160 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 7, NO. 2, MARCH 1999

An H., Almost Disturbance Decoupling Robust
Controller Design for a Piezoelectric
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Abstract—A robust controller design for a piezoelectric bi-
morph nonlinear actuator is considered in this paper. The non-
linear dynamics of the actuator are first linearized using the :
stochastic equivalent linearization method and reformulated into |:1: ! ]]

a standard almost disturbance decoupling problem. Then a ro-
bust controller, which is explicitly parameterized by two tuning
parameters, is carried out using a so-called asymptotic time-scale () :
and eigenstructure assignment approach. The parameterized con- [~ L
troller can be tuned by adjusting the parameters to achieve : //
disturbance decoupling and other design goals for the problem 1] 2
that we consider. Simulation results of time-domain responses > I > : >
show that the design is very successful in terms of steady-state :
tracking error and settling time as well as other performances.
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Index Terms—Actuators, disturbance decoupling,H -, control, Q O 1
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I. INTRODUCTION TO THE PROBLEM
IEZOELECTRICITY is a fundamental process in electro-
mechanical energy conversion. It relates electric polafig. 1. Structure of a piezoelectric bimorph actuator: 1—base, 2—piezoelec-
ization to mechanical stress/strain in piezoelectric materialéc bimorph beams, 3—moving plate, and 4—guides.
Under the direct piezoelectric effect, an electric charge can be
observed when the materials are deformed. The conversednves means that data tracks and data bits are being placed at
the reciprocal piezoelectric effect is when the application afoser proximity than ever before. The 25000 TPI (tracks-per-
an electric field can cause mechanical stress/strain in the piézch) track densities envisaged at the turn of the century mean
materials. There are numerous piezoelectric materials availatflat the positioning of the read/write (R/W) heads must be
today with PZT (lead zirconate titanate), PLZT (lanthanuraccomplished to within 1 to 2 micro-in error in track following.
modified lead zirconate titanate), and PVDF (piezoelectrithe closed-loop positioning servo will also be required to have
polymeric polyvinylidene fluoride) to name a few (see [11]).a bandwidth in excess of 1 to 2 kHz to be able to maintain
Piezoelectric structures are widely used in applications théis accuracy at the high spindle speeds required for channel
require electrical to mechanical energy conversion couplédta transfer rates which will be in excess of 200 Mb/s. Such
with size limitations, precision, and speed of operation. Ty performance is clearly out of reach with the present voice
ical examples are micro-sensors, micro-positioners, speakexs] motor (VCM) actuators used in disk drive access systems.
medical diagnostics, shutters and impact print hammers. InA dual actuator was successfully demonstrated by Tsuchiura
most applications, bimorph or stack piezoelectric structures al. of Hitachi [18]. In [18], a fine positioner based on a
are used because of the relatively high stress/strain to injpigzoelectric structure was mounted at the end of a primary
electric field ratio (see [11]). VCM stage to form the dual actuator. The higher bandwidth
The present work is motivated by the possibility of applyef the fine positioner allowed the R/W heads to be accurately
ing piezoelectric micro-actuators in magnetic recording. Thmpsitioned. There have been other instances where electromag-
exponential growth of area densities seen in magnetic disktic (see [13]) and electrostatic (see [9]) micro-actuators have
M . . o bgen used for fine positioning of R/W heads.
anuscript received May 31, 1996; revised May 12, 1998. Recommende The focus of this paper is to concentrate on the control issues
by Associate Editor, C. W. de Silva.
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Our approach is as follows: we first use the stochastic equiv-
alent linearization method proposed in Chang [2] to obtain a
linearized model for the nonlinear hysteretic dynamics. Then
we reformulate our design into a problem of &h, almost
disturbance decoupling problem in which the disturbance input
is the reference input and the error difference between the
hysteretic dynamics and that of its linearized model, while
Controller the controlled output is simply the double integration of the
tracking error. Thus, our task becomes to design a controller
such that when it is applied to the piezoelectric actuator, the
Fig. 2. Piezoelectric bimorph actuator plant with controller. overall system is asymptotically stable, and the controlled

output, which is corresponding to the tacking error, is as small

of this piezoelectric actuator, which is targeted for use 7> possmlg and decgys as fa;t as possible. .
The outline of this paper is as follows: In Section II,

the secondary stage of a future dual actuator for magnetic

recording, was actually built and modeled by Low and G first-order linearized model is obtained for the nonlinear
[11]. It ha’s two pairs of bimorph beams which are subject steresis using the stochastic equivalent linearization method.

to bipolar excitation. The dynamics of the actuator wer |muIatipn result i; alsq given to show the matching between
identified in [11] as a second-order linear model coupled wi e nonlinear and Ilnea_rlzeq models. In Section lil, we formu-
a hysteresis. The linear model is given by ate our.controller design into a stquard almost dlsturpance

decoupling problem by properly defining the disturbance input
my + b2y +kry = k(du — h) (1) and the controlled output. Two integrators are augmented

wherem, b, k, andd are the tangent mass, damping, stiffnes'smo the original plant to enhance the performance of the

and effective piezoelectric coefficients, whileis the input overall system. Then a robust controller that is explicitly

o arameterized by certain tuning parameters and that solves
voltage that generates excitation forces to the actuator SySth%’ ronosed almost disturbance decouling problem is carried
The variablez; is the displacement of the actuator and it i prop piing p

also the only measurement we can have in this system.OHt using a so-called asymptotic time-scale and eigenstructure

should be noted that the working range o the displacemdiDORERT S TURE, T SR b B8 RO T T
of this actuator is withint1l xm. The variableh is from the y

hysteretic nonlinear dynamics [11] and is governed by using MATLAB SIMULINK. We also obtain an e>.<plicit
) relationship between the peak values of the control signal and
h = adi — Bli|h — yi|h| (2) the tuning parameters of the controller as well as an explicit

Iir}ear relationship of the maximum trackable frequency, i.e,
whereq, 3, and~y are some constants that control the shapes ol . )
the corresponding tracking error can be settled to 1%, versus

the hysteresis. For the actuator system that we are conmdewg tuning parameters of the controller. The simulation results

in this paper, the above coefficients are identified as follow%.f this section clearly show that all the design specifications are

control input displacement

Piezoelectric Actuator

reference

m = 0.01595 kg Y met and the overall performance is very satisfactory. Finally,
b= 1.169 Ns/m in Section V, we draw our concluding remarks and discuss
k= 4385 N/m some implementation issues.

d= 8209x 107" m/V ;. (3)

o= 0.4297

8= 0.034 38

v = —0.002 865 J Il. LINEARIZATION OF THE

For a more detailed description of this piezoelectric actuator NONLINEAR HYSTERETIC DYNAMICS

system and the identifications of the above parameters, wéMe will proceed to linearize the nonlinear hysteretic dy-
refer interested readers to the work of Low and Guo [11]. Omamics of (2) in this section. As pointed out in [2], basically
goal of this paper is to design a robust controller as in Fig.tBere are three methods available in the literature to linearize
that meets the following design specifications. the hysteretic type of nonlinear systems. These are 1) the

1) The steady-state tracking errors of the displacemdn@kker—Planck equation approach (see, for example, [7]); 2)
should be less than 1% for any input reference signdfe perturbation techniques (see, for example, [8] and [12]);
that have frequencies ranging from 0 to 30 Hz as tHd 3) the stochastic linearization approach. All of them have
actuator is to be used to track certain color noise typ‘@rtain advantages and limitations. However, the stochastic
of signals in disk drive systems. linearization technique has the widest range of applications

2) The 1% settling time should be as fast as possible (wémpared to the other methods. This method is based on the
are able to achieve a 1% settling time less than 0.06@ncept of replacing the nonlinear system by an “equivalent”
s in our design). linear system in such a way that the “difference” between these

3) The control input signal(t) should not exceed 112.5two systems is minimized in a certain sense. The technique was

V because of the physical limitation of the piezoelectrithitiated by Booton [1]. In this paper, we would just follow the
materials. stochastic linearization method given in Chang [2] to obtain a
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linear model of the following form: The stochastic linearization model of the nonlinear hysteretic
b= kyti + koh (4) dynamics of (2) is then given by
for the hysteretic dynamics of (2), where and k, are h = ki + keh = 3.5382 x 10~ i — 0.9597h. (16)

the linearization coefficients and are to be determined. Ther future use, let us define the linearization error as
procedure is quite straightforward and proceeds as follows: -
First we introduce a so-called “difference” functierbetween en=h—nh. 17
h of (2) and i of (4) Fig. 3 shows the open-loop simulation results of the nonlinear
o . . . hysteresis and its linearized model, as well as their error for a
olkr, k) = adi = Blafh = yilh| = (kv + koh). - (5) sine wave input signat with a peak value of 5 V. The results
Then minimizing E[¢’], whereE is the expectation operator, are quite satisfactory. Here we should note that because of the

with respect tok; andk», we obtain nature of our approach in controller design later in the next
OE[¢?]  OE[e?] 0 6 section, the variation of the linearized model within certain
ok, — Oky 6) range, which might result in larger linearization erray, will

from which the stochastic linearization coefficietsandk, ot affect much the overall performance of the closed-loop
are determined. It turns out that/ifand are of zero means System. We will formulate:;, as a disturbance input and our

and jointly Gaussian, theh, andk, can be easily obtained. controller will automatically reject it from the output response.
Let us assume that and« have a joint probability density

. . AN H,, ALMOST DISTURBANCE
function

1 DECOUPLING PROBLEM AND ITS SOLUTION

fan(t, ) = 27r0ru0h\/1—7p,,2~,,h This section is the heart qf this paper. _We will first fprmu—
212 g o e o2 late our c;ontrol system design for th_e piezoelectric b|m.orph
.exp{_au @O hpih h } (7) actuator into a standaré{., almost disturbance decoupling
20303 (1= p3y) problem, and then apply the results of Chenal. [5] to
where p.,5, is the normalized covariance &f and h, ando;, check the solvability of the proposed problem. Finally, we
and o, are the standard deviation @f and &, respectively. will utilize the results of Ozcetirt al. [14] as well as Cheet
Then the linearization coefficients and%, can be expressedal. [6] to find an internally stabilizing controller that solves the
as the following: proposed almost disturbance decoupling problem. Of course,
8) most importantly, the resulting closed-loop system and its
responses should meet all the design specifications as listed

ki =ad — Pep — vyeo

and in Section I. To do this, we will have to convert the dynamic
ky = — fes — yeq (9)  model of (1) with the linearized model of the hysteresis into
wherecy, ¢z, ¢s, and ey are given by a state-space form. Let us first define a new state variable
A2 v=h—ku. (18)
c1 =0.797907, cos [tan‘l <p—}“h>] (10)  Then from (16), we have
co =0.797904,, ¢4 = 0.7979pan0y (11) o =h — ki = koh = kyv + krkyu. (19)
and Substituting (17) and (18) into (1), we obtain

. . k k(d—k k
T+ —1+—z+—v= Mu——eh. (20)

m m m m m
The overall controller structure of our approach is then

c3 = 0.7979%{1 -2
)1 } depicted Fig. 4. Note that in Fig. 4 we have augmented two
(12)

1= p?
+ pug, COS [tan_l <A

integrators aftee, the tracking error between the displacement
x; and the reference input signal We have observed a very

interesting property of this problem, i.e., the more integrators

After many iterations, we found that a sinusoidal excitatiop at we augment after the tracking erothe smaller tracking

L . : h
u with frequencies ranging from 0-100 Hz (the eXp%tedrror we can achieve for the same level of control input
working frequency range) and peak magnitude of 50 V, Whic%l

has a standard deviation ef, = 35, would yield a suitable ecaurse our rcont.rol nput Is I|m|teq o the range from
. ; . o ) —112.5t0 112.5 V, it turns out that two integrators are needed
linearized model for (2). For this excitation, we obtaip =

5 % 10=7 por — 5 x 10-3 in order to meet all the design specifications. It is clear to see
° » Pih =9 that the augmented system has an order of five. Next, let us
c1 =1.9947 x 107%, ¢, =3.9894 x 1077 (13) define the state of the augmented system as

cs =27.9260, ¢4 = 0.1396 (14) z=(x1 @1 v za x5) (21)
and the measurement output

Pih

and
Y1 1

y=1y2 ] =\|24 (22)
ki = 3.5382 x 10_7, ko = —0.9597. (15) Y3 T
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i.e., the original measurement of displacementplus two 0 0 0 0
augmented states. The auxiliary disturbance input is —k/m 0 —274921.63 0
= 0 0| = 0 0 (27)
T L O 0 0 0
and the output to be controlled;, is simply the double @"d 0 0 0 o 0 0
integration of the tracking error. The state-space model of the 000 10 D 0 0
. : 1= ’ 1= ’
overall augmented system is then given by 00001 0 0
#=Az + Bu+ Ew Co=[0 0 0 0 1], Dy=0. (28)

Xiq v =Gt Diw (24) The H., almost disturbance decoupling problem is to design
2 =0 + Dau a parameterized proper controller of the form
with .
~ 0 1 0 0 0 26(517 62): {J}c —Ac(517 52)-Tc + Bc(517 52)9 (29)
“kjm —b/m —k/m 0 0 u=Ce(e1, €2)xc + Deler, €2)y
A= 0 0 ke 0 0 which has the following properties.
(1) 8 8 (1) 8 1) Internal Stability: There exist scalars; > 0 ande% > 0
3 0 1 0 0 0 such that for all0 < & < ei _and 0 < g2 < €3,
_974921.63 —T73.9915 —274921.63 0 0 the closed-loop system comprisidgand the controller
_ 0 0 09597 0 0 Y.(g1, €2) is asymptotically stable. That is for all <
1 0 0 0 0 g1 < ] and0 < g2 < £%, the following matrix:
L 0 0 0 1 0
A+BDC €1, €2 Cl BCC €1, €2
] . . (25) Auler, e2) = Bc(sl,(sg)C'l) Ac(ila 52))
k(d—Fky)/m 0.1284 (30)
B= Ekiks = |—3.3956 x 10~7 (26)
0 0 has all its eigenvalues in the open left-half complex
L 0 0

plane.
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Fig. 4. Augmented linearized model with disturbance decoupling controller.

2) Disturbance RejectionThe H_.-norm of the closed- exists a parameterized controller that satisfies the above men-
loop transfer function matrix from the disturbance inpuioned two properties, can be found in [19] for strictly proper
w to the output to be controlled, sayT.(e1, €2, s), Systems and in [5] for general nonstrictly proper systems.
satisfying The solution for the general almost disturbance decoupling
problem, if existent, can be found in Ozcet al. [14]. In
|T%w(e1, €2, 8)|loo = 0 as eg — 0 and g — 0 fact, one can also obtain such a controller using the technique
(31) of the so-called closed-loop transfer recovery design proposed
where the H..-norm of T.,(e1, 2, s) is defined as in Chenetal.[6]. We will discuss this issue further later when
usual as it comes to designing the controller.
For the problem that we are considering here, it is simple to
ITw(ers €2, 8)|loo = SUPp  omax[Tew(eL, €2, jw)] verify using the Linear Systems Toolbox [10] that the system
wE[0, o0) 3 of (24) has the following properties.
) (32) 1) The subsystem(A, B, Cs, D,) is invertible and of
and wherer,.ax[] denotes the largest singular value. minimum phase with one invariant zero at.6367. It
We also say that the controll@Z.(e;, e2) of (29) solves also has one infinite zero of order 4.
the almost disturbance decoupling problem forof (24) 2) The subsysteri4, E, C1, Dy) is left invertible and of
if the above two conditions are satisfied. The problem of  minimum phase with one invariant zero-a6.9597 and
almost disturbance decoupling was first introduced by Willems  two infinite zeros of orders 1 and 2, respectively.
(see [19] for a recent result and related references). It hpigen it follows from [19] or [5] that theH., almost dis-
many applications. Recently, Stoorvogel [17] had obtainedrbance decoupling problem for this is solvable. In fact,
a very interesting interconnection between thHg, optimal following the results of Ozcetiet al. [14] or Chenet al. [6],
control problem and the disturbance decoupling problem. Thae can design either a full-order observer-based controller
necessary and sufficient conditions under which the almast a reduced order observer-based controller to solve this
disturbance decoupling problem far is solvable, i.e., there problem. For the full-order observer-based controller, the order
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Fig. 5. Maximum singular values of the closed-loop transfer funcflon, (¢1, =2, s).

