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Position Tracking Control of a Smart Flexible Structure
Featuring a Piezofilm Actuator

Seung-Bok Choi,* Chae-Cheon Cheong,’r and Chul-Hee Leet
Inha University, Incheon 402-751, Republic of Korea

A position tracking control of a smart flexible structure with a piezofilm actuator is presented. A governing
equation of motion for a smart cantilevered beam is derived via Hamilton’s principle, and a reduced-order con-
trol model is subsequently obtained through a modal analysis. Uncertain system parameters such as frequency
variations are included in the control model. A sliding-mode control theory, which has inherent robustness to sys-
tem uncertainties, is adopted to design a position tracking controller for the piezofilm actuator. Using the output
information from a tip displacement sensor, a full-order observer is constructed to estimate state variables of the
control system. Tracking control performances for desired position trajectories represented by sinusoidal and step
functions are evaluated by undertaking both simulation and experimental works.

Nomenclature
A; = cross-sectional area of the composite beam
A, = cross-sectional area of the piezofilm
b = width of the composite beam (or piezofilm)
d; = magnitude of the disturbance
d;; = piezoelectric strain constant
E; = elastic modulus of the composite beam
E, = elastic modulus of the piezofilm
e = tracking error of the tip displacement
f = external disturbance
g = gradient of the sliding surface
hy = thickness of the composite beam
hy = thickness of the piezofilm
I = generalized mass
I = area moment of inertia of the composite beam
I, = area moment of inertia of the piezofilm
k = discontinuity gain of the sliding-mode controller
L = length of the composite beam (or piezofilm)
q; = generalized modal coordinate
R = observer matrix
K} = sliding surface
t = time variable
T, = kinetic energy
V= control input voltage
Vp, = potential energy
X = spatial variable in the axial direction
X; = state variable
X; = estimated state variable
ya = desired tip displacement
y, = actual tip displacement
B = weighting factor of the natural frequency deviation
¥V = weighting factor of the damping ratio deviation
& = boundary layer width of saturation function
& = damping ratio
m = density of the composite beam
p2 = density of the piezofilm
®; = mode shape function
w; = natural frequency
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Introduction

ECENTLY, with the aid of advanced technologies in computer

and material sciences, advanced lightweight structural systems
have been designed for application in various research fields such
as robotics, space structures, and manufacturing. In particular, the
emergence of the so-called smart materials has accelerated success-
ful development of the advanced structural systems. So far, the smart
materials include electrorheological fluids,' shape memory alloys,?
and piezoelectric materials.>~® The piezoelectric materials consid-
ered in this paper have low power consumption, high power-to-
weight ratio, and fast response time compared with other smart ma-
terials. As of now, piezoelectric materials are most often employed
as sensors or actuators for smart structure applications. These smart
structures are employed primarily to control the static and elasto-
dynamic responses of distributed parameter systems operating under
variable service conditions.

Research on smart structure systems using piezoelectric materials
was first undertaken by Bailey and Hubbard.? They proposed sim-
ple but effective control algorithms for transient-vibration control,
namely constant amplitude controller and constant gain controller.
Crawley and de Luis* analyzed the stiffness effect of piezoelectric
actuators on the elastic properties of the host structures. Baz and
Poh’ worked on the vibration control of the smart structures via a
modified independent modal space control by considering the effect
of the bonding layer between the piezoelectric material and the host
structure. Tzou® investigated the piezoelectric effect on the vibra-
tion control through a modal shape analysis. Subsequently, Choi et
al.” proposed an optimal control methodology for suppressing elas-
todynamic responses of high-speed flexible linkage mechanisms.
More recently, Choi® improved the vibration controllability of the
piezofilm actuator by attenuating an undesirable chattering problem
in the settling phase.

As is evident from previous studies, numerous researchers have
used piezoelectric materials only to focus on the vibration control
of the smart structures. However, it is well known that piezoelec-
tric materials also can be utilized as actuators to drive the flexible
smart structures. Hence, using the piezoelectric actuator we can di-
rectly devise a small-sized flexible arm.® The design requirements
for this flexible arm include miniature motion, accurate tracking,
fast response, and small energy consumption. Furthermore, we can
incorporate the piezoelectric actuator into the flexible structure to
design a robot gripper imitating a human finger. This type of flexible
gripper is capable of executing motion in applications ranging from
space structures to microchip manufacture. In general, the flexible
gripper can grip soft and tiny objects with small gripping force. The
first step to develop successful flexible robot arms or robot grippers
is to obtain accurate position tracking of the flexible smart struc-
tures. Accordingly, the control objective in the present study is to
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use the piezofilm actuator to achieve accurate position tracking of
the smart structure.

To date, a few investigators have attempted to study position track-
ing control of the smart flexible structures. Jiang et al.® applied
piezoelectric patches as actuators to generate the vibration and em-
ployed a proportional-integral derivative controller to achieve posi-
tion tracking of the smart structures. However, they did not consider
the robustness of the control system to external disturbances as well
as parameter uncertainties such as natural frequency deviation. The
occurrence of these system uncertainties is expected in tracking
control of flexible structure systems. Therefore, in position tracking
control of the smart flexible structures, it is necessary to use an ap-
propriate control strategy that is robust to the system uncertainties. !
This study adopts a sliding-mode control theory!! for robust and
accurate position tracking control of a smart flexible structure as-
sociated with a piezofilm actuator. The piezofilm, also known as
polyvinylidene fluoride (PVDF), is a medium that develops me-
chanical strain when subjected to an electric field or, alternatively,
it develops an electric field when subjected to a mechanical defor-
mation. The piezofilm is very suitable for the application of flexible
robot arms or robot grippers because it is flexible, light, and tough.

A dynamic governing equation of a partial differential form for a
smart cantilevered beam is derived by applying the Hamilton princi-
ple. Upon retaining a finite number of vibration modes, a reduced-
order control model is obtained in the state-space representation.
Furthermore, model parameter variations on natural frequencies and
damping ratios of the flexible structure and external disturbances
are included in the control model. A sliding mode controller that
inherently possesses properties invariant to the parameter variations
during the sliding mode motion is proposed and implemented to
achieve accurate tracking of the tip displacement. A full-order ob-
server is also constructed to estimate state variables in the control
model by using the information from the tip displacement sensor
and the control input voltage. Both computer simulation and exper-
imental works for desired position trajectories such as sinusoidal
and step motions are undertaken to demonstrate the effectiveness of
the proposed control methodology.

Dynamic Modeling
Consider a smart cantilevered beam that has the uniformly dis-
tributed piezofilm actuator bonded on the top surface, as shown in
Fig. 1. When control voltage V (x, t) is applied to the piezofilm, the
induced strain &, in the piezofilm is given by>

gp(x, 1) = V(x,1)(d31/hs) &)

The force equilibrium condition in the axial direction allows one to
determine the longitudinal strain component &; as follows:

Exhy

= —_— . 2
Eihy + Eghy P 2)

&

The bending moment M produced from the piezofilm actuator due
to the application of voltage V (x, #) can be obtained by considering

~

"
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Fig. 1 Schematic diagram of a smart structure beam.

the above equations and the force equilibrium in the axial direction.
This is given by

M = E hibe;[(ha/2) — D] — Exhab(e, — )[(h2/2) + hy — D]
3

where D is the location of the neutral axis of the structure from the
bottom surface and is given by

_ Eih} + E;B] + 2hisE;

D 4
2(Etht + Eshy) @
Substituting Egs. (1), (2), and (4) into Eq. (3) yields
hl + ]’12 ElEzhlb
M= —d Vix,t
“( 2 )(Elhl T Ey | Y
=cV(x,1) ®)

The constant ¢ is determined by geometrical and material properties
of the composite beam and the piezofilm.

When the Bernoulli—-Euler beam theory is applied, the kinetic
energy T, and potential energy V, of the structure including the
piezofilm actuator are expressed as®

1 [Ty, n T
Tk_i/o[ L2l YRS ©)
%y(x, 1)

v, =1 - EI
P—2), EI dx2

where EI(=E I, + E, 1) is the effective bending stiffness of the
smart flexible beam and pA (=p; A; + p; A,) is the mass per length
of the beam.

By applying the conservation of energy and the Hamilton princi-
ple, the governing equation of motion for transverse vibration y(x, ¢)
and associated boundary conditions are obtained as follows:

2
+cVix, t):| dx )

9?2 %y (x, t) 8%y (x, 1)
— | E]—— Vix,t A— =0 (8
dx? [ Ix? HeV D+ e ar2 ®
dy(x,t)
y(x, Dle—o = 0, 4 =0
dx
=0
9%y (x, 1)
[— = —cV(x,0)lk=1 )]
Ix?
x=L
3
g 0| aven
ax3 _ x
x=L x=1L

Equations (8) and (9) describe a linear distributed parameter system.
This system can be rewritten in modal form for computer simulations
and controller synthesis.

By introducing the ith modal coordinate g;(#) and mode shape
®; (x), the deflection y(x, t) can be expressed as follows:

YD =) @@g ) (10)

i=1

From the boundary conditions (9), the mode shape ®;(x) can be
obtained:

®;(x) = cosh B;x — cos Bix

sinh 8; L — sin ;L

_ inh B;
coshﬁ,-L—i—cosﬂiL(sm Pix

— sin S;x) an
Here B} = pAw?/EI, where w; is the ith mode natural frequency.

Substituting the energy equations (6) and (7) into the Lagrange
equation and augmenting proportional damping, a decoupled
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ordinary differential equation for each mode of the proposed smart
structure is obtained:

NON R
— dx (12)

Gi + 2504 + 0l g = —

where £; is the damping ratio of the ith mode and [; is the generalized
mass, given by

L
I = f B2 (x)pA dx 13)
)]

Controller Design
Upon retaining a finite number of control modes, a reduced dy-
namic model can be obtained in the state-space representation as
follows:

x()=Ax(t) +BV()+Df() y(t) = Cx(t) 14

where
x=[g1 ¢1 @ G - g Gal" (15)
0 1
—aﬁ —ZQan
A=
0 1
-0 =240,
1 [* 9, Ly
B=—l0 — dx —
c|: 1]'/(; ax? o Z)xz
16
=[®(L) O $,(L) 0] (16)
D=0 4 --- 0 4,7

In Eq. (14), f(¢) is an unknown but bounded external disturbance to
be expected in system environments and hardware equipment. For
example, electrical noise (normally 60 Hz), unexpected airflow, and
ground impact may occur in the experimental realization. Note that
the output matrix C is related to the tip position (y,) sensor.

Now, we introduce a tracking error to drive it to 0 for any arbitrary
initial condition as follows:

e) =y —ya=y_ %(Lx®) - ya
i=1 07)

é) =y —Ja= Y _ (L) ~ Ju

i=1

Here yy, is the desired trajectory of the tip position that belongs to
the set of continuously differentiable functions. The state variables
of x;(¢) and x; (¢) represent gq; (¢) and ¢; (¢), respectively.

