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Abstracts In this paper, robust motion control of a flexible micro-actuator is presented. The
actuator is made of a bimorph piezoelectric high-polymer material (PVDF). No mathematical model
system can exactly model a physical system such a flexible micro-actuator. For this reason we must
be aware of how modeling errors might adversely affect the performance of a control system for
such a model. The Ho method addresses a wide range of the control problems, combining the
frequency and time domain approaches. The design is an optimal one in the sense of minimization
of the maximum of the closed-loop transfer function. It includes colored measurement and process
noise. It also addresses the issues of robustness due to model uncertainties, and is applicable to the
flexible micro-actuator control problem. Therefore, we adopt the Hoo control problem to the robust
motion control of the flexible micro-actuator. Theoretical and experimental results demonstrate
the satisfactory performance and the effectiveness of the designed controller.

Keywords Robust Motion Control, Piezoelectric High-polymer Material, Flexible Micro—Actilator,

Robust Servo System, Ho, Control Method.

1. INTRODUCTION

In this paper, robust motion controller design of a flexi-
ble micro-actuator is presented. The flexible micro-actuator
is made of a bimorph piezoelectric high-polymer material
(PVDF:Poly Vinylidene Fluoride). The Hoo control prob-
lem is adopted to the robust motion control of the flexible
micro-actuator.

In simple terms, a piezoelectric high-polymer bimorph
micro-actuator consists of two PVDF films cemented with a
metal shim. When an electric voltage with proper polarity
is applied to the terminals of the actuator, one film extends
and the other contracts. As a result, the actuator gener-
ates bending moment. PVDF bimorphs provide answers to
many problems associated with implementing lightweight,
compact, and simple electrically energised motional devices.

The major problems of a robust motion controller design
for the flexible micro-actuator are guarantee of stability for
the controllable space by using a feedback controller, and
improving response properties of the system, so that the
motion of the actuator achieves high performance. Actu-
ally, robustness is also one of the performance indexes for
assessing uncertainty and uncontrollability of the whole ob-
ject system as opposed to assessing the properties of the
transient response and tracking characteristics at the steady
state. Existence of uncertainty in the design parameters of
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a controller due to unconsidered higher modes, variations in
the environment and external disturbances causes the con-
troller to be out of tune and this consequently worsens the
robust performance of the controller in motion control appli-
cations a flexible micro-actuator. The mathematical plant
model with uncertainty needs a robust controller in order
to achieve disturbance rejection even though the plant has
different states from that of the nominal plant. Positive in-
clusion of some uncertainty in the mathematical model, the
controller achieves the robust motion control.

The Ho control problem can deal systematically with the
robust stability problem and the characteristics of the fre-
quency domain loop shaping[7]. This approach gives the
controller design method a guarantee for the robustness
to discretionary disturbances which the £2 norm is lim-
ited. Therefore, the H control problem can guarantee
the robustness of the controller in the face of plant uncer-
tainty; the modeling error, the parameter variations and
unexpected disturbances[3].

On the other hand, the tracking control problem differs
from the regulator problem, because the controller perfor-
mance depends not only on the plant parameters, but also
on the tracking command profile. Although the Ho, control
problem is flexible enough to formulate the tracking prob-
lem to meet requirements. One important requirement for
tracking system is to maintain zero steady-state error. This



requirement can be satisfied by up grading the plant with
an integrator. This approach was already discussed in the
LQG design procedure. The Ho, tracking controller design
approach is similar to the LQG tracking controller design
presented earlier[5]{6]. Therefore, we adopt the H., control
problem to the robust servo controller design of the flex-
ible micro-actuator. Finally, theoretical and experimental
results demonstrate the satisfactory performance and the
effectiveness of the designed controller.

2. SYSTEM DESCRIPTION OF THE FLEXIBLE
MICRO-ACTUATOR

2.1. Piezoelectric High-Polymer Bimorph Actuator Model

Fig. 1 shows the piezoelectric high-polymer bimorph flex-
ible micro-actuator model. The piezoelectric high-polymer
bimorph micro-actuator consists of two PVDF films ce-
mented with a metal shim in proper polarity. Each layer
is connected with an electrode. Applying a control volt-

age V(t) results in an internal strain which is induced in
the PVDF layers by the piezoelectric effect. This strain re-
sults from stresses on each of the PVDF layers, when one
film extends, while the other shrinks producing a resultant
spatially uniform bending moment. Table 1 summarizes a
geometric and physical properties of the actuator(1].

