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Piezomechanics Using Intelligent
Variable-Structure Control

Chih-Lyang Hwang, Chau Jan, and Ye-Hwa Chen

Abstract—The so-called piezomechanics contain three parts: and 5) fast response—its expansion speed is only limited by
piezoelectric translator, carriage mechanism, and control system. the speed of sound in the ceramic material. However, it also
It is well known that piezomechanics have three drawbacks: haq the following disadvantageous characteristics: 1) it should
1) it should only be loaded axially; 2) it contains a hysteresis L . L .
feature; and 3) its expansion is dependent on temperature. The only be Ic_)ad_ed axially; 2) I_tS expgnsmn IS noF pr_oportlonal to
first drawback is tackled by the design of the carriage mecha- the electric field strength—its nonlinear behavior is shown by a
nism. This paper focuses on dealing with the second and third hysteresis curve; and 3) the stringent requirement of positioning

drawbacks by using an intelligent variable-structure control. accuracy must consider the effect of temperature.
First, a neural network is employed to learn the dynamics of . ) . .
the piezomechanism. Second, a novel forward control based on 1O cope with the first drawback, an effective mechanism de-

the learned model is employed to achieve an acceptable tracking sign must be used to avoid (or at least reduce) the effect of
result. Because the tracking performance by a forward control |oads other than axial ones. This paper proposes to address the
cannot be guaranteed as the system is subject to uncertainties, agecond and third drawbacks. The reasons are as follows. Be-

discrete-time variable-structure control is synthesized to improve the hyst . t a diff tiabl d ¢
the performance. No state estimator is required for the proposed Cause the hysteresis IS not a diiferentable and one-to-one non-

control. The stability of the overall system is verified via the linear mapping, it is often unknown. It also severely limits the
Lyapunov analysis. Experiments are also presented to confirm the system performance via, e.g., undesirable oscillation or insta-

effectiveness of the proposed control. bility [1]-[11]. The way for an effective controller for the system
Index Terms—Discrete-time variable-structure control, neural- with hysteresis is, therefore, important. Recently, Tao and Koko-
network modeling, piezomechanics. tovic [9] used a simplified hysteresis model to capture certain

hysteresis features. Then, an adaptive hysteresis inverse cas-
cades with the system to cancel the effect of hysteresis so that the
remaining part of system becomes a linear structure with uncer-
D UE TO THE requirements of nanometer resolution igginties. Furthermore, a paper developed by Ge and Jouaneh [10]
displacement, high stiffness, and fast frequency responggycusses a comparison between a feedforward control, a regular
there are many precision positioning applications using piezgoportional-integral—derivative (PID) control, and a PID feed-
electric actuators, e.g., scanning tunneling microscopy [Hack control with hysteresis modeling in the feedforward loop.
active vibration control of rotor bearing systems [2], diamongiheijr results show that the tracking control is greatly improved
turning machines [3], and piezoelectric voltage feedback fgg, augmenting the feedback loop with a model of hysteresis

grinding tables [4]. Recent advances in the development gpdihe feedforward loop. However, the result is only valid for
application of materials with high piezoelectric or magnetqracking cyclic reference signals.

electric properties have extended to the area of mechanics. Thg, this paper, a novel neural-network model, which includes
so-called piezomechanics include three parts: piezoelecijg, different nonlinear gains according to change rate of input
translator, carriage mechanism, and control system [5]. Itis ngbna| and a linear dynamic system, is employed to learn the
known that a piezoelectric translator possesses the fOHOWiB%zomechanism [12]. It is the first time to model a nondif-
advantageous features [1]-[11]: 1) unlimited resolution—grentiable and not one-to-one nonlinear mapping dynamic
is possible to make extremely fine positional changes in tgstem. The feature is not obtained by using the traditional
nanometer (i.e., I@ meter) range; 2) no moving parts—itsheyral-network modeling because of its approximation for
expansion is based on a purely solid-state deformation adjifferentiable and one-to-one nonlinear mapping. A new
shows no sign of aging; 3) high efficiency—the piezo effegbrward control based on the learned neural-network model
directly converts electrical energy into a linear movement; 4 used to achieve an acceptable tracking performance. The
large forces—masses of more than 10 t can be moved and p@gsposed forward control includes a reinforcement to reduce
tioned accurately within nanometers by a single piezo actuate discontinuity of hysteresis. The tracking performance using
a forward control cannot be assured as the system is subject to
Manuscript received August 20, 1998; revised October 14, 2000. Abstrd&mperature variations or external load, or the aging of system
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neering, Georgia Institute of Technology, Atlanta, GA 30332-0405 USA.  d€sign possesses the advantage; of a fast response without
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TABLE |
MAXIMUM TRACKING ERROR (1tm) FOR THE REFERENCE WITHAMPLITUDE
36 xm AND VARIOUS FREQUENCIES(THE SUPERSCRIPTIONL AND 2 OF
FORWARD AND PROPOSEDCONTROL DENOTE THE TRACKING RESULT BASED
ON IDENTIFIED MODEL WITH 15- AND 25-Hz NPUT, RESPECTIVELY)