of the disturbance decoupling controller (see Fig. 4) will be &specially the multi time-scale case, was completed in Chen
and the order of the final overall controller (again see Fig. #3]. It uses the special coordinate basis [16] of the given
will be 7 (the disturbance decoupling controller plus twaystem. The specified finite eigenstructure of the closed-loop
integrators). On the other hand, if we use a reduced ordgrstem is assigned appropriately by working with subsystems
observer in the disturbance decoupling controller, the totahich represent the finite zero structure of the given system.
order of the resulting final overall controller will be reducedimilarly, the specified asymptotically infinite eigenstructure
to 4. From the practical point of view, the latter is muclof the closed-loop system is assigned appropriately by working
more desirable than the former. Thus, in what follows wgith the subsystems which represent the infinite zero structure
will only focus on the controller design based on a reduces the given system. Unfortunately, because of the complexity
order observer. For the disturbance decoupling problem, e the algorithm and the background materials involved in
can separate our controller design into two steps. it, it is impossible to present the detailed procedure of the
1) Inthe first step, we assume that all five states af (24) ATEA method here in this paper. We refer the interested
are available and then design a static and parameterizedders to Ozcetiet al. [14] and Chenret al. [6] for details.
state feedback control law We would like to note that in principle, one can also apply
w= Flen)a 33) the ARE (algebraic Riccati equation) basHd, optimization
technique (see for example Zhou and Khargonekar [20]) to
such that it solves the almost disturbance decouplisglve this problem. However, because the numerical conditions
problem for the state feedback case, ig.= z, by of our system,X, are very bad, we are unable to obtain
adjusting the tuning parameter, to an appropriate any satisfactory solution from the ARE approach. We cannot
value. get any meaningful solution for the associatdd,-ARE in
2) In the second step, we follow the procedure of ChedATLAB. In this sense and at least for this problem, the
et al. [6] to design a reduced order observer-basedlEA method is much more powerful than the ARE one. The
controller. It has a parameterized reduced order obsergaiftware realization of the ATEA algorithm can be found in
gain matrix K»(e2) that can be tuned to recover thehe Linear Systems and Control Toolbox developed by Chen
performance achieved by the state feedback control Ig4]. The following is a closed-form solution of the static state
in the first step. feedback parameterized gain matfiXe; ) obtained using the
We will use the asymptotic time-scale and eigenstructuAd EA method in (34), shown at the bottom of the next page,
assignment (ATEA) design method proposed in Ozcetial. where €, is the tuning parameter that can be adjusted to
[14] and Cheret al. [6] to construct both the state feedbaclachieve almost disturbance decoupling. It can be verified that
law and the reduced order observer gain. The ATEA desitfme closed-loop system matri¥, + BF(e;) is asymptotically
method is decentralized in nature. It was initiated by Sabestable for alld < ; < oo and the closed-loop transfer function
and Sannuti [15] while the detailed proof of the algorithmfrom the disturbances to the controlled output, 7..,(z1, s),
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satisfying output. Let us now partition the transformed system as follows:
[Tzw(z1, 8)lloo =[I[C2 + D2F(e1)] AT (A1 | A
—1 =
[SI—A—BF(El)] EHoo_)O -A21 A22
as g — 0. (35) - 0 00 1 0
. . 1 00 0 0
The next step is to design a reduced order observer-based 0 10 0 0
controller that will recover the performance of the above
state feedback control law. First, let us perform the following —274921.63 0 0 ‘ —73.2915 —274921.63
nonsingular (permutation) state transformation to the system L 0 00 0 —0.9597
¥ of (24): (39)
_ 0 i,
z=Tz (36) 0
-1 |2H| 0
where T'B= B ] -
2 0.12841
10000 [—3.39561 x 107
0 0 0 1 O _ 0 07
T=10 0 0 0 1 (37) 0 ]
01000 ) E, 0 0
00100 eE=\|= : (40)
_ 2 —274921.63 0
such that the transformed measurement matrix has the form of i 0 0]
1 0 0 0 O .
. . Also, we partition (41) and (42), shown at the bottom of the
CGT=10 1 0 0 0|=[ 0] (38)
0010 0 next page. Then the reduced-order observer-based controller