PVDF Layer

Fig. 1 Construction of Flexible Micro-actuator.

2.2. System Identification of the Nominal Model

Power spectrum [dB]

Frequency [Hz]

Fig. 2 Power spectrum of the object system under
random input. (Experimental result)

The system identification problm is estimate a model of a
system besed on observed input/output data for designing

Table 1 Geometric and physical properties of the

actuator.

PrOPERTY || Varues [ UniT
PVDF Young's modulus 2 x 10° [N/m?]
Metal Young's modulus || 6.56 x 10'® | [N/m?]

PVDF density 1.78 x 10° | [kg/m?]

Metal density 4.45 x 10° | [kg/m?]
Actuator length 2.9 x 1072 [m]
Actuator width 1.64 x 1072 [m]
PVDF thickness 2.8 x107° [m]
Metal thickness 1.4 x107° [m]

Piezo strain constant 23 x107'% | [m/V]

robust motion controller of the flexible micro-actuator. As
shown in fig. 2 the power spectrum of the response of the
actuator after subjecting its input to a random signal, it can
be seen that the 1st and 2nd mode are well pronounced. A
method of estimating the parameters is the prediction error
approach, were simply the parameters of the ARMAX model
are chosen so that the defference between the models output
and the measured output (as shown in Fig. 3) is minimized.

3

o

Displacement [um]

o

o
=3
[N

0.4 0.6 0.8
Time [sec]

Fig. 3 Input/output data of the object system.
(Experimental result)

Finally, the identified state equation is
z(t) = Az(t) + bV (¢t) (1a)
and the output equation is given by
y(t) = ca(t) (1b)

where V(t) is the applied voltage and y is the bending dis-
placement at the end point of the actuator,

-133.73 100 0 0 0
-545¢+5 0 100 O 0
AT=| -3.77e4+7 0 0 100 0 |,
—1.06e +10 0 0 0 1.00
—564e+11 0 0 0 0

p"=[100 0 0 0 0],

c:[ 0.021 36.79 3.52e+4 164e+7 2.73e+9 ]

Step response of the identified system model are shown in
Fig. 4.
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Fig. 4 Step response of the identified system
model. (Simulation result)

3. ROBUST MOTION CONTROL BASED H
SYNTHESIS METHOD

8.1. Qutput Feedback Ho Control

A feedback system is denoted by

w
(2)

u
u=K(s)y 3)
A generalized system G(s) having exogenous input w, con-

trolled output z, control input u(:= V'), and measured out-
put y, is described by the state space expression

z(t) = Az(t) + Brw(t) + Bau(t) (4a)
z(t) = Crz(t) + D1au(t) (4b)
y(t) = Crz(t) + Dayu(t) (4c¢)
Gii1(s) Giz(s) A A I B B
G(s) = =| Ci| D1 D
G21(5) GQ?('S) Csy | Doy Doy
(5)
The transfer function G, is expressed as
G.ow =G+ G2 K (sI — GzzK)rlel (6)

Ho control problem is to find a controller K (s) that makes
the closed-loop system internally stable and such that

G wlleo <v°5 ¥>0 (7

There exists an admissible controller such that equa-
tion (7) if and only if the following three conditions hold:
(i) H € dom(Ric) and X = Ric(H) > 0;
(ii) N € dom(Ric) and Y = Ric(N) > 0;
(iii) Amax(XY) <~%
where dom(Ric) is the domain of Ric, H and N are Hamil-
tonian matrices

A BB} /v - B, B3
H .= (8)
- CiCy —A*
A C\Cl /vt = C3C,
N = ) (9)
— BB} —A"

Ric(*) is the stabilizing solution of an algebraic Riccati
equation, Amax(*) is maximum of eigenvalue and ()~ is com-
plex conjugate transpose of ().
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Then, the central solution is given by

&= Ai+ Biw* + Bou+ ZL(Cai —y)  (10a)
u=F# (10b)
w* = B1 X/+v’% (10¢)
where
F:=-B3X, L:=-YC;, Z:=I-YX/¥)™ "

3.2. Robust Servo problem using Hoo Control Synthesis

Consider a feedback control system with robustness, the
purpose of the controller design is to find a feedback com-
pensator which satisfies the following three specifications
under some uncertainties: (1) a closed loop internal stabil-
ity, (2) desired feedback characteristics such as robust stabil-
ity, sensitivity reduction and disturbance rejection, (3) ro-
bust servo ability without steady-state error.

