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Abstract

A method for the closedloop control of the
torsional tip motion of a plezo-polymer actuator
is presented. The application of Lyapunov's dircet
method to the problem " is explored. A [ecdback
control of the torsional tip motion of the
piezopolymer actuator Is derived by considering
the time rate of change of the total energy of the
system. 10 the angular velocity of the tip of the
actuator is known, all the modes of the actuator
can be controlled simultancously. This approach
has the advantage over the conventional melhods in
the respect that it aliows one 1o directly with
the system’s partial differcential equal ions
without resorting to approximations.

1. Introduction

operations in semiconductor
manufacturing such as probing and wire bonding
require high-precision controlled motion and
delicate forces. Micro-actuators which are capable
of exccuting motions in the micron or submicron
range have applications in biomedical as well as
microrobotics. There exists an ongoing need in the
arca of microrobotics and micromachines for tight
fast compact actuators.

The most of piczoeclectric actuators are based
on bimorph design and are either made of ceramic

Many

or polymeric materials. Ceramics have better
piezoclectric propertics and higher eclastic
stiffness constant  than polymers. This gives
ceramics the advantage of producing large forces

but  small displacements. Polymers have an
advantage of producing larger displacements than
ceramics but the force gencrated 1is greatly
reduced. We resolved the stiffrness problem with
the polymeric material by reducing the actuator in

size. In 1969, Kawai discovered the strong
piczoeclectric effect in PVDF or PV
(polyvinylideneftuoride)[1]. Compared to olher
plezoetectric materials, PVDF has certain unique

properties such as high levels of plezo activity,
an extremely wlde frequency range, a broad dynamic
responsce, and Jow acoustic impedance[2,3].  This
make it attractive for many sensor and transducer
applications. We propose here gluing together two
three-layer PVDF-shim metal composiles in
parallicl, and PVDF  actuating them with applicd
electric ficlds having opposite phases for
generating the torsional motion. When a  vollage

is applied across the clements, one
Tonger, the other shorter-hence deflection is
obtained. Therefore opposite f(ields on diagonal
pairs causc a twisting motion ol the actuator. To
model  the piezopolymer micro-actuator under
appilied electric fields, we applied the classical
laminate plate theory{4].

Flexible structures are distributed-parameter
systems having a Lheoretically infinite number of
vibrational modes. Often, current design practice
is to model the system with a finite number of
modes and to design a control system using lumped-
parameter control theory. Truncating the model may
lead Lo performance tradeolfs when designing a
control system for distributed-parameter systems.
In order to realize accurate positioning or
tracking of the piezopolymer wmicro-actuator, the
rigidbody motions and elastic behaviors have to be
ceontrolled simultancously. In  this case, . the
stability analysis of the controlled system is
very important. In this paper, a method for the
closedloop control of the torsional motion of a
picrzo-polymer actuator is presented.

element  gets

2. Modeling the Twisting Actuator

IFrom the structural viewpoint, only
and stretching motion can be actuated or detected
by the PVDF alone. We propose gluing together two
three-layer PVDEF-shim metal composites in
paralicl, and PVDF actuate tLhem with applied
eclectric C(icids having opposite phases {for
generaling the torsional motion. To generate a
pure bending wotion, we PVDF actuate them with
applicd electric ficlds having the same phase.

ltere, we consider an  isolropic lamina with
two piezopolymer laminae bonded to the top and
bottom surfaces of the plate as shown Fig. 1. The
material properties for the isotropic layer are
specificd by:
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The material properties for the PVDF are specified
by:
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Figure 1. Arrangement and coordinale of pieczopolymer
flexible twisting micro-actuator

where E:, v,, and f:, vo are the Young's modulus
and Polisson’'s ratio for the Iisotropic layer and
PVDF respectively.

In this case, the equation of motion of the

micro-actuator is written as

Qe )i Lo 1 (Qee )i 1o ) 073X =(prlpitpalez)d°6/01°,
(3)

where ((Qee)ilei*(Qss)elnz) s the torsional
stiffness and (pile.1*p21,2) 1s the mass moment of
inertia.

The boundary conditions are

6(0,1t)=0, (4)
((Qee )l +(Qee )edez2 )01, 1)/ 3x=b(h vhe ) (Ree )i dar |

(5}
where ¥ Is the applied voltage, ds the
appropriate static piezoelectric constont, h:y the

thickness of the PVDF layer, h: the thickness of
the isotropic layer, b the width of the actuator,
i the length of the actualor.

3. Deriving a Control Algorithm
-Distributed-parameter countrol theory was used

to design a control algorithm for the piezopolymer
flexible twisting micro~actuator. This allows one

the possibility of controlling all the modes of
vibration at once, provided that the system is
controllable through the actuator. lence, onc may

avoid problems with spillover of the uncontrolled
modes .

The control problem is to conlroil the motion
of the system described by Egs. (3)-(5) using . the
input voltage I'(t) to tLhe PVDF as the control
variable. We assume therce is no restriction on the
type of sensors avallabie.