Frequency
(H2)
Controller 5 10 15 20 25 30 40
Open System
Response 4.89 | 497 | 486 | 529 | 5.68 | 5.79 | 6.08
PID
Control 3.67 [ 3.17 | 277 | 237 | 2,09 [ 2.74 | 2.98
Forward \
Control 378 | 277 | 1.59 | 1.66 | 2.01 | 2.48 | 3.09
Proposed .
Control 187 | 137 1 079 { 0.97 | 1.08 | 1.47 | 1.69
Forward
Control 2 392 | 282 | 182|167 | 152 1.74 | 273
Jal Proposed
; Control * 1.95 | 146 | 1,05 | 098 | 0.73 | 1.02 | 1.51
T ¥ TABLE I
-"-'| AlD ] MAGNITUDE (dB) AND PHASE (DEGREE) OF FREQUENCY RESPONSE
\ Drhr = :| Freque?:y)
Z,
_k_Ll Controller 5 10 | 15| 20 | 25 | 30 | 40
"=-“”-'-v-|n AT — i
ATl bt I | | Open System dB [-1261-1.29-1.20|-1.38-1.49 | -1.52 | -1.60
Response
degree | -14.4 | -15.8 | -17.2 |-17.28| -18.1 | -17.3 | -15.5
PO Imerface Pictnmtechistigm
dB |-0.93|-0.80|-0.69|-0.59|-0.52 | -0.69 | -0.75
1) PID Control
degree | -8.64 |-11.52| -9.59 |-11.22] -13.5 |-12.96, -14.2
Fig. 1. Experimental setup of the overall system. (a) Photograph. (b) Contr
block diagram.
dB |-0.463|-0.337|-0.193] -0.24 | -0.26 | -0.37 | -0.43
Lo 131-[221. H diti | VSC al | Proposed Control
— | <
yarlatlons_[ 1-22]. owever, j[ra |t|(_)na aiways resu ts degree | -2.16 | -2.88 | -1.98 | -3.02 | -2.52 | -2.98 | -2.72
in chattering because of its discontinuous switching featur

Fortunately, the first procedure of the proposed controller

captures the dominant features of piezomechanics. The system I ved b bit A/ d .
uncertainties are, thus, reduced. Furthermore, the switchild"&! IS F€CEIVEC Dy & 14-bit A/D card (PCL-814) in an 80586

part of DVSC is small so that the occurrence of chatteri rsonal computer. After sampling by the A/D card, the reso-

control input becomes small. This characteristic is the so-call lon _Of the_ true position is 0.00Zm. Togethef with a refer-
“intelligent’ VSC. ence input in the computer program written by Turbo C, the

control signak«(k) is calculated. The control input through the
D/A card is then sent to the driver which is a model humber of
P-271.10 from PI Company. The output signal of driver with
The piezomechanics consist of three parts: piezotranslai@itage betweern-200 and 1000 V is employed to drive the
(including position sensor and driver), carriage mechanism, apiézotranslator. The different position signal is accomplished by
control system (including AD/DA card, 80586 personal comsing a different input signal. The process is repeated until the
puter, and DVSC program). The block diagram of the expefptal process time is over. The time required for every process
mental setup is shown in Fig. 1. The carriage mechanismis maglalled the “control cycle timéz.).”
of steel for enhancing the strength of the mechanism. Four linear
guides provided by THK Company(model number VRU3088)
are used to support the moving part of the mechanism. Further- ,
more, a high-speed spindle with weight of 3.5 kg (model numbér System Analysis
PRECISE 3040) is fixed on the carriage mechanism. The piezo-The sinusoidal responses with amplitude;36 and various
translator is a model number P-246.70 from Physical Instrumdrgquencies of 5, 15, 25, 40, and 50 Hz, are shown in Fig. 2 or
(Pl) Company. Its specifications are briefly described as fdhe first rows of Tables | and Il. From Fig. 2 or Tables | and
lows: maximum expansion 120m, electric capacitance 3000ll, the tracking error (i.e.x — y) increases as the frequency
nF, stiffness 190 N/m, resonant frequency 3.5 kHz, and temef input u increases. Furthermore, the phase shift between the
perature expansion2m/K. The position signal is achieved byinput + and the outpuy increases as the frequency of input
a position sensor model number P-177.10 of Pl Company. Tinereases. The tracking error for the open-loop system is over

Il. EXPERIMENTAL SETUP

I1l. SYSTEM ANALYSIS AND MODLING
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Fig. 2. Time histories of output responses (—) of open-loop system for various ref@@sied 27 f¢) pm(...). (@) f =5 Hz. (b)f = 15 Hz. (c)f = 25 Hz.
(d) f =40 Hz. (e)f =50 Hz.