The problem now is to design a sliding surface that guarantees
stable sliding-mode motion on the surface itself. Because there is
only one control input, we construct one sliding surface for the
system (14):

s = ge(t) +e(t)
=g [Z ; (L)xi (1) — ydt] + [Z ; (LY (1) - y'dt}
i=1 i=1
g>0 (18)
Then the following sliding condition is introduced to guarantee that

the state variables of the system during the sliding mode motion are
constrained to the sliding surface:

55 <0 19

To find a sliding-mode controller that satisfies this sliding condition,
we take the time derivative of the sliding surface defined by Eq. (18):

s=g I:i D; (L)x; — j’d{' + ':i D; (L)% — j}dt}

i=1 i=1

=g I:Zn: D (L)x; — )"d:j’ + I Xn: ®; (L)

i=1 i=1

x [—ofxi —25iwi% +di f ()] — m}wvm (20)

Here,

b e <I>(L)/ FEx
1_1 axz

Then the following sliding-mode controller V(¢) satisfies the
sliding-mode condition (19):

V) =—5 { {Z (L) — ym}

i=1

(—wizx,- - 2;‘,-w,-5c,~) — jidl:l +k sgn(s)} 2n

k> Y & (L)dil )

i=1

We know that, in practice, it is not desirable to use the discon-
tinuous control law (21) because of the chattering. Therefore, we
approximate the discontinuous control law by a continuous one in-
side the boundary layer width (£).!%!3 To do this, we may replace
sgn(s) in Eq. (21) by a saturation function, sat(s), defined as

s/e, [s| <&

sgn(s), |s} > & @2)

sat(s) = {

The controller (21) is designed for the control system, which
does not include the system uncertainties. We construct a robust
controller that guarantees stable performance of the system for all
possible variations of system parameters by treating the variations
as uncertainties. The possible variations of the model parameters
such as natural frequencies and damping ratios can occur in practice
because of varying tip mass or measurement errors. These variations
can be expressed as follows:

w; = wy; + Sy, || < Biawy,i

& = Lo + 88, 182:1 < vido,i

Here wy; and &y ; are the nominal natural frequency and the damping
ratio of the ith mode, respectively. The dw; and §¢; are corresponding
possible deviations due to, for instance, the varying tip mass. Note
that the variations of the 8w; and §¢; are bounded by the weighting
factors B; and y;, respectively.

Now, substituting Eq. (23) into the system matrix A in Eq. (14)
yields the following dynamic model, which divides the system ma-
trix A into the nominal part Ay and uncertain part AA:

@)= Ao+ A+ BV +DSf(E)  y)=Cx(@) 24

To formulate a sliding-mode controller for the uncertain dynamic
model, differentiating the sliding surface (18) with respect to time
yields

s=¢ [Z ®;(L)%; — y‘dl} + [ D BLY a1 + par- 1)

(23)

i=1 i=1

+ (ra + pa)xi +di f(1)] — ydt} + PV () (25)
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Here,

ry_1 = _w(z)‘i’ D1 = —(Zwo,i5wi + 3(0,-2)

Foj = —28g w04, P2 = —2(w0,;8%; + Lo,ibw; + dw;8¢;)

Thus, the following sliding mode controller, which is robust to
the parameter variations, is obtained from the sliding mode con-
dition (19):

1 & L
Vi =—% 18 ;dmmx,»—ym

n
+ Z D; (LY (rai—1xi + ryXi) — Yau

i=1

+ |+ D 19D (22 - 1] + Iz ) | sgn(s) (26)

i=1

Here,
22i-1 = — (200, Biwo; + BP0 ;)

Zoi = —2(ido,iw0,i + Biwo,iloi + ViBi®oil0.i)

k> ) ®(L)dIf ()]

i=1

Then, we can show that the uncertain system (24) with the proposed
controller (26) satisfies the sliding condition (19) as follows:

n n
si=s{g| Y@Lk = Ja |+ 1 Y %L1 + pa-1)

i=1 i=1

+(roi 4+ pa)xi +di f()] — Ya g + PV (@)