Lyapunov's second or dircct method
used to design control algorithms and can
deal with distributed-parameter systems. This
design method was chosen because It was the most
straightforward way Lo derive an  implementable
distribuled-parameter control law, With Lhis
method, one (inds a Lyapunov funclional of the

can  be
casily

system and chooses the control  to minimize the
time rate of change of the functional at every
point In time. An appropriate functional for the

system described by Eqs. (3)-(5) is the sum ol the
shuurcs of the angle of twist per unit length and
gngular velocity, integrated along the length of
the actuator[5], or

EC0=1/2) (o ln o 1r:)(36781)7 dx

S1/2[ () i+ (e e 1o ) (36/0x)°dx,  (6)

where the first term in equation {6) Is relative
measure of its kinctic energy and the second term
is related to the torsional strain energy in the
structure, llence the chosen Lyapunov function
resemhles the tlotal cnergy of the system. A
control law is sought which will minimize the time
derivative of this functional. Taking the time
derivative of equation {6) yields:

AECH/At=[, (prlnivpe dn2) (36/31) (3767512 ) dx

Q@) ide s (Ree)o 10 (38/92) (3 6/3%31) dx. (7)
Substituting equation (3) into (7) gives:

BEC)/31=[, ((Ree i lni s (B e ) dni )(326/9X7 ) (36/31) dx

) e 4 (e 1020 (3679%) (37 0/3x01) dx. (8)

The second term of  equation (8) is
integrated by parts and the boundary
are substituted into the resulting
result is

then
conditlions
cquation. the

3H(l)/81=f;((Qfa)1In:'(Q:e).Ip:)(3“9/9x9)(89/8()dx

Qe )i 1+ (Ree Do 1 ) (3078500007200 | .4

(AR s Ja bt 4406 ) 1n o D(B073X)(36700) | g
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L@t @ e 1e2 )07 070x7 ) (2670 1) dx
Qe Vi o1 ¢ (Qee )i az)(28/3x)(30738) |, .2
=(3873) 1. r (N1 1), (9)
where
Ni=b(tr+l.)(lie)idy,.

The feedback control law for ¥F(t) which will
minimize cquation (6) (i.c., make it as negative
as possible given a input) is given as:

Nib{t)=-Kcae/at) | .: ; K>0 (10)
AECE)/dt=-K((a6/31) ], .1 ) <0, (11)

where (3072601, .: is the angular velocily at the
tip of the actuator. This means that control
voltage should be chosen with as large a magnitude
as possible and should generate a torque that
ensures asymptotlic stability of the tip angular
motion of the actuator. This control law has
several desirable characteristics. First, no modes

have  been  truncated. This control law will
theoretically work with any and all modes of
Ltorsional vibration of a actuator, since every

mode has some angular at the tip of the
Second, the control law depends only on  the
angular velocity at the Lip of the actuator. not
an Integral along its length. This means that only
one spatially discrete sensor s needed Lo
implement this distributed-parameter control law.
Let 6+ be the desired tip angle. Then a
constant voltage Vv Is needed to hold the tip
position at 6.
Let 64 (x)
corresponding Lo:

actuator.

(85 (1)=64) be Lthe solution

((Qes )i dor Qe )i 10208781 (/3% 50, (12)
6100, 1)=0, (13)
Qs )i ln g +(Qee )i lni 1805 (1, £)/3X=NI V. (14)

liecre we define the error e(x, $)=84(x)-6(x, {). Then
e(x, 1) satislies:

e )i Loy #(Qee o Lai )3 €700 =(pr ot +p0 102 )3 /017,
(15)

with the boundary conditlons
€0, t)=9, (16)
(CQee )idai 4 (Ree ) Loz ) (304 73x-36C1, £)/0x) =N V. (17)

To apply Lyapunov's direct method to this problenm,
consider the following functional:

eC=1/2[0 (i tay oo 1000 (967007 dx

S2[ Qe e Qs (220 De/30  dx. (18)

This functional can be thought of as a measure of
how far the error is from its equllibrium position
or as a mcasure of the energy in the error systen.
Minimizing the time derivative of this functional
is then equivalent to trying to bring the error
system Lo equilibrium as fast as possible or

system
with

removing as much energy possible from the
at cach point in time. Differentiating FE(1)
respect Lo L and integrating by parts lead to

e )/a1=], (pilni+p: 1r:) (3 /315 )(9e/30) dx

L C@ee ) 1n 1 (@221, (36/3%) (8 ¢/3x31) dx
(19)
(15)~(17), immediately

which, in view of Lgs.

reduces to
de(i1)/ai=-K((ae/at)|. .. <0, (20)

Therefore, desired feedback control for enhancing

stability is

BV(1)=Va-¥(1)=-K(3e/a1) ]|, -1 ) /N1, (21)
or
V(1Y=Ve +K(Be/3L) |\ .0 ) /N1 (22)

Fquation for ¢ of fcedback system is

(Qre )i dpr s (Qee )odpz ) €/3x =(prlpyvps 1n2)3" £/815,
) (23)

with the boundary conditions
€(0,1)=0, (24)

e, 1)/78x=-K(Be/a) ). 0 )/ ((Rredidni+(Reedilo ).
(25}

Taking the Laplace transform of eqs. (23)-(25)

with respect to t gives

de/dx" - €=0, (26)
€(0,5)=0, (27)
de(1,8)/dx=-Kse(1, 80/ ((Qre)idort(Qredednz),  (28)
where

Bo=(pidr v pi e ST/ Qe )i Tp s+ (R dadps).

A general solution of equation (26) is
Elx,8)=Acoshfx+Bsinhfix (29)
where A and B are unknown constants determined
from the boundary conditions. Substitution of eq.
(29) into eqs. (27)-(28) leads to
AtBcoshBl+KssinhBi/((Qes )1 lp:+(Qre)odrs) =0, (30)
The characteristic cqualion is thus given by

BeKstanhPi/ ((Ree )il +(Rer )i dps)=0. (31)

4. Numecrical Resulls and Discussion

In what follows, some numerical results are
prescinted for a (typical pieczopolymer flexible
micro-actuator undergoing twisting motions. The
micro-actuator is assumed to be a  composite with
parameter values i =2.0xt0°(N/ w1, Eo=76.9x10°
[N/ 1, pr=t . 78x10 Lkg/m' 7. pe=2.84x10 Lkg/m 1,
vi=t/3, v =t/30 hi=0.00010mI, ke =0.000t{mi, b=
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0.0003tml, 1=0.01[m} and d:;=2.3x10 7"'[c/N1. We
consider the case with structural damping factor
8=2.73x10 *{6,7}. Here, the effects of air drag
and ete., are not included in the model. Figure 2
and 3 show the step respousce for the error system.
Figure 2 1s the result with the feedback gain
K=100.0 and Figure 3 that with the feedback gain

structural problems with
uncontrolled modes. The simulation resuits verify
that the proposed control law is effecltive at
controlling twisting motion of the actuator. The
approach outlined here has been proved to be
useful also for the bending type piezopolymer
fiexible micro-actuator|8].

This avoids any

K=1.0. It is seen that the ecrror decreases
monotonlically with a tlime. It becomes zero at Refercnces
.04l seconds] when K=100.0. After then the steady-
state error is zero. The error becomes zero at f1} l.Kawai, "“The Piezoclectricitly of Poly
0.02560seconds]) when K=1.0. Figure 4 and 5 (vinylidene Flouride),”™ Jpn. J. Appl. Phys.,
iltustrate the output response together with the Vol.8, pp.975-976, 1969.
unit step  input. Figure 4 is the result for [2] N.Murayama, N.Nakamura, !H.Obara, and M.Scgawa,
K=100.0 and Figure 5 that for K=/.0. Notlce that "The Strong Piezoclectric in Polyvinylidenc
the oulput responses cexhibit no overshoots. Fluoride(PVDF)," Ultrasonics, Vol.14, pp.15-
Hlowever, when K=100.0 Lhe output response takes 23, 1976.
longer Lo recach its final value than when K=7.0. [3] G.M.Sessler, "Piezoclectricity in
This response is described as being overdamped. Polyvinylidene Fluoride,” J. Acoust. Soc. Am.,
Micro-Actuator are becoming smaller in size. Vol.70, pp.1596-1608, 1981.
Comparing with the inertia term, the stiffness 14] M.Sasaki, and P.K.C.Wang, "Piczopolymer
term, and the damping term, the effect of the Flexible Micro-Manipulator,” Procecdings of
damping factor affects ithe most in this casc. the 1991 Korean Automatic Control Conference,
Vol.2-2, pp.1459-1464, 1991,
5. Conclusions {51 I.K.C.Wang, “Stability Analysis of Elastic and
A method for the closedloop contrel of the Aoroolnﬁtic .Systpws via Lyapunov'f Dircct
torsional tip motion of a piezo-polymer actuator MCLEOd‘, J'(Pﬁ“”kl'” Institute, Voi.281, No.1,
is presented. The application of Lyapunov's dircct . pp‘dl‘z%' ]J§§'
method to the problem is explored. A Teedback {61 KYNAR [J?ZO Film Technical Manual, Pennwalt
contlrol ol the torsional motion of Lhe Cnrpnra?lon; 1987' . .
piezopolymer actuator is derived by considering {71 M. Sasaki, Plegopglymcr . Bimorph Flex!hlc
the time rate of change of fthe total energy of the Mlcro~ActuaLor,‘ Proceedings of the first
system. This approach has Lhe advantage over the ]nternétioqal Conference OP, Motion and
conventional methods In the respect that it allows Vibratjon LOHLFOI‘ VO]Z]‘ pp.368-373. ;
one to deal directly with the system’'s partial 18] w:SaiuBi. I.Taknhqshl,. and P.K.C.Wang, “
differential cquations without resorting to ,EC"(b“?k Control of a P;ezopn[ymur AcLuaLur,
approximations. Since no modes were truncated in IIOCOOQ'”gS “f }P? fLP . Electromagnetics
the analysis, this control taw will theoretically Symposium, pp.387-392, 1993(1n Japancse).
control all of the modes of torsional vibration.
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