(see Cheret al. [6]) is given as in the form of (29) with

Clearly, the first three states of the transformed system, or
1, 74, andx; of the original systenk: in (24), need not be Aec(€1, €2) = Az + Ka(e2)Ar2 + B2 F(e1)
estimated as they are already available from the measurement + Ks(e2)B1 Fy(eq) (43)

F(e1) = [(2.141 x 10° — 62.3/e3) (570.7619 — 31.15/e1) 2.141 x 10° —62.3/e3 —31.15/¢}] (34)
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Bc({fl, 62) = A +K2(62)A11 — [A22 + KQ(EQ)AlQ]KQ(EQ) £1 = &2 = 1/100, £1 = €3 = 1/400, ande; = g5 = 1/3000,
+ [Ba + Ka(e2) By [Fi(e1) — Fale1)Ka(e2)] in Fig. 5 show that as; ande; become smaller and smaller,
the H., norms ofT.,,(e1, €2, s) are also smaller and smaller.

(44) Hence, almost disturbance decoupling is indeed achieved.
Ce(er, €2) = Fa(e1) (45)  These are the properties of our control system in the frequency
D.(e1, e2) =Fi(e1) — Fa(e1)K2(e2) (46) domain. We will address in the next section its time domain

i ) properties, which of course are much more important as all
where K»(e2) is the parameterized reduced order observg{, design specifications are in the time domain.

gain matrix and is to be designed such tHat + Ko(e2) A1o
is asymptotically stable for sufficiently smal} and also

[sI — Ags — Ka(e2)A1a] " [Es + Ka(e2)E1]||oe — 0 IV. FINAL CONTROLLER AND SIMULATION
RESULTS OF THEOVERALL CONTROL SYSTEMS
as e — 0. (47) . _ . o :
In this section, we will put our design in the previous
Again, using the procedure of Chenal. [6] and the software section into a final controller as depicted in Fig. 2. It is
package of Chen [4], we obtained the following parameterizgimple to derive the state-space model of the final overall

reduced order observer gain matrix: controller by observing its interconnection with the disturbance
73.2915— 1/es 0 0 d(_ecouplmg controlllerEc(ﬁ:l, e2) of (29) (see Fig. 3). We
Ks(e0) = 0 0 ol (48) will also present simulation results of the responses of the

overall design to several different types of reference input

Then the explicitly parameterized matrices of the state-spagignals. They clearly show that all the design specifications are
model of the reduced order observer-based controller are giverccessfully achieved. Furthermore, because our controller is
by that shown in (49)—(54), shown at the bottom of the pagexplicitly parameterized by two tuning parameters, it is very

The overall closed-loop system comprising the sysfém easy to be adjusted to meet other design specifications without
of (24) and the above controller would be asymptoticallgoing through all over again from the beginning. This will also
stable as long as; € (0, o) andes € (0, oo). In fact, the be discussed in the following.
closed-loop poles are exactly located-at.6867, two pairs As mentioned earlier, the final overall controller of our
at —1/e1 £ j1/21, —0.9597 and —1/=5. The plots of the design will be order of four, of which two are from the
maximum singular values of the closed-loop transfer functiatisturbance decoupling controller and two from the augmented
matrix from the disturbances to the controlled outputz, integrators. It has two inputs: one is the displacemgnand
namely 7..,(¢1, €2, s), for several pairs ok; and e, i.e., the other is the reference signal It is straightforward to

