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1. INTRODUCTION

Recently, signi"cant progress has been made in the synthesis of intelligent
structures incorporating shape memory alloys (SMA) [1, 2]. These structures are
primarily employed to control the static and elastodynamic responses of
distributed parameter systems including light space structures. It is well recognized
that the SMA actuator produces relatively large control forces, but exhibits slow
response time compared to other actuating smart materials such as piezoceramics.
Therefore, it is necessary to take into account the dynamic bandwidth of the SMA
actuator in the system model in order to accurately evaluate vibration control
performance of #exible structures. The goal of this work is to demonstrate the
e!ectiveness of the dynamic bandwidth of the actuator on the vibration
suppression capability in a closed-loop control system.

The present work presents a sliding mode control for vibration of a #exible
structure with the dynamics of SMA actuator. This is an extension of the previous
work [2] in which the actuator dynamic was not considered. The dynamic
behavior of the employed SMA actuator is experimentally identi"ed and
incorporated with the governing equation of motion of a #exible structure.
A sliding mode controller (SMC) for vibration suppression is then designed by
treating frequency and damping deviations as uncertain parameters. The controller
is experimentally realized and vibration control responses are presented in the time
domain.

2. SYSTEM MODELLING

The arrangement of the experimental apparatus for the vibration control is
a building-like structure as shown in Figure 1. The purpose is to control the
vibration of the above structure excited from the base structure by the shaker. This
is accomplished by activating four SMA wire actuators installed with a certain
inclined angle. The dynamic model of the proposed system can be formulated
through a typical "nite element method [1]. Thus, the model can be expressed in
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Figure 1. Experimental apparatus for vibration control.
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the transformed modal co-ordinate (q) as
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(t) represents the actuating force, and f
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denote the ith-mode

damping ratio and natural frequency respectively.
The inherent dynamic characteristic of the SMA actuator f

a
(t) should "rst be

identi"ed to achieve successful implementation. This is normally accomplished by
investigating step-input response of the SMA actuator. Figure 2 presents the
measured step response of the employed SMA actuator (Nitinol wire). We see that
the actuator dynamic behaves like the "rst order model. Similar dynamic behavior
of the SMA actuator is also observed in reference [1]. Thus, the actuator dynamic
can be expressed by
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where i (t) is the input current and q is the time constant of the actuator. According
to the dynamic model the actuating force produced is linearly dependent on the
electrical current driven through the SMA wire. On the other hand, we clearly see
from Figure 2 that the time constant at the heating stage (rising) is quite di!erent
from the time constant at the cooling stage (falling). This causes the control system
to be divided into two parts which is undesirable in the experimental realization.
Therefore, in this work we adopt the average value as a nominal time constant. It is
remarked that the time constant depends highly on the prestrain that is imposed to
the SMA wire. In this work, 5% of the prestrain was imposed. Now, we design
a controller on the basis of the system model given by equations (1) and (2).



Figure 2. Measured dynamic characteristic of the SMA actuator, ** force; } } } current.
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3. SLIDING MODE CONTROLLER

One salient feature of the SMC is the sliding motion of the state on the sliding
surface in which the system has invariance property to uncertain parameters. To
demonstrate this feature, we impose parameter variations such as natural frequency
deviation which can arise due to the imposed additional mass on the above
structure. These variations can be expressed as follows [3]:
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are the nominal natural frequency and the damping ratio,
respectively. The du
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and df
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are corresponding possible deviations which are

bounded by the weighting factors b
i
and c respectively. By substituting equation (3)

into equation (1) yields uncertain control model [3].
As a "rst step to design the SMC controller, we introduce state errors using the

mode shape (U ) as follows:
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Here y (refer to Figure 1) is the actual displacement of the above structure to be
controlled and y

d
is the desired one which is set to be zero in order to suppress the

de#ection as much and as rapidly as possible. Thus, we determine the following
sliding surface using error state:

s"j2e
1
(t)#2je

2
(t)#e

3
(t), j'0. (5)

We now design the following sliding mode controller (input current i(t)) which
satis"es the SMC ssR(0 [3]:

i(t)"!A
1
PB Gj2e2(t)#2je

3
(t)#CAr2i#

1
qBqK i(t)#Ar2i~1

#

r
2i
q BqR i(t)#A

r
2i~1
q Bqi(t)