14% of the amplitude of input. These tracking results are nibthe piezomechanism is run in an open-loop system. Under the
acceptable for the precise positioning. The main reason for tiiscumstances, an effective controller is needed to improve the
result is the hysteresis phenomenon of piezomechanism. Figr&&king performance. Only in Fig. 3 has applied positive input

indicates the output responses of the piezomechanism forvattage been used to achieve the positive position signal. The
increasing input and a decreasing input. The maximum error datber figures possess bipolar output and input signals by using

to hysteresis can be as much as 10%-15% of the path covetedadjustment of hardware and software.
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B. System Modeling 120 , x - . ‘ \ . ;

Throughout this paper, a polynomial representation is defin
as A(g™Y) ap + a1g”t + -+ + a,,q¢ "=, wherea; for
1=20,1,--- n, denote bounded coefficients, stands for the
system degree (i.e., if,, # 0, deg{A(¢g 1)} = n,), and
q~* denotes the backward-time-shift operator [ige.ly(k) =
y(k — 1)]. Based on the system sinusoidal responses in Fig 5
and the effect of hysteresis analysis in Fig. 3, the following&

100-

rometer)

neural-network model is proposed: g
m m ‘g 40' 1
(k) = =Y ailk = Dy(k =)+ bk = Dok —5) =
=1 =1
@ 2 '
1+ e (k)es(k) — 2(k)
=N = 2
v =W a) == G5 4 2GR 9 9
where
2(k) = ¢ 2 B)ulk)—ez(R)] (3) Fig. 3. Hysteresis characteristic.

the weightss; (), b;(k)(1 < ¢ < m),andc; (k)(1 < j < 3) are 40 . » - . .
adjusted by an offline learning scheme [12]. Because the pi
posed piezomechanism contains the hysteresis feature, two r
linear functions in (2) according to the change rate @ — 1),

i.e., Au(k — 1) = w(k — 1) — u(k — 2), are used to approxi-
mate the hysteresis, which is not a one-to-one and continuou S 0
differentiable mapping. An optimal model to approximate th-g

dynamics of piezomechanism is described as follows:

asAu(k—1) >0
asAu(k—1) < 0

fot
[
=3
Q

(4)
1<j5<3 (9

position (i

CL7(/€) 267‘,
Cpj

eih) = { &

Cnj

whereg;,b;(1 < j < m) andg,;,¢,;(1 < j < 3) are not
necessarily unique. The following cost function is defined to tt
learning process:

40 . . . .

0.25
time (sec)

0 0.05 0.1 0.156 0.2 0.3

Fig. 4. Time histories of output responses of piezomechafics) and
mathematical model (—) fox(t) = 24 sin(507t) + 12 sin(107¢) pm.

J(k) = c(k)/2 (6)

wheree,.(k) = y,(k) — y.(k) andy,(k) denotes the output
of the piezomechanism. The gradient learning law for the ¢
function (6) is expressed as follows:

Because only a set of coeffici_en]‘@,&(l < i < m) are
O(%tained, a set of coefficients, b;(1 < ¢ < m) must satisfy
two different behaviors of hysteresis and are described as the

aJ(k) ) following steps.
ai(k) =an(k = 1) = ai(e”)aai(k - 1)’ Lsism (73) 1) A set of coefficientss;, b;(1 < i < m) ande,;(1 < j <
aJ (k) . 3) with a monotonically increased input signal is learned.
bi(k) =bi(k —1) - ﬁi(e”)m’ l<izm (7b) 2) The coefficients are set to be the initial values for the
aJ(k) learning ofa;,b;(1 < i < m) andé,;(1 < j < 3)
cj(k) =cj(k—1) - ’Yj(er)m, 1<5<3 (70 with a monotonically decreased input signal. Under this
J

circumstance, the learning ratg(c,.), 3;(e,.) in (7a), (7b)
must be small to le;, b;(1 < i < m) change small.

The coefficientsi;, b;(1 < ¢ < m) obtained by step

where the partial derivatives and time-varying learning gains
are described in Appendix A. The typical coefficients of time- 3)

varying learning gains witlf; = 0.5 andé; = p; = 0.1 are
used.
After an effective learning and a model verification (see
Fig. 4), a suitable order of piezomechanism (ix),is selected
to be three. The 12 weightings are given in Appendix B.
Remark 1:During the offline learning, the input signal
36sin(307t) pwm is employed to achieve two nonlinear gains
with six coefficients in (5) and a set of coefficients in (4).

4)

2) are assigned to be the initial values for the modifica-
tion of ¢,;(1 < j < 3) with a monotonically increased
input signal and learning rate;(¢,.) = 3;(e,.) = 0, but
vi(er) # 0in (7c).

Two sets of different nonlinear coefficients,;
and z,;(1 < j < 3) and a set of coefficients
@;,0;(1 < i < m) are achieved to approximate the
hysteresis characteristic.
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r(K): (B g o®
" BB

Piezomechanism

Forward Control

Fig. 5. Block diagram of forward control.