=5 Z D (L) pai—1%i + paixi +d; f(1)]

i=1

n
- k+ Z 1P (D) (1z2i-1%i] +lz2:%: ) [sgn(s) ¢ <0 (27)
i=1

All of the state variables used in the proposed controller (26)
are not available from direct measurements. With the knowledge
of given matrices Ag, B, and C, we can estimate the state variables
by designing an appropriate observer. A full-order observer'* is de-
signed in this study with the information of the input control voltage

and the tip position sensor signal of the smart flexible structure:

x(t) = (Ag —RC)x(t) + Ry, + BV (1)
@8)
R=1[r n Fan—1 Fanl
Note that the observer matrix R is to be appropriately determined so
that all of the desired eigenvalues of the matrix [Ao —RC] have nega-
tive real parts. Using the estimated state variables, we can implement
the sliding-mode controller (26) for the position tracking control.
Note that although the sliding-mode controller (26) may be ro-
bust to parameter uncertainties, the robustness of the observer-based
sliding-mode controlier may not be guaranteed. The robustness to
parameter uncertainties can be guaranteed by employing a robust
sliding-mode observer.*>

Results and Discussion

The dimensional and material specifications of the composite
beam and the piezofilm used in this study are presented in Table 1.
Figure 2 presents a schematic diagram of the experimental appa-
ratus and associated instrumentation. A piezofilm bonded on the
upper surface of the composite beam is employed as an actua-
tor to construct a feedback control system. The tip displacement

Table 1 Dimensional and mechanical properties
of the composite beam and piezofilm
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Young’s Thickness, Density, Width, Length,
modulus, GPa mm kg/m® mm mm
Composite beam (glass/epoxy)
6.4 0.5 1865 27.0 170.0
Piezofilm (PVDF )
2 0.110 1780 27.0 170.0
2Pjezoelectric strain constant d3; = 23 x 10*12(mV‘1).
Dynamic Signal Power Supply
Analyzer(HP35665A)) | 5= | | (HPS-303D)
=
=2
Noncontacting
High Voltage Proximitor
Ampfifier J==9¢ Piezofim (Bently Nevada7200)
09A-
{Treks 3 f"='"=" Composite Beam
===
== ]
DIA AD
Converter fa— Converter
(DAS-20) (DAS-20)

Micro-processor
(IBM PC 486)

Fig. 2 Experimental apparatus for position tracking control.
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Fig.3 Tracking performance for sinusoidal trajectory.
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is monitored by a noncontacting displacement sensor (proximitor)
manufactured by Bently Nevade Corporation (Model 7200). The
required negative input voltage is supplied from a dc power supply
(HPS-303D). The tip displacement is fed back to the microprocessor
through the analog/digital converter, which has 12 bits (DAS-20).
Depending on the information of the tip displacement and input volt-
age signal, the full-order observer calculates all of the state variables
of the proposed controller. By using the estimated state variables,
control input voltage is determined in the microprocessor (IBM per-
sonal computer 486) by means of the proposed sliding-mode con-
troller. The sampling rate is chosen by 1000 Hz. The control voltage
of the microprocessor is applied to the piezofilm actuator after being
amplified via a high-voltage amplifier (Trek 609A-3), which has a
gain of 1000. To demonstrate the superior control performance char-
acteristics of the proposed control methodology, a dynamic signal
analyzer (HP 35665A) is used to save and analyze the experimental
results.

Figure 3 presents tracking control results for the desired position
trajectory of sine function used frequently in the tracking demon-
stration. The first and second flexible modes were considered as the
primary modes to be controlled in the implementation. The system
model parameters were experimentally obtained as follows: w; = 12
Hz, w, =76.3 Hz, ¢{; =0.0072, and ¢, = 0.00432. To demonstrate
the robustness to the external disturbance, d, f () =0.1 sin(1207¢t)
and d, f(t) =0.005 sin(120r¢) were imposed to both the simula-
tion and the experiment. In the experimental implementation, the
source of the disturbance was supplied from the dynamic signal
analyzer. The following control parameters such as the sliding sur-
face constant, the boundary layer width, and the discontinuity con-
trol gain were employed: g =100, £ =0.3, and k = 15. The desired
eigenvalues of the full-order observer were chosen by —5.0 =751,
—5.04480i. For the control results shown in Fig. 3, the sliding-
mode controller (21) was implemented. It is observed from the tra-
jectory response that the settling time to the desired trajectory is
about 0.1 s, and there exists an error of 0.02 mm in the vicinity of
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>
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b) Experiment result