It is well known that the Ho control synthesis method
is useful for the above first two specifications. The Heo
control problem is an optimal control problem subjected
to a worst-case disturbance. In the LQG and H: control
problem we assume that the exogenous inputs are gaussian
noise or impulse signal.

This paper addresses the robust motion control of the
flexible micro-actuator using the H., controller design
method. The integral type controller is required to be satis-
fied with the last specification[4]. So we adopt the H, con-
troller design method with a generalized plant G{(s) shown
in Fig. 5. This approach enables the loop shaping on fre-
quency domain to operate weighting function @, R, W, N
and E.

—
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Fig. 5 Robust servo system using Ho control
method.

In this case, a realization for the generalized plant is given
by

4 0 E 0 B

C 0 0 N 0

e o o o0 0
G(s) = 0 wylz | o 0 0 (11)

0 0 0 0 R'Y?

aC I 0 oN 0
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(a) |S(jw)| Sensitivity function.
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(b) |T(jw)| Complementary sensitivity function.
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(c) Nominal and robust performance of the robust servo system
using Hoo control method. (Experimental results W = 9.0)

Fig. 6 Frequency and time response of the robust
servo system.

where
K(s) =B""(s)K(s) (12)
B(s):zsja; a>0 (13)

4. RESULTS AND DISCUSSION

Recently, stimulated by micro-processor technology, there

is an increasing interest in issues related to digital control
implementation. For the implementation of the designed ro-
bust servo Hoo controller, we routinely use the TMS320C31-
based digital signal processing systemn DSP-CIT, along with
a set of design and implementation software tools, including
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an automatic code generator. The DSP-CIT combines the
TMS320C31’s tremendous computing performance of up to
40[MFlops] with a versatile set of on-board |/0O: four analog
input channels (16bit, 10[usec] and 12bit 3{usec]), four ana-
log output channels (12bit), two incremental encoder chan-
nels and a complete subsystem for digital /0.

We carried out the design in the analogue domain using
MATLAB[2], and discretized the controller, after checking
for the discretization, computational delays, and A/D- and
D/A-quantization, the signal processor code was generated
and downloaded. The sampling period was about 1 [msec].
A reference signal is a square wave of 2.5[;zm] height and a
4 second period.

Fig. 6(a) and (b) shows the sigma plots of the sensitivity
function |S{jw)| and the complementary sensitivity func-
tion |T(jw)|. The sensitivity gain is the order of 0{dB] in
the region above 70[rad/sec] with W = 9.0. Thus the con-
trol system is capable of suppressing disturbances in several
frequency, bounds have been improved resulting in precision
following-up of a control signal.

Suppose suspected multiplicative uncertainty

B=IB; 1>0 (14)

to the input side of the plant, theoretical and experimental
results was performed to evaluate the robust performance
of the designed controller. Fig. 6(c) shows the nominal and
robust performance of the step response of the system using
the robust servo Heo controller with W =90, R=1, E =1,
Q=1 N=01,a=10and 4% = 1.0217. The Ho control
design method increases the system robustness and push
down the sensitivity.

5. CONCLUSION

‘We proposed the robust motion control using Ho, con-
troller design method for a flexible micro-manipulator.

The designed Ho robust servo controller were evaluated
by the frequency analysis and the experimental results with
suspected parameter changing. Both the sensitivity func-
tion and the complementary sensitivity function are satisfied
with loop shaping. The time response results demonstrates
desired robust tracking performance of the system. The
effectiveness of the robust motion control verified experi-
mentally using the proposed design method for the flexible
micro-actuator motion control.
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