Hence, the dynamics of nominal piezomechanism are giveig. 5) is employed to track a reference input (or desired trajec-

as follows: tory) r(k):
Alq YY) = *Blao(k) ® k)= {gg"i ;;fg’,g izgz - B =0
v(k) = N[u(k 9 n AT PR -
(B =l © (N, (0) = N o)L = (k= kp)/n,),
whered = 1,a0 = 1,a; = @;, b;_1 fori = 1,2, 3, and pr(k) = kth k<ks+n, (14)
0, otherwise

_ 1+ C1pC3p — ?17(/6)

Npu(k)] = RN where k; is defined as the timé that sgnAu(k — 2)] #
o i Ak 11P> 0 P sgriAu(k — 1)] and the input signal oV ~*(-) is defined as
Nu(k)] Thufk ~120 (108) follows:
N [U,(k)] — 1 + CinCan — Zn( )
! call+Za(k)] k) = ¢“B_(q)A(q)r(k)/[B2(1)Br(¢™Y)]. (15
f - T o(k) = a"B-(@) AR/ (B2 (B (™). (19)
zp(k) = ¢~ 2 [uk)—C2p Zn(k) = e~ 2o [ulk)—Czn] As the discontinuity of nonlinear model (10) is large, is

chosen as a large integer. That is, a reinforcerpe(it) in (13)

(10b) . .
is employed to reduce the hysteresis error caused by the discon-
tinuity of (10). The relation betweer(k) andy (k) becomes

y(k) = q “Br(a H)lo(k) — Aw)]/A(¢7")  (16)

Furthermore A(¢q~!) is a stable matrix.

IV. CONTROLLER DESIGN

We first determine a forward control based on the 12 Weighvt\{Ith

ings of the neural-network model. Then, an adaptation from a (u) = Np(u+pp(k)) — h(uw), Au(k—-1)>0

DVSC is combined with the previous forward control to im- ~\*/ = Nop(u—pp(k)) — hu), Au(k—1) <0

prove the system performance. a7

A. Forward Control where h(-) denotes an unknown hysteresis of the proposed

H d —1 —1
After an effective learning, the nonlinear function in (9) be§ystem (see Fig. 3), ang“5,(¢~")/A-(¢") represents an

. . et unknown linear dynamics of real piezomechanism. Before
comes a function O&(I.f) only. Its Inverse fqncUorN [u(k)_] discussing the controller design, the following assumption
for positive and negativau(k — 1) is described as follows: about the approximation error of hysteresis is made:

N Y o) =2 — 1 log 1 +C1pCap — C1po(k) AL A(u) = po + pau(k), wherepo andy; are known
r P26, 1+c,0(k) ’ (18)
Au(k —1) >0 (11)
N-1(0) = s — L oo |1 CinCan — Cino(k) Remark 2:1f g = pu1 = 0, B.(¢7*) = B(¢~!) and
n T o, 1+ Gino(k) ’ An(q7Y) = A(g™Y), the system outpug(k) can trackr(k) in
Au(k —1) <0 (12) thesense of zero-phase manner for dc signal. The following sec-

tion will derive a DVSC to improve the tracking error.
whereo (k) denotes an input signal a¥ ~*(-). Certainly, the
input signalo (k) of N~!(.) must satisfy the inequalitfl + B. DVSC
¢1¢3 — ¢10(k)]/[1 + ¢1o(k)] > 0Vk. Based on the conceptof 1) Error Model Resulting From Forward ControlTo
inverse control [12] and the compensation of the discontinuigpmpensate the tracking error caused by the forward control,
in hysteresis model, the following novel forward control (sea DVSC is used to combine with the previous forward control
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Fig. 6. Block diagram of proposed control.

(see Fig. 6). The error model of the closed-loop system in Figwheren = max[n,,n, + d — 1]. The system state can be rep-

is as follows: resented by the combination ef%), - - -, e(k —n+1), us(k —
. . d),---,us(k — n — d) and the uncertaintieAF, AG, AH],
An(q)le(k) — ep(k)] = Br(q7)[us(k — d) Alu(k — d + 1)) andes(k), i.e.,
+A(u(k —d))] (19)
wi1(k) = (1 — AHH?)[e(k) — ep(R)] (25a)
where
e(k) =r(k) —y(k) 0)  wi(k+1) =—ae(k) + bi—1us(k — d+ 1) + ziq1 (k)
ep(k) =[A(¢"H)B2(1)By(¢) + Api(k), g (k) =0,  2<i<n (25b)
1
— B, (q~B_ (@Al (k) where
(A (g BZ)BA (7] (21)
. . Ap; (k) =—2Aa;(1 — AHHP)[e(k) — ep(k)]
The notatione (k) denotes tracking error caused by forward
control, andA(u(k — d)) denotes the uncertainties caused by + a;[AHHe(k) + (1 — AHH?)e;(k)]

the hysteresis. The subsequent work is to design a DN.$kE—

d+1) so thate(k) is as small as possible under the uncertainties + iyt Abia]A(u(k — d+ 1)

A(u(k — d + 1)) and the unknown polynomialg, (¢~!) and + Ab;_qus(k—d+1) (25c¢)
B,.(q1). First, one rewrites (19) in a state-space form
X(k+1)=(F + AF)X(k) + (G + AG) H? =(H + AH)'{(H + AH)(H + AH)"} !
Jus(k—d+ 1)+ Ak —d+1))] (22) (25d)
e(k) =(H + AH)X (k) + es(k) (23)

Becausé H+AH) # 0,thescalatH+AH)(H+AH)T #0
where the tripleX I, G, H) corresponds to the nominal system@nd thenH? exists. Substituting the right-hand side of (25b) into
of (16) which is known, observable, and controllable, and this left-hand side and continuing the process until the index
triplex [AF, AG, AH] corresponds to the uncertainties or pagreater tham — 1 yields

rameter variations of (16). In addition + AH) # 0. For

example, the nominal system of (22), (23) can be written as the ik +1) Z {aisse(
following observable canonical form:
r—a; 1 —bH_j_lU,s(k'—'L—i-d— 1)}
F= ' . .
, . +2_ Apiilk—1),  2<j<n. (26)
L—ay, 0
- bo Together with (25a) and (26), the following equation is
b, achieved:
G = X(k) = JY (k) + AJ(e,u,,7) (27a)
o Lbp—1 where definitions are given in (27b)—(27¢e), shown at the bottom
H=[1 0 --- 0] (24) of the next page. Because the uncertaintig(2 < j < n) are
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a function ofu,, we must cope with them, i.e., from (27e) and [—dy —dy - - - —dy,
(25¢) 1
te —1 te —1 D=
Ads(e,ug,r) ={AHHP[A (¢7") + AA (¢ ) te(k)
+ (1~ AHH)AA (g™ )e (k) Lo
+[B'(¢ ) + AB' (¢ H]A(u(k — d+1)) 1
+ AB (g Dus(k —d+1) (28a) 0
where Q=
AA(g7h) =Aazg™ + -+ Aapg 0
A(gY) =asg 4 +ang (28b) (32)
ABYG™) = Abg et Abaoag Then, the solution of (30) is described as follows:
B =bigt 4t byrg (28¢) en, the solution of (30) is described as follows:
k—1
Similarly, AJ; for i > 3. For simplicity, those are omitted. E(k) = D¥ % E(ky) + Z DF 179 0Qs(5), k> ko.
2) Stability of the Sliding SurfacebDefine the following j=ko
sliding surface: (33)
s . Since the dynamics of (30) are stable, there exist two positive
s(k) = Z die(k — 1). (29) constantsP, and P, such that
=0

: . DE=ko|| < pp pyho k>k 34
Without loss of generality, one letg, = 1. One can choose I Ih=nr, =" (34)

d;(1 < ¢ < ng) which satisfies the inequalityl;| < 1/ns. where
Then, this sufficient condition ensures thak) = 0is Hurwitz.
In general,;n, < n,. Once the operating point (or system’s Py = max RAN[D]} < L (35)
trajectory) is on the sliding surface, it will approach the origin in -
afinite time. Ifthe DVSCus(k—d+1) guaranteesthatany initial  Before examining the stability fos(k) # 0, the following
error state deviation from the sliding surface is eventually drivetiscrete-time Gronwall-Bellman Lemma is introduced [23].
to, and then maintained on it, then the system is asymptoticallyLemma 1:Let {r1(k)}, {r2(k)} and {r3(k)} be the se-
stable. The following episode is to derive a sufficient conditioguences of real numbers withrs(k)} > 0 for & > k.
for the asymptotic tracking when the operating point is in thé »1(k) < ra(k) + Ef;,ﬁo ri(f)rs(y), for k. > ko and
neighborhood of the sliding surface. Rewrite (29) as ra(k) < v Yk, thenry (k) < rp, Tocjor [1473(5)]-

The next theorem discusses the stability of (30) wiién) #

E(k+1)=DEKk) + Qs(k) (30) o.
Theorem 1:If the dynamics (30) satisfy the inequality
where Is(k)| < || B(k)|| for k > ko, whered < a < (1—P)/Py,
and its initial conditionE' (ko) is bounded, thea(k) — 0 with
E(k) =[er(k) ex(k) -+ e (B)]" arateP; + aP, ask > k.
=le(k—1) elk—2) --- e(k—n,)]" (31) Proof: See Appendix C.
Y(k)=[e(k) - elk—n+1) uk—d) - u(k—n—d]" (27b)
rl 0 . . 0 7
0 —a» e —a, b e b1
- —az--- —Qp, 0 b2 bn,1 0
J= |- . . . . (27¢)
—Qp—1 —Qp, 0--- 0 bn_g bn—l 0--- 0
L0 —a, 0 0 bn—1 0 0 J
AJi(e,us,m) =—AHHPe(k) — (1 - AHHP)e (k) (27d)
n—j
Adj(e,us,r) =Y Apipj(k—i—1), 2<ji<n. (27e)
=0
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Remark 3: According to the Cayley—Hamilton Theorem, the —y(k) sgn[s(k)¢i (k) — & (R)]/(1 = B),
matrix D*~*o can be described as an x n, matrix. Further- Pi(k) = if |s(B)pi (k)| > & (k)
more, the values of?, and 2 can be determined; hence, the 0, otherwise
value ofc is achieved from the relatidh < o < (1— P/ Py). (44)

3) VSC: The following assumptions are required for the &(k) =[v(k) /(1 = B) + kumax]?| ¢4 (K)|
derivation of the proposed contre} (k — d+ 1) in Theorem 2: "

2 - kmax > 0.
A2: ||(HG) Y{ApB+AB' (7Y Z 105N/ 20 H) B
+m[(H + AH)(G + AG) (45)

Ba™) + AB (¢ e <8 <1 (30) Under the conditions(k)¢; (k)| > &;(k), the amplitude of the

switching gainy; (k) is achieved from the following inequality:

where
AB =HAG + AH[@—FAG] HG £0 (37a) ’72(k) > ’V(k) > Inax[k111aX77l(k)] >0 (46)
—1 36
W(a™ oo = b B W (re™")|. (37b) where
The definition of (37b), e.g., can refer to Vidyasagar [24]. Y1,2(k) = lf2(k) + \/sz(k) - fl(k)f:%(k)] [fi(k)  (47)
A3: The system uncertaintiesK,(k) caused by o
AF AG,AH, A(u) ande,(k) are described as follows: e
() ande(®) 2 [ (k)I/(1 = B)° (48)
K. (k) = Z ri(k)gi(k) nutl
- Fa(k) =15(k)] = Fmax Z |6;()|/(1=8) > 0 (49)
>{[AHF + HAF + AHAF]H?
+ AHHP[a; + A'(¢7H) + A4 (¢71)] el
— A (g)}e(k) o) =il + Ko 2, 10508 (50)
+{AB+AB(¢7") + [(H + AH)(G + AG
é, f 1 A(qB’ )71 [( L X d ) The overall system satisfies the following conditions: 1) a stable
- _(q )+ 2 (@ i tueg(k —d+1) sliding surface; 2) the inequality
+[(H + AH)Y(G+ AG)
—i—B/ —1 —‘,—AB/ -1 n,+1
(@) + A5 ko s < max_ 22— Bk 3 [65(R)/
+{¢q—(AHF + HAF + AHAF)H?" 0<i<n,+1 =
+(1— AHH)[ay + AA (¢ Dl}ep(k)  (38)
where (11— /3)27§i(/f)/|¢i(k)|}
i (B)| < ke ¥k, 0 < i <y =y + 3, (39) <allE(R)|| fork = ko
¢i(k) = e(k — i), 0<i<n,, and 3) the assumptions A1-A3. As the controller (41) is applied
G, —2(k) =ueg(k —d+1), ¢n,—1(k) =7k +ns), to the system (23) and (24 ()} is bounded and(k) — 0

bn (k) —1. (40) with a rateP, + o P, ask — oo.
* Proof: See Appendix D.
Theorem 2: Consider the system (23) and (24) and the fol- Remark 4: For the smoothness of control input, the §gn
lowing controller: function in (44) is modified asai(-) function described as fol-
lows:

tslh = d 1) =gk —d b Dt wsw(b —d 1) AL b /A

where sgris(k)gi(k) — &(K)],
. _ S - GENA > 10 > 0 (g
Ueg(k —d+1) = - (HG)™ [s(k)i (k) — & (B)]/ A,
ne otherwise.
NHETY (k) + > (dig — — )
=0 (42) V. EXPERIMENTAL RESULTS
ny+1 The sliding surface for the DVSC is selectediéls) = ¢(k)—
Usw(k —d+1) = — (HG) * Z Pi(k)pi(k), 0.4e(k)+0.04¢(k — 2). Consider the proposed piezomechanics
i=0 with reference input(t) = 36 sin(2x f¢) um, wheref denotes
D, +1(k) = s(k) (43) the frequency (hertz). The control cycle time of the following
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Fig.9. Time history of output response of PID conty6k) (—) for reference

Fig. 7. Time history of control inputu(k) of IVSC for reference 36sin(507t) pm (....).

36sin(507t) pm.
where

aq = (203 — NT.)/(2T4 + NT,)

by =2NTy/(2T,+ NT.)

b =T./(2T;) (52b)
to = k(b + b;)

b = I b(1 + ag) — (1 = aa)]

to =kpaqa(b —b;) (52¢)
so =kp(aq + by + biaq),

s1=—kp[1+ aq+ 2bg — b;(1 — ag)]

s2 =kp(aq + bg — biaq) (52d)
T,=3 T,=20 k,=01 N=3 b=15. (52€)

position (micrometer)
A
()] (=]

)
=)

(45
o

-400 0.05 0.1 0.15 ) 0.2
time (sec) The tracking response for 25 Hz resulting from the PID controller
. , . is shown in Fig. 9. According to the theory in [25], the value of
Fig. 8. Time history of output responggk) (—) of IVSC for reference bin (52 hould not be | th H if th trol
36 sin(507t) m (...). in (52e) should not be larger than one. However, if the contro

parameters are selected under this constraint, the tracking perfor-
mance is poor [see Fig. 10(a)]. In addition, the output response

experiments is set to kg, = 0.0008 s, i.e.,t = 0.0008k,k = for ., = 1.5 is oscillatory [e.g., see Fig. 10(b)]. It not only has

0,1,---. The hysteresis of the piezomechanics is canceled §¥cking error greater than that of the open-loop system, but also
the forward control (13) and (14). The control parameters ghntains undesired high-frequency signals. To verify the effec-
Usw(k —d+1)in DVSC are chosen 8% = 0.01 andkumax = tiveness of the proposed IVSC control, an input signal is used as