Fig.4 Tracking performance for step trajectory.

the peak of the desired trajectory. This tracking error is attributed
to the fact that the proposed controller includes the saturation func-
tion. Note that the error may be reduced by decreasing the value of
boundary layer width ¢, but the precision control performance may
be degraded because of the increment of the chattering in control
input voltage. We clearly see that there exists excellent agreement
between the simulation and experiment results.

The tracking control results for the desired position of step func-
tion with a period of 2 s are presented in Fig. 4. This type of motion
is widely required for the actual robot gripper. All of the control
parameters for the simulation and the experiment were the same as
those in Fig. 3 except for the boundary layer width of ¢ = 0.25.Itis
clear from the control results that the piezofilm actuator quickly re-
sponds in the presence of the chattering of the control input voltage
when the step trajectory is changed from the positive to the nega-
tive position every second. It is also shown that the settling time is
about 0.2 s for each sudden change of the desired trajectory without
overshoot. The settling time may be shortened by increasing the
sliding surface constant (g). However, the higher control voltage
due to the higher sliding surface constant is required and this may
break down the proposed piezofilm. We see that the experimental
results agree very well with the simulation results, and this achieve-
ment of the tracking control performance featuring fast and accurate
responses provides a prominent feasibility of being applied to the
precise position control of the flexible robot arms or robot grippers.

In Fig. 5, the tracking results for the sinusoidal desired trajec-
tory of varying frequency are given. The frequency varies from 1 to
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Fig. 5 Tracking performance for sinusoidal trajectory of varying fre-
quency.
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15 Hz. The parameter variations were imposed by using the follow-
ing weighting factors on the natural frequency and the damping ra-
tio: B1 =4% (12 = 0.48 Hz), B, =1% (76.3 £0.763 Hz), y; = 10%
(0.0072 4 0.00072), and y, = 5% (0.00432 £ 0.000216). These pa-
rameter variations were augmented to the actual model parameters
in the controller design. Therefore, the sliding-mode controller (26)
was employed to account for the imposed parameter variations in the
simulation and in the experiment. The observer was constructed by
choosing desired eigenvalues of —1.0 &= 75.4i and —1.0+£479.3;. It
is clear that the position tracking is successfully performed over the
chosen frequency range. From the control voltage history, we know
that the control voltage required to generate the imposed magni-
tude of the end displacement decreases as the frequency approaches
the first natural frequency (12 Hz) of the system and increases
after that. Even though the tracking performance is degraded in
the changing phase from the first mode to the second mode, the
results are quite self-explanatory and show that we may achieve
fast and accurate tracking performance by using the piezofilm
actuator.

Conclusions

A position tracking control of a smart flexible structure featur-
ing a piezofilm actuator was presented in this paper. Following a
construction of a control system model that contains external dis-
turbance and parameter variations such as frequency deviation, a
sliding-mode controller was formulated on the basis of the sliding-
mode condition. A full-order observer was designed to estimate
state variables, which are necessary for implementation of the con-
troller. The sinusoidal and step trajectories were imposed and track-
ing performances were evaluated through both computer simulation
and experimental realization. Favorable control performances were
achieved in terms of tracking accuracy and control robustness. In ad-
dition, the agreement between experimental and simulation results
is excellent. The results achieved in this study will be used as the
basis for constructing flexible robot arms or robot grippers operated
by piezoelectric actuators. It is finally remarked that a subsequent
task to achieve successful robot grippers is to develop an appropriate
compliant control algorithm that accounts for both the position and
force control requirements.
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