#Ckg#Kz2iqK i(t)#Az2i~1
#

z
2i
q BqR

i
(t)#A

z
2i~1
q Bq

i
(t) K D sgn (s)H , (6)

where
r
2i
"!2f

0,i
u

0,i
, r

2i~1
"!u2

0,i
,

z
2i~1

"!(2u
0,i

b
i
u

0,i
#b2

i
u2

0,i
),

z
2i
"!2(c

i
f
0,i

u
0,i
#b

i
u

0,i
f
0,i

#c
i
b
i
f
0,i

u
0,i

) . (7)

In the above, P is the generalized mass, k
g

('0) is the control gain, and sgn(*)
denotes a signum function. The implementation of the controller given by equation
(6) causes chattering in the control history which is an impediment to the SMC.
Thus, the sgn(*) in the controller is replaced by saturation function in the
experimental realization. It is clearly recognized that the SMC given by equation (6)
is designed by considering both the actuator dynamics and parameter variations.
This is the main contribution of the present work compared with the previous work
[2]. Control performances due to these characteristics are to be investigated in
a subsequent experimental realization.

4. EXPERIMENTAL RESULTS

The employed glass epoxy beam is 350 mm long, 45 mm wide, and 2 mm thick.
The diameter of the SMA actuator wire is 0)36 mm and its transformation
temperature is 363C. The phase transformation of the Nitinol wire used in this work
is the austenite/martensite. The actuators are installed between the base and the
structures above at an angle of 15)03. In Figure 1, the vibration magnitude of the
above structure is measured from the piezo"lm sensor bonded on the surface of the
beam, and fed back to the microprocessor through the A/D converter which has 12
bits. The controller is implemented using a personal computer (IBM586) with
a sampling frequency of 1000 Hz. The "rst two vibration modes are considered and



Figure 3. Measured transient-vibration control responses, - - - - open-loop; ** closed-loop.

1172 LETTERS TO THE EDITOR
the following control parameters are employed: q"125 ms, k
g
"2)5, j"12)5,

b
1
"12%, b

2
"5%, c

1
"10% and c

2
"5%.

Figures 3 and 4 present measured transient and forced vibration control
responses. The transient vibration response was generated by imposing an initial
displacement at the above structure of 10 mm, while the forced vibration response
was obtained by vibrating the base structure with the "rst-mode natural frequency
of 4)63 Hz. It is clearly observed that the imposed vibration was favorably
suppressed in both cases by employing the proposed controller. In the controller
implementation, an additional mass of 0)5 kg was imposed on the above structure
to intentionally cause parameter variations such as natural frequency. Therefore,
the control results shown in Figures 3 and 4 validate the robustness of the proposed
sliding mode controller. It is remarked that the actuating force produced from the
SMA actuator does not change sign when the electrical input current is reversed.
Thus, the positive sign of the input current shown in Figures 3 and 4 is for the pair
of SMA actuators installed in the left side (refer to Figure 1), while the negative sign
is for the right side.

Now, in order to investigate the e!ect of the slow response of the SMA actuator
on the vibration control, we vibrate the structure by 15 Hz which is beyond the
actuator bandwidth (refer to the time constant of 125 ms). It is noted that the
second mode natural frequency of the structural system is 50)0 Hz. Figure
5 presents the measured forced vibration control response with the excitation of



Figure 4. Measured forced-vibration control response, - - - - open-loop; ** closed-loop.

Figure 5. Vibration control limitation due to slow response of the SMA actuator.
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15 Hz. It is clearly seen that the imposed vibration is not e!ectively suppressed.
This result is not surprising, but directly indicates the very important fact that the
actuator dynamics should be incorporated into the system model, especially when
we want to accurately evaluate vibration control performance of #exible structures
associated with high-frequency vibration modes.

5. CONCLUSION

An active vibration control of a #exible structure has been undertaken by
employing the SMA exhibiting relatively slow dynamic characteristics. It has been
shown through experimental realization of a SMC that a successful vibration
suppression was achieved when the structural system was excited by the frequency
below the actuator bandwidth. However, vibration control performance was not
favourable when excited by the frequencies above the actuator bandwidth. This
result directly suggests that the dynamics of the SMA which produces relatively
slow response characteristics should be identi"ed and incorporated with the system
model in order to evaluate accurate vibration control performance.
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