F(e))T =[Fi(e1) | Fa(e1) ] (41)
=[(2.141 x 10% — 62.3/e%) —62.3/e3 —31.15/¢}|(570.7619 — 31.15/;) 2.141 x 10°] (42)
73.2915 — 4/e; — 1/es 0
Ac(er, €2) = ) - (49)
—1.9381 x 107* + 1.0577 x 107%/e; —1.6867
C.(e1, €2) =[570.7619 — 31.15/e; 2140967 ] (50)
2099135.4 — 62.3/? + 2283.0476/¢1 + 570.7619/e2 — 31.15/(e1€2)
D.(e1, £0) = —62.3/£3 (51)
—31.15/¢}
and
b —8/e3 —4/et
B.(e1, €9) = i /e - /et - (52)
e 21155 x 1075 /g2 1.0577 x 1075 Je}
where
1y =—5731.6533 — 8/ 4 293.1661 /e, — 1/e5 4 146.5831 /ey — 4/(e162) (53)
and

oy = — 0.7128 +2.1155 x 107° /e7 — 7.7523 x 107 /&1 — 1.9381 x 10™* /ey + 1.0577 x 107°/(e1€2) (54)
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Fig. 7. Parameteil /¢ versus the maximum frequency of that has 1% tracking error.
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Fig. 8. Simulation block diagram for the overall piezoelectric actuator control system.



CHEN et al. H.. ALMOST DISTURBANCE DECOUPLING 169

1.5 T T T T T T T T T

Displacement and Reference in Micro-meters

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time in Seconds

Fig. 9. Responses of the displacement and the 30-Hz cosine reference signal.

verify that the state-space model of the final overall controlleero before the system is to track any reference and hence the
is given by (55)—(59), shown at the bottom of the page. Theneagnitude of initial tracking error can never be larger than
are some very interesting and very useful properties of theum. Let us consider the worst case, i.e., the magnitude of
above parameterized controller. After repeatedly simulatiige initial error is1 zm and also for simplicity of presentation,
the overall design, we found that the maximum peak valuesge now set the two tuning parameters to be equal, i.e.,
of the control signak: is independent of the frequencies ok; = s> = e. Then interestingly, we are able to obtain a
the reference signals. It is only dependent on the initial errolear relationship between the tuning paramétér and the
between displacement;;, and the reference;. The larger maximum peak of:. The result is plotted in Fig. 6. We also
the initial error is, the bigger peak occursin Because the found that the tracking error is independent of initial errors.
working range of our actuator is withieel pm. We will It only depends on the frequencies of the references, i.e.,
assume that the largest magnitude of the initial error in atlye larger frequency the reference sigmahas, the larger
situation should not be larger that;m. This assumption is tracking error occurs. Again, we can obtain a simple and

. -/i'oc = Aoc(Ela 52)-Toc + Boc(Ela 52)-1'1 + GocT
EOC(EI’ 62)' { u = C(oc(f':lv 62)xoc + Doc(517 62)-1'1 (55)
73.2915 — 4/e1 — 1/e2 0 —8/e3 —4 /et
—1.9381 X 107* +1.0577 x 107°/e; —1.6867  2.1155 x 107°/e¥  1.0577 x 1075 /e}
Age = (56)
0 0 0 0
0 0 1 0
0 11
Goc = _(; ’ Boc(Elv 52) = 1/3_2 (57)
0 0
Cocler, €2) =[570.7619 — 31.15/e; 2140967 —62.3/e —31.15/¢%] (58)

and
D,.(e1, €2) =2099135.4 — 62.3/5? + 2283.0476 /1 + 570.7619/e2 — 31.15/(e1€2) (59)
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Fig. 10. Tracking error for the 30-Hz cosine reference signal: (a) tracking error from 0 to 0.004 s and (b) tracking error from 0.004 to 0.1 s.

linear relationship between the tuning parameteand the From Fig. 7, we know that in order to meet the first design
maximum frequency that a reference signal can have such thpécification, i.e., the steady-state tracking errors should be
the corresponding tracking error is no larger than 1%, whidbss than 1% for reference inputs that have frequencies up to 30
is one of our main design specifications. The result is plottétz, we have to choose our controller with = 2 < 1/2680.
inFig. 7. Hence, the final controller as given in (55)—(59) will meet all
Clearly, from Fig. 6, we know that due to the constraintthe design goals for our piezoelectric actuator system. i.e., (1)
on the control input, i.e., it must be kept withih112.5 V, and (2), for alle; = e, € (1/3370,1/2680). Let us choose
we have to select our controller witty = 2 > 1/3370. &3 = ey = 1/3000. We obtain the overall controller as in the
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Control signal for the 30-Hz cosine reference signal: (a) control signal from 0 to 0.004 s and (b) control signal from 0.004 to 0.1 s.
—1.1569 x 10® 0
B,. = 281.9699 G, = _(1) (61)
0 —216x 10"  3.24 x 10'* 0
—1.6867 5.7118 x 10>  8.5677 x 10% C,. =
8 (1) 8 [-92879.9 2140967 —1.6821 x 10*? —2.5232 x 10'%]

(62)
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Fig. 13. Tracking error for the 34-Hz sine reference signal.

and
D,. = —8.304 x 10%.

The simulation results presented in the following

1 1 |
5 0.02 0.025 0.03 0.035

Time in Seconds

0.04

block diagram for the overall piezoelectric bimorph actuator
system is given in Fig. 8. Two different reference inputs are
simulated using the Runge—Kutta method in SIMULINK with

are done minimum step size of 10 ms and a maximum step size

(63)

using the MATLAB SIMULINK package, which is widely of 100 ms as well as a tolerance of 0 These references
available everywhere these days. The SIMULINK simulatioare: 1) a cosine signal with a frequency of 30 Hz and peak
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Fig. 14. Control signal for the 34-Hz sine reference signal.

magnitude of 1:m, and 2) a sine signal with a frequency ofeal actuator system. We are planning to realize it using an
34 Hz and peak magnitude of;dm. The results for the cosine AT&T DSP32C (50 MHz). Of course, they are many things
signal are given in Figs. 9-11. In Fig. 9, the solid-line curveeeded to be taken care of in a real implementation. These
is 1 and the dash-dotted curve is the reference. The trackiwguld be our future tasks.

error and the control signal corresponding to this reference are
respectively given in Figs. 10 and 11. Similarly, Figs. 12-14
are the results corresponding to the sine signal. All these results
show that our design goals are fully achieved. To be morg,
specific, the tracking error for a 30-Hz cosine wave reference
is about 0.8%, which is better than the specification, and thil
worst peak magnitude of the control signal is less than 90 V,
which is of course less than the saturated level, i.e., 1125]
V. Furthermore, the 1% tracking error settling times for both[4]
cases are less than003 s.

Finally, we note that because the piezoelectric actuatds]
is designed to be operated in a small neighborhood of its
equilibrium point, the stability properties of the overall closed-(g
loop system of the nonlinear piezoelectric bimorph actuator
should be similar to those of its linearized model. This fact[7
can also be verified from simulations. In fact, the performance
of the actual closed-loop system is even better than that of its
linear counterpart. 8

V. CONCLUDING REMARKS (o]

We have designed an explicitly parameterized controller
for a piezoelectric bimorph actuator, which has a nonlinegig)
hysteresis. Our controller design was based on a so-called
asymptotic time-scale and eigenstructure assignment techni
of Chenet al. [6] and Ozcetinet al. [14]. The overall control
system of our design turned out to be very successful and @#f]
design specifications were fully achieved. Currently, we are;)
focusing on the implementation issues of our controller to the
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