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Optimal and Reinforced Robustness Designs of
Fuzzy Variable Structure Tracking Control
for a Piezoelectric Actuator System

Chih-Lyang Hwang and Chau Jan

Abstract—in this paper, a piezoelectric actuator (PEA) system the assumptions of minimum phase system and known relative
is approximated by N subsystems, which are described by pulse degree must be met. Ge and Jouaneh [6] discuss a comparison
transfer functions. The approximation error between the PEA panyeen a feedforward control, a regular PID control, and a PID
system and the fuzzy linear pulse transfer function system is feedback control with hysteresis modeling in the feedforward
represented by additive nonlinear time-varying uncertainties y 9
in every subsystem. First, a dead-beat to the switching surface l00p. However, the control methods are dependent on the com-
for every ideal subsystem is designed. It is called the “variable plex Preisach model and are limited to a sinusoidal trajectory.
structure tracking control.” The output disturbance of the ith  The nonlinear dynamics of the piezoelectric actuator (PEA) is
subsystem is caused by the approximation error of fuzzy-model f. inearized and then reformulated into a standard almost dis-

and the interaction dynamics resulting from other subsystems. turb d i bl in 171, H th Iti |
In general, it is not small. Then, the H°°-norm of the sensitivity urbance decoupling problem in [7]. However, the result is only

function between the switching surface and the output disturbance Suitable for a small operation range. Hwagtal. [8] use a for-
is minimized. It is the “optimal robustness.” Although the effect of ward control to approximately cancel the hysteresis and then

the output disturbance is attenuated, a better performance can be gpply a discrete variable structure control to enhance the per-

reinforced by a switching control which is based on the LyapunoV  ,-mance. There feedforward control is not required
redesign. This is the final step for the robustness design of control, ' . ' .
which is “reinforced robustness.” The stability of the overall In general, fuzzy systems can be classified as Mamdani fuzzy

system is verified by Lyapunov stability theory. Experimental systems and Takagi—Sugeno (T-S) fuzzy systems [9]. Mamdani

work of a PEA system was carried out to confirm the validity of fuzzy systems use fuzzy sets as rule consequent. However, T-S

the proposed control. fuzzy systems use functions of input variables as rule conse-

Index Terms—Dead_—beat control, discrete-time _variable struc- - quent. In many studies (e.g., [10]-[12]), a nonlinear system was

ture control, fuzzy linear pulse transfer function (FLPTF),  fist anproximated by a T—S fuzzy linear model. Then, a model-

Lyapunov stability theory, piezoelectric actuator (PEA) system, based fuzzy control was developed to stabilize the T-S fuzz

sensitivity minimization in H°°-norm space. X y P . Yy
linear model. Tanakat al.[10] present fuzzy linear robust con-
trol with all state available for a class of uncertain nonlinear sys-

. INTRODUCTION tems. For attenuating the effect of unmodeled dynanfits,

IEZOELECTRICITY is a fundamental process of electroOPtimization is employed to design a fuzzy linear control for
Pmechanical interaction and is representative of couplifpnlinear dynamic systems [11]. Johanstral. [12] define a
in energy conversion. It relates dielectric displacement/electfiultiobjective identification of the dynamic T-S fuzzy model
field to mechanical stress/strain in piezoelectric materials. THit is a good approximation of both local and global dynamics
application of an electric field to piezoelectric materials can if2f the underlying system. However, these objectives are often
troduce mechanical stress/strain. Also, the position measuf@nflicting. Alternatively, a robust controller is still required to
ment can be obtained by capacitive sensor. It is a well-kno/gRtain a better system performance. Moreover, the aforemen-
commercially available device for managing extremely smdiPned approaches [9]-[12] need an observer if the state is not
displacements in the range from 10 pm to a few A00[1]-[7]. accessible. _ _
Piezoelectric structures are widely used in applications that redn this paper, fuzzy linear models are adopted to approximate
quire electric to mechanical energy conversion coupled with sigt® PEA system. The fuzzy models of the proposed control
limitations, precision and speed of operation, e.g., precision s@flly need the second-order discrete-time input/output models
sors, precision positioners, speakers, shutters, and impact pf,%tdﬁferent operating conditions [i.e., the linear pulse transfer
hammers. function (LPTF) systems]; they can be easily achieved by the
Recently, Tao and Kokotovic [5] use a simplified hysteresf@curswe least-squares parameter estimation [13] for different
model to reduce the effect of hysteretic nonlinearities. Howevéfemise variables. The approximation error between the PEA
system and the fuzzy LPTF (FLPTF) system is then char-
acterized as the additive nonlinear time-varying uncertainty
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Fig. 1. Control block diagram.

other subsystems. In general, it may not be small. Then, twhaereF(-) represents an unknown PEA systestk) andu(k)
H*-norm of the sensitivity function between the switchinglenote the system output and the system input, respectively.
surface and the output disturbance is minimized. It is the A fuzzy dynamic model to represent local linear input/output
so-called “optimal robustness.” Although the effect of theelations ofthe PEA system is described by fuEzyrHEN rules.
output disturbance is reduced, a better performance canTheeith rule of this fuzzy dynamic model for the PEA system is
reinforced by a switching control which is based on thexpressed as follows:

Lyapunov redesign. This is the final step for the robustne
design of control, which is called as “reinforced robustness. , ,
In short, the proposed control combines the advantages of IF z1(k)is My .- and  zm(k) is My

fuzzy control or modeling (e.g., FLPTF) and robust control THEN y(k) = ¢~ % B'(¢~ })u(k) /A (¢~ 1) 2)
(e.g., dead-beat to switching surface, minimax optimization of S ; ) ) o
sensitivity function, Lyapunov redesign for switching control here@ < mg+ny+1, AY(0) = 1’dz.2 Listhe delay (i.ek; #
to design a simple and effective fuzzy robust controller for ® for¢ = 1,2, ..., N, whereN is the number ofF—THEN

ystem Rule i:

PEA system. The experimental results confirm the validity &Jles,y(k) denotes the OUt_DUt frqm thién IF=THEN rules, _and
the proposed control. z1(k), ..., zm(k) are premise variables which are functions of
y(k=1), ..., y(k—nl), u(k—d*), ..., u(k—nj—d"+1). As-
sume thatd’(¢~') andBi(¢q~!) are coprimei = 1, 2, ..., N.
Il. MATHEMATICAL PRELIMINARIES The output of the overall fuzzy system is inferred as follows:

A discrete-time signal at thekth sampling interval N _
(i.e., kT) of a continuous signak..(t) is represented by y(k) = (k) {q_dlBi(q_l)u(k)/Ai(q_l)} (3)
z(k) = z.(kT) € R. A polynomial representation is defined as i=1
follows: A(¢~') = ap +a1q~ ' +-- -+ a,, ¢~ "+, wherea,, for ; _ i N i _
i=0,1, ..., n,, denotes bounded real coefficients, is the whﬁere (k) W(k)/ 2imy P () gnd .h (k)
system degree [i.e., if,. # 0, deg {A(g~")} = n,], andg~" [I;—1 M;(2(k)). Based on the approximation of fuzzy
L T ’ o linear model (e.g., [9]-[12]), the PEA system is approximated

is the backward-time shift operator [i.e5 z(k) = z(k — 1)]. . .
1 1 y the overall fuzzy model with the following ANTVU
Ay(qg ') andA_(¢~*) denote the stable and unstable part oi"(u(k 1), k) in every subsystem [14]:

A(q™1), respectively. Without loss of generality, the polynomia

Ay (q7') is assumed to be monic [i.e4;(0) = 1] to render Fly(k=1), ..., y(k—n), u(k —1), ..., u(k — m)]

a unique factorization. The superscripf a polynomial, e.g., N o 4

A?(g~"), represents the polynomial of thith subsystem. The =" ui(k) {q*quz(qfl)u(k)/AZ(q’l)
symbolA? (¢71) = ¢ "*- A’ (q) is used. Then, the rational i=1

function A~ (¢=")/A(¢7") is a stable, causal, and all-pass +A (u(k - 1), k)} (4)
operator, i.e.,|A* (e=7")/A" (e=7*)| = 1. The notation

) N where|Af(u(k — 1), k)| < of |u(k —1)| + of, Yk, 4, and
[A(a™)], = ess-supo<y<or |A(6 ) )| is adopted. o', of are bounded. The ANTVWA (u(k—1), k) is caused by
M; denotes a fuzzy set ofi(k); M; denotes a fuzzy t€rm e pysteretic feature of the PEA system. Assume that the fuzzy

of M; selected forule i. TT}_, f; = fif2+-- fv denotes a controller shares the same fuzzy sets with the fuzzy system (2)
scalar multiplicationé (k) is the Kronecker deltai(k) = 1, if

k =0, 6(k) = 0, otherwise. Control Rule i: 4
IF z1(k) is My--- and zg(k)isMy
lll. PROBLEM FORMULATION THEN u(k) = {=S"(¢” y(k) + T (¢ ")r(k) + ul, (k) }
1/ —1
Consider the following PEA system (cf. Fig. 1): /R (¢7) ()

where the polynomial&i(¢q~!), Si(¢~!) andT%(¢~') are se-
y(k)=Fly(k = 1), ..., y(k—n), w(k = 1), ..., u(k = m)] |ected such that théth subsystem (2) is stable and the specific
(1) trajectory tracking is accomplished, antl, (k) represents the
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Fig. 2. Equivalent control block diagram of Fig. 1.

switching control of théth subsystem (2) to improve the systenwhereG,.(¢— ') andF,.(¢ ) are coprime. Define the following
performance. The overall fuzzy control is inferred as follows:switching surface:

() 4 T =Tk a(k) = C(q~")e(k) (12)
; a g™y k) + T )r(k) wheree(k) = r(k)—y(k) andC(¢ ') is a stable monic polyno-
B i i 1 mial. Then, the switching surface respongé) from the inputs
s (B)] /R ()} (6) r(k), dL( )andu (k) is accomplished from (12) and (8), i.e.,
The nominal closed-loop characteristic polynomial of it
subsystem is defined as follows: o(k) = Z (k) { P (g Vyr(k) — V(g V) di ()
i - i 1\ il — —di i —1N\ Qi — i=1
Alg) =A@ R () +a " B (¢S (a7 () Wi, ()} (133)
Then, the closed-loop output response of tesubsystem is |, nere

obtained from (4) and (6) Pi(g™) =g [Ai(q—l) —q 7 Bi(q‘l)Ti(q_l)}

=D wk) {[e" B/ (AR @) / Aia™) (13b)
. =St (g1 y(k)+ T (g~ (k) il (K)] Vl:(q_l) ZC(qv_l)Ai( THR(q7Y) /AL (13c)
+Az(u(k _ 1)7 k) +(/)l(/i,)} (8) WZ(Q_I) :q_d C(q_l) ( _1)/AL( _1) (13d)

The major contributions of this paper are described as follows
where¢i(k) = ¢~¢ B (¢ Y)[u(k) — ui(k)]/Ai(¢!), where (cf. Figs. 1 and 2).
u'(k) is the same as (5), denotes an interaction dynamics on thel) A fuzzy control based ona FLPTF [i.e., (2)]is constructed
ith subsystem due to other subsystems. After some mathemat- to stabilize the PEA system (1) or (4) subject to the output

ical manipulations, we have disturbance of théth subsystem [i.ed (k)].
ol mir LN 2) The fuzzy equivalent control [i.e., the polynomials
M y(k) — 2 B (Q )T*(a™") r(k) Ri(q™"), S'(¢q~") andT7(¢~")] is designed to satisfy
Ai(g HR(g ) Ai(qt) the following two requirements.
¢ Bi(qY) a) For the ideal subsystem [i.@ (k) = u’, (k) = 0],
- W gy, (k) the response of the operating point is dead beat to the
i i 1 switching surface [13].
A (4 ‘ )R (q™7) di(k)y =0 (9) b) A minimax optimization for sensitivity function [i.e.,
Ai(g™1) ’ minimization of||V#(¢~1)|| ] is employed to atten-

uate the effect of the output disturbance.

3) Based on the Lyapunov redesign, the switching control of
ith subsystem [i.ey®,, (k)] is then designed to reinforce
the performance of the PEA system (1).

4) The corresponding experiments are arranged to verify the
validity of the proposed control. It is not limited to sinu-

y(k) = {q*diBi(qfl)Ti(q Yr(k) + ¢ % Bi(g Yul, (k) soidal trajectories.

whered: (k) = Al(u(k — 1), k) + ¢*(k) denotes the output
disturbance of théh subsystem caused by the approximation of
fuzzy-model and the interaction dynamics. It may not be small.
Hence, a sufficient condition for the existence of (9) is the term
in braces{-} of (9) is equal to zero, i.e.,

+ A (¢YHR (7Y (K }/Al ). (10) IV. Fuzzy MODELING OF PIEZOELECTRICACTUATOR SYSTEM

The dynamics of the PEA system is strongly dependent on the
hysteresis behavior [8]. The dominant factors of the hysteretic
loop are the magnitude and the polarity of the input signal (cf.
r(k) = G.(g1o(k)/Fr(g™h) (11) Fig. 3). The frequency of the input signal mildly influences the

This is the output of théth closed-loop subsystem. The refer-
ence input is assumed as follows:
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60 where
(k) = [ai(k) --- ai (k) By(k) --- b (k)]"
40{ ] (14d)
(k)= [—y(k—1) —y(k—ni) u(k—d)
20/ | ulk—d +1—-nd)]". (14e)

The initial valuesd‘(0) and Pi(0) = I fori = 1,2, ..., N

(Z is an unit matrix ands is a sufficiently large positive real
number) are set. Similarly, other subsystems are obtained. Due
-20[ 1 tothe advantage of the fuzzy-model, the linear dynamic models
obtained from the input/output data by (14) are easy and ac-
ceptable. Finally, all the subsystems are combined together by

position(micrometer)
o

40 | the normalized weighting’ (k),fori=1,2,..., Ntoforma
fuzzy-model of the PEA system. The deta|ls are in Section VI.
-60. ‘ N ’ : ‘ : : ' After the achievement of the fuzzy-model for the PEA

system, a verification of fuzzy-model (e.g., sinusoidal re-

voltage(volt)
sponses of different frequencies and magnitudes for the
Fig. 3. Hysteresis characteristic. fuzzy-model and the PEA system) must be arranged to confirm
the effectiveness of the proposed modeling. If the fuzzy-model
o ‘ ‘ N ‘ : is not acceptable for representing the PEA system, the fol-
é 0.8 / \ /o ] lowing modifications are made to enhance the fuzzy modeling
So06 / \ / \ | of PEA system.
'*;: 0.4 / / \ : 1) Anadjustment of the shape of membership fundsifirst
é 0.2l / \/ \ | proposed to enhance the accuracy of modeling.
£ o ) /" ‘ ,,,/‘/~ ‘ \\ . “\‘ \ 2) If the modeling is still not satisfactorgn increase of
4 -3 2 - 0 1 2 3 4 the fuzzy rules arranged to enhance the performance of
premise variable mOdeIing.
(a) 3) A different selection of the premise variableglso sug-
i , ‘ o , , ; ‘ gested to improve the accuracy of modeling.
2 L A — 4) An optimization procedure based on some input/output
5 0.8} W : datais applied to obtain a more effective fuzzy-model.
2 06} ]
§ 0.4} /\ 1 V. CONTROLLER DESIGN
§ 0-2¢ / ‘«.\ 1 A. Dead-Beat to Switching Surface of tiie Subsystem
91 008 006 004 002 0 002 004 006 008 0.1 First, the output disturbance and the switching control are as-
premise variable sumed to be zero. For achieving the dead-beat (or finite-time
(b) arrival) of the switching surface, the overall response of the
Fig. 4. Experimental setup of the overall system. (a) Photograph. (b) contR}Vitching surfacer (k) must have the following form:
block diagram. N N
D\ L1\ 0 _ i(1. i/, —1
dynamics of PEA. Hence, the premise variables are defined as 7(k) z_: w (K)o (k) ; WRH (g )ik) - (19)

follows: z1 (k) = u(k — 1) andzy(k) = u(k — 1) — u(k — 2)
(see Fig. 4). Consequently, the number and distribution of me
bership functions are suitably determined. A system input (e.
a combination of different magnitudes and frequencies of sinu;
soidal signal or only one fixed frequency of sinusoidal signa
is applied to the PEA system. Thus the input/output data cor
sponding to théth fuzzy rule (or subsystem) are fed into the fol-
lowing recursive least squares parameter estimation (14) (e.g., ,

[13]) to obtain the coefficients of the polynomiaté(¢—*) and o(k) —Z 1'( {C(q_l)[AZ(q_l) —q!
Bi(gY)

mhereHL( q~') is apolynomial ofth subsystem with the degree
hich is the same as the number of dead-beat steps [15].
“"Remark 1: BecauseEL LHi(k) = 1, oi(k) = o(k) if

*(k) is same for every subsystem. In addition, the polynomial
(¢71) in (12) is assumed to be the same for every subsystem.
Substituting (11) and (13b) into (13a) gives

7

B"'(q_l)Ti(q_l)}

6i(k) =8 (k — 1) + T (R)y(k) — (k)70 (k — 1)) (14a) Gola™3(R) [ [ @]} @19)
Ti(k) = P(k — 1)@ (k)/[1 + &' (k)T P (k — 1)®'(k)] Comparing (15) and (16) yields

o B (b)) Gua O — B DHITY g
Pi(k) =P'(k = 1) = D'(K)IT' (k)T P'(k — 1) (14c) Ai(g™Y) ¢ B¢ )G (¢ )C(g )
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Since Ai(¢~1) is stable, the denominator of the right-hand Based on the result dfemma land the constraint (25), the
side of (17) must be stable. Hence, the following equations dmlowing equation is achieved:

obtained: i P i, i
Vig™) = p'AL(¢7) (¢ /[AL(¢7H) ¥ (¢ )] . (26)
i —1y _ ris —1 -1
H'(q7")=L'(q)Gr (¢7) (18)  Fyrthermore, the constraint (25b) yields the following result:

Gr (a0 =Folg YL ()= ¢~ B (¢ (g™ Cg VA (¢ )Ti(q™) — AT ()T (q™)

(19) =q "Bl )M'(¢™") (27)
Rewrite (19) as the following Diophantine equation: wheren!, = d' +nj —1andn}, = n.+n}_ — 1. This, in
— iy - —d' pi [ — i — _ _ turn, means
Fo(g YL (g ) +q " BL(g T (¢ ) =Gy (a7 H)C(a ™) s
(20) C(25)AL(25)0"(25) — p"AL(2;)V *(2;) = 0. (28)

whereF, (¢~1) andg—% B (¢~1) are coprime, the monic poly- By the solution of (28) fop* and¥*(¢~"), the following equa-

nomial L'(¢~1!) with the degreer} = ni + d* — 1, and the tions are obtained from (13c) and (26):
i if ,—1 VR s _ i/ —1I\Nxi / — i/ —1\~ris —
polynomiall*(¢~*) has the degree, = n’; — 1. Assume that Al(g™) = C(q )AL (YA ()W ()X (™Y (29)
Ri(q™") = R'(¢7")Bi(a™). 1) B¢ =p"T (¢ HX (g7 (30)
From (7) and (17)—(21), the following equations hold: Comparing (29) and (24) results in
Al(g YR (¢ + ¢ BL(g NS (g X' =Grplg HBYa HX (a7
=C(g7)Gr (™)X (a7 (22) X' (q™) =AY (¢HAL(HW (™)X (g™ (3D)
T ") =T HX" (¢ ) (23) whereXi(q~1) is a stable polynomial. Then, from (29)—(31)
where X¢(¢1) is a stable polynomial with the degreé¢ = Al(g™") =Clg) A (A (¢ Ti(g")

nl +nj +d —ng_ —n.—1.From(20), (21), (22) and (7), i o ANai s 1N i 1

the following nominal closed-loop characteristic polynomial is ) 'g”f(ql VBl (a 1)X_ (a 1) S (32)

then obtained: R(q7) =p"V*(¢" )Gr (¢ )BY (a7 )X (). (33)
Al(g™h = C(q—l)G”(q—l)Bi(q—l)Xi(q—l)_ (24) Using the relations (32), (33), and (27) into (7) yields

The previous design addresses the finite-time setting to the S'(¢™") = G, (¢ A (¢" )M (¢ )X (¢7").  (34)

switching surface for the ideath subsystem. From (23) and (31), the polynomidl(¢~") is achieved

B. Minimax Optimization of Sensitivity Function as follows:

In this subsection, the task s to find the polynomigig; ') T'(q™") =T (g )AL (g HAL (¢ T (¢ )X (¢7). (35)
andS‘(¢~") such that the minimization qTV_Z(qfl)HOO IS Si-  That is. the control parametefd? (¢=1), Si(q~"), T#(q™")}
multaneously achieved. Based on the previous results, the ¥ the dead-beat to the switching surface and the minimax opti-

imization must satisfy the following interpolation ConStraim%ization of the output disturbance are obtained from (33)—(35).
[14], [16], [17]:

Vi(pj) —0, j=1,2, ..., 0 (252) C. Fuzzy Switching Control for Reinforced Robustness

1— Vi(z;)/c(zj) -0, j=1,2,...,ni—1 (25h) The proposed fuzzy switching control is designed as follows:

) . . ) . ) . v — _Al(g L P AV
whereni = di+nj_,pi(1<j <n Jandzi(1<j<mi-1) (¥ = —Ale D {o(k) +5la o, (k)

. g : i -1 1IN (1

denote the zeros of’ (¢~ ') andg—% B (¢~ '), respectively. /{Bi(¢)C(@)BL(a)}  (36)

Lemma 1 [14], [16], [17]: ' where A’ (¢~') is the same as (32}3'(¢~") is a causal stable
1) The optimal*(¢~*)* which minimizes||Vi(¢1)|| _isof rational weighting function and,, (k) is given in (45). Substi-

an all-pass form tuting (36), (13c), and (15) into (13a), we have

ce P/ WY, ifal=al+12>1 N : . 4
VigTh) = {0 i i — o(k) =Y w' (k) {H (¢7)6(k) + V(g™ ") d} (k)

) z =1

where the polynomial’i(¢~1) is monic and stable. +B.(q o(k—d)/B(q"")

2) The constanp’ andyi(1 < