{é”(r)—aha”(r)—%B”(I)+a'(t)—%ﬁ'(r)+2H}, 28)

Ma 1) =300 () 8 Jo ()42 g a0 ) 09

(29)
—aha,(T)—l|:T1—T8—(Cﬁ—ah)T4+h:|B,(T)—l(T4 +T10)B+2(l+ahJH:|
T 2 T 2
T ., 1 . T ,
MB(T)znpszz{%i (r)+;[T7 +(cﬁ —ah)Tl}(x (t)+n—;B (‘L‘)
_2Y (30)
1 (1 Cﬁ) T, |, Ty TyTyo = Ts Tip
t— T+Tl+7 o (1)+ - B'(t)+ = B(T)—TH
where
H={&'(0)—aha'(O)+%B'(O)+a(0)+%ﬁ(0)}p(t)+
(3D

T

Fo(x-0)| (o) +a40(0)+ L (o) () + 2 o) oo

0

The Theodorsen constants T;,i=1,2,...,13, are given in Appendix A. These nonlinear equations of motion have

previously been solved numerically using both finite difference and describing function methods, Alighanbari (2002).
However, it is not easy to study the dynamical behavior of the system using the equations written in the above form. For
instance, fixed-point solutions of the system cannot be easily found and analyzed analytically, or unstable periodic
solutions of the system may not be easily obtained. Therefore, it is helpful to transform the equations into a set of
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ordinary differential equations. This will also make it possible to use the vast literature and computer codes developed
for ODEs in the study of our aeroelastic system. The transformation procedure is outlined below.
The conversion could simply be accomplished if the approximate formula for the Wagner function is considered

0(t)=1-y,e™" —y,e™", and the following two auxiliary variables are introduced.

1=—eyi+w |:é(r)+[%_ath(r)+%B(T)+d(T)"‘TlTOB(T)} (32)
52 =2y s £+ -0 i)+ Lble) i)+ 120 e

The reformulated equations (21-27 and 28-33) could also be transformed into twelve first-order ODEs, and
conveniently written in matrix form as

x(t)=Ax+Bu+G (34)

where  x ={xy, X, ...,Xg,x9,x10,x11,x12}={a,d,é,é,B,B,yl,yz,GA,cB,TA,TB}69?12, A and B are 12x12

matrices, and G is a vector containing all the nonlinear terms of the SMA actuator.
6. CONTROL LAW DESIGN AND NUMERICAL RESULTS

In this section, a flutter control law based on the state-dependent Riccati equation method, Tadi (2003) is designed.
Consider the optimal infinite-horizon regulator problem, the performance index J is to be minimized subject to the
system expressed by Eq. (34)

oo

J =J.(XTQx+uTRu)dt (35)
0

where Q is a positive definite symmetric matrix and R>0 for x e R'2. In order to obtain the suboptimal solution of the
preceding problem, we solve the state-dependent Riccati equation given by

ATP+PA+Q-PBR'BTP=0 (36)
for a symmetric positive definite matrix P, the feedback control law is given by
u=-R'B"Px (37)

Numerical simulation results are presented in this section. The values for the system parameters are taken from
Tang. et. al. (2004) and the values for the Flexinol SMA wire are taken from Elahinia and Ahnmadian (2005), and listed
in table la and 1b, respectively.

6.1. Open loop system response

To study the effect of SMA actuator on the open-loop system response, the values of temperature of both actuator
(A and B) are the same, that is, 20°C. Starting from the open-loop stability study of the aeroelastic system, the system
response keeps stable until the velocity reaches U=16 m/s, with or without the SMA actuator presence. From Fig. 6, it
can be observed that the SMA actuator system response needs less time to converge. In addition, the response amplitude
is obviously smaller. Can be realized that the over time the amplitudes of motion for both cases decays. Note that the
SMA actuator system to influence significantly the response of the system, making it the fastest. As the existence of
SMA actuator, the stiffness of the connection between airfoil and control surface is increased. When the airfoil vibrates,
the control surface is motivated through the SMA actuator connection. The higher connection stiffness will advance the
control surface response.
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Table 1: Physical parameters of the aeroelastic system Table 2: Flexinal SMA wire parameters and their value.
Parameter | Description Uit Vahie Parameter | Description Unit Value
1 Span m 032 myypy | SMAwe's mass K L1407
b Semi-chord m 0127 Ap SMAwire's circumferential area m2 17107
i Elastic axis m 0.0625 C Specific heat of wire keal kg ec™ | 02
my Mass of wing kg 0.713 £ _ _ - _
I, Mass moment of mertia kgm® [ 00183 Ry Resstivity (martensite) e 6
— - . Ry Resistivity (austenite) 0 [
Ib Mazz moment of mertia kgm* | 0.000134 - - _
Dy Austenite Young modulus GPa 73
5, Airfoil static moment in pitch kgm 00726 Dy Martensite Young modulus GPa i
5 Airfoil static moment in flap kgm | 0.00393 2] SMA wire's thermal expansion factor | ypoop-] 033
K, Linear structural stiffness in pitch Nm |[428 A Austenite start temperature °c 68
K, Linear structural stiffness in phmge Nm 17334 Ag Austenite final temperature ¢ 7
— o e N 13 Mg Martensite start temperature °C j2
K R — S ) M Martensite final temperature °C E4

6.2. Closed-loop system response

The temperature-based controller is to minimize the vibration problem while positioning the SMA actuator at the
desired angular position. The LQR control algorithm is used to calculate the applied current to the SMA wire. Applied
current to the SMA wire is actual control input. This current is calculated based on the desired stress and the
thermomechanical and heat transfer models of the SMA. For linearize the Eq. (34) we consider that the behavior of the
SMA actuators are linear. For the SMA actuator A we assume that the SMA behavior correspond to linear stretch of the
Fig. 1b. On the other hand, the actuator B is linearized assumed the linear behavior of SME effect with illustrate the Fig.

la. In the following closed-loop situation, state coefficient matrix Q in performance index is chose asQ =107!! Lioxi2 »

and control input coefficient R=2><10_4diag([1 1]). The simulation was first performed with the flow velocity

U=15.0m/s, which is above critical flutter speed. As shown in Fig. 7, after initial oscillatory transients the plunge and
pitch states converge to zero. There is obvious difference between the SMA actuator system and non-SMA actuator
system responses. The SMA actuator system response maximum amplitude is obviously smaller. The SMA actuator
system states take less time to converge to zero after the transient oscillation, which behaves like a response of an over
damping system. Figure 7d and 7e shows the system behavior as a function of time during the mode of temperature
stabilization of both actuators considering U=15.0m/s. Figure 7f illustrates the control input applied to each actuator
to stabilize the temperature at 20°C.
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Fig. 6: Time histories of open-loop aeroelastic systems at U=15.0m/s: (a) pitch, (b) plunge and (c) flap
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Fig. 7: Time histories of closed-loop aeroelastic systems at U=15.0m/s: (a) pitch, (b) plunge, (c) flap, (d) actuator A
temperature, (e) actuator B temperature and (f) Applied electrical current in the actuators

Now we change the actuator B temperature according to Fig. 5a (step 1). The temperature of actuator A is constant
and equal at room temperature, that is, 20°C. However, the actuator B temperature changes of 20°C to 90°C. The goal
of this change is modified the camber of the wing. The camber is responsible for changing the flow around the
airfoil and, consequently, is responsible for generating lift in a wing. The state coefficient matrix Q in performance

index is chose asQ=1078 1212 » and control input coefficient R =2><10_5diag([0.00581 10000]). Figure 8 shows the

system response to the above control law. Note that by varying the temperature of the SMA actuator B the deflection of
control surface features a flap angle of about 2.3°. When the flap going for down the equilibrium point of the system
changed and this situation is show in Figs. 8a and 8b. Figure 8g shows the control input in actuators, realize that the
electric current applied to the actuator B to keep it at the desired temperature is approximately 3.2A.
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Fig. 8: Time histories of closed-loop aeroelastic systems at U=15.0m/s: (a) pitch, (b) plunge, (c) flap, (d) actuator A
temperature, (e) actuator B temperature and (f) Applied electrical current in the actuators

7. CONCLUSION

This paper presents the design, testing and feedback control of a shape memory alloy (SMA) wire actuated wing
flap. Based on the state space model of a three degrees-of-freedom airfoil section with SMA actuator, a suboptimal
control law was designed by using the state-dependent Riccati equation method and applied for dynamic response
suppression in this paper. The effects of control surface SMA actuator on the aeroelastic responses have been
investigated. Because the nonlinear component in the control surface response amplitude decreases and becomes
dominant, the effect of SMA actuator on the system response reduces the amplitude in all the degrees of freedom. In
addition, the SMA actuator proposed shows some beneficial effect on the aeroelastic stability of the closed-loop system.
This paper demonstrates the feasibility of using shape memory alloy actuators for wing flap movement control.
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Appendix A. Theodorsen constants in Egs. (21) - (28)
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