0.001 which are small enough because of the reduction of Ugyeference signal. The tracking result for PID and IVSC are pre-

certainties by a forward control. Combined with the selectiafented in Figs. 11 and 12. Comparing with Figs. 7—12 and Tables|
of boundary layen; = 0.1 in (51), the control chattering doesgnq ||, the following conclusions are drawn.

not appear. Fig. 7 shows that the control input of the reference
input of 25 Hz is smooth. In fact, the control input for the other
frequencies of reference input is also smooth. This is one of the
features of the proposed control. It has reduced the uncertain-
ties by using a forward control. Furthermore, its tracking ability
is verified by Fig. 8 and Tables | and Il. For demonstrating the
effectiveness of the proposed methodology, the following PID
controller [25, Ch. 8] is also employed for the piezomechanism:

1) All control inputs are smooth.

2) After trial and- error and modification of the PID con-

trol, the tracking results are acceptable. For example, its

maximum tracking error is about 6% of the amplitude of
the reference input, which is the same as Ge and Jouaneh

[10]. However, a reference input with the combination of

different frequencies or amplitudes degrades its tracking

performance (see Fig. 11).

3) Compared with various controllers, the proposed con-
troller results in the smallest maximum tracking error for
various frequencies.

+tor(k) +tir(k — 1) +tor(k — 2) 4) Tracking error increases as the frequency of reference

—soy(k) — s1y(k—1) — soy(k — 2) (52a) input increases.

u(k) =(1 4 ag)ulk — 1) — agqu(k — 2)
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position (micrometer)

Fig. 10. Time histories of output response of PID control for referenc

36sin(30t) um(...) with b = 0.98,T, = 2000,T; = 0.00001,N = 3, and
differentk, . (@)k, = 0.3 (- - -),k, = 1 (-.-), k, = 1.45(—). (b)k, = 1.5 (—).
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Fig. 11. Time histories of output respongék) (—) of PID control for
referenc&4 sin(507t) + 12 sin(107t) pm(...).
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Fig. 12. Time histories of IVSC for referenc&4sin(507t) —+
12sin(107wt) pm (...) (a) System outputy(k) (—). (b) Control input

u(k).

6)

7

8)

system with the proposed controller is smaller than that
of the open-loop system and the closed-loop system with
PID controller.

There are no limitations for tracking cyclic reference sig-
nals, such as sinusoidal or triangular signals [10].

No state estimator is required for the proposed control;
this feature enables the control system to be more prac-
tical in implementation [17].

If the input signal of 15 Hz is used to achieve the mathe-
matical model, the tracking performance is better for the
reference near 15 Hz. The result is given in Table I.

VI. CONCLUDING REMARKS

Piezomechanics were developed by an IVSC including a the-

5) The closed-loop system including hardware and softwaneetical study and an experimental verification. The maximum
with the proposed controller has the best improvement fmacking error by using hardware is over 14% of the ampli-
the amplitude of frequency response. Similarly, the phatgde of reference input that is not adequate for a precise po-
shift between input and output signal of the closed-loagtioning. Although a PID controller can accomplish an accept-
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able tracking result, its maximum tracking error is over 6% [10]. APPENDIX B

The propased coniroller for the same case resultsina maximun:i.he coefficients of the learned neural network are described
tracking error smaller than 2.2% and a maximum phase shift l:éeg follows:

tween input and output signals smaller th&nPhe reasons for

these results can be attributed to the following factors.

1) A novel forward control is applied to cancel the effect of
hysteresis and to track a reference input in a satisfactoryy;, — 1225019 5, = —0.498813 b3 = 0.933 584
manner.

2) An effective DVSC is then employed to improve theip = —0.015012 @3, = 0.775711 ¢5, = 1.491 532
syste_m performance including accuracy of trajector)éln —_0.110386 7, = —0.258880 s, = —0.482705.
tracking and smoothness of control input.

3) No state estimator is required for the proposed controller.
Due to these advantages, the proposed methodology is an “intel-
ligent” VSC for piezomechanics. Further work will be to use the
proposed piezomechanics for noncircular grinding [12], [26].

a; =0.303147 @, =0.283635 a3 =0.175854

Q.E.D.

APPENDIX C
PROOF OFTHEOREM 1

Taking the norm of (33) and using the inequalityk)| <
APPENDIX A || E(k)| result in

The partial differentials are described as follows:
k—1
IE®R) < prPy 0 |E(ko) |+ aPy Y Py EG)-

j=ko

030y 0IE)  Oyb)
dci(k—1)  Oyn(k) dci(k —1)

C
l®-w®] ©y
20k — ok —1n2t o
~1{(fc1 ( 161)_{11)4@((;_ 11))}_ sk — D)ok — 1) Multiplying P, *~*) on both sides of (C1) yields
+2(k — 1)? +2c(k — Des(k — 1) k)
u(k = 1) —eo(k = D]x(k = 1) =1} (A1) B HEWI < Pl”E(’;J)”k_l
aJ(k)  9I(k)  Oyn(k) aPy —G—ko)|| (4
dca(k —1) — dyn(k) dea(k — 1) th 2 by IEGI. (C2)
=2[yp(k) — yn(B)]br(k — 1)z(k — 1)
2+ e (b — Des(h — DI/{1 + 2(k — DY Using the result of emma Ishows
(A2)
8](k) _ 8](k) Byn(k) P;(kfko) ||E(I€)||
dcg(k —1)  yn(k) Ocg(k —1) .
= = [yp(k) = yn(B)]br(k — 1)/[1 + 2(k — 1)] < P||E(ko)|| <1 + a—Pl> , fork>koor
(A3) £
OJ(k) _ 9J(k) Oyn(k) NEFR)| < PEGR)(P: + aP) %, k> ko (C3)
da;(k—1)  Oyp(k) da;(k—1)
= [yp (k) = yn(B)]yn(k =), l<ism Becausd) < «a < (1 — P)/P; and||E(ko)|| is bounded,

(Ad) |E(K)]| (or |e(k)|) — Owith arateP,+«aP; ask — o0.Q.E.D.
9I(k)  DI(k)  Dya(k)

ik —1) ~ dyn(k) 9b;(k — 1) APPENDIX D
= — [yp(k) — yn(k)]v(k — ), 1<i<m. PROOF OF THEOREM 2
(AS) Define the following Lyapunov function:
The time-varying gains are selected as follows: VIs(k)] = s2(k)/2 > 0, for s(k) £ 0. (D1)
ailer) =6;{1 — el R —up WY 8,7 > 0 (AB) Then, the change rate of the Lyapunov function is expressed as

Bile,) = pi{l — e xilm®—w®Fy s g (A7) Tollows:

() =Gl — el w®y s
e =ait bz 0Oy < VIsth 1)) - VIs(R] = () As(R) + AR/

Q.E.D. (D2)
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whereAs(k) = s(k+1) — s(k). The following can be demon- 1) If |s(k)pi (k)| > &(k),
strated:
Ny +1

S AV (k) < — k)y(k)/(1 = B) = kmax ik
As(k) =3 dle(k—i+1) —e(k —i)], using (29) () < ; {n(kyy(k)/(1 = ) 3éi(k)

= T+ AS(R)/2
=[H + AH(WW[F + AF(E)]X (k) ) n 1 ) | .
4 [G+ AGU)[us (k — d+ 1) < ; (k) = Emaxléi(k) + As2(K) /2,

+ AGulk — d+ 1))} using using (D4), (36)
ne+1
37 (ot — delk— i) + e+ 1), = = 3" (/A=) + Kl
;=0 =0
ny+1
using (22) and (23) Y R/ = B) + ka0 (R)]/2 + As*(k) /2
=HFJY(k)+ HGus(k—d+1) =0
n. <0 using (45) (D3), (D4), (29), and (40)
+ ) (dig1 — di)e(k — i) (D6)
:=0
+[AHF + HAF + AHAF)X (k) According to Lyapunov theory, if the condition

-5 - _ |s(k)g: (k)| > &(k) is satisfied, the signak(k)
+(H + AH)(G + AG)A(u(k - d+ 1)) continuously decreases. Furthermore, the amplitude of
+ ABue (kb —d+ 1) + APugw(k—d+1) ; (k) achieved from the conditios(k)¢; (k)| > & (k)

is described as follows:
— o AJi(e,us, ) + Ado(e, ug, ) + (k4 1)

<{HG+ A3+ AB(g™) LR R) = 2f2(B)y(F) + fak) 0. (D7)

+m[(H +AH)(G + AG)

roo— roo i Becausé;(k) > 0and the assumptions g§(k) > 0
B+ AB G etk —d+ ) (.. |s()] > Fume ZJ2E [6,(R)/(1 — B)) and
+ K, (k) using assumptions A1-A3, (23), f3(k) — fi(k)fs(k) > 0 (e, |s(k)] > 2(2 -

Bkmax X728t |5(k)|/(1—3)?), the result (46) is ob-
(25d), (272), (28a), (38), and (42) tained. Fljjrtohermjore}s(kﬂ < maxo<i<n,+1 {2(2 —

£ j Dhinase T35 16 (0L = B 6B/ [6:()} <
= (k)i Ki i in IS @n invariant set.
> [(k)i(k) + ri(k)]@i(k)  using (38) and (43) S t set
=0 2) If |s(k)pi(k)| < &(k) or fok) < 0O or
(D3) F3(k) — fi(k)fs(k) < 0, theny;(k) = 0. Under

this situation, [s(k)] < maxg<i<n,+1 {2(2 —

Bkmax S5edt 16;(R)|/(1 = B2 &G(k)/|¢a(R)} <

where S, is also an invariant set. Based on the result of The-
orem 1, the conditiofs(k)| < maxg<i<n,+1 {2(2—
_ T, —1 1 —1 /3)k111ax En;(—)'—1 |¢J(l€)|/(1 - /3)21 57(/{})/|(7)7(/€)|} <
n(k) =1+ (HE) {Aﬁ_+ AB(q) ol | E(E)|] for any k > ko is satisfied, the2(k) — 0
+wm[(H + H)(G+G) with a rateP; + aP; ask — oc. Q.E.D.

+B () +AB (¢ )]}, kn41=0. (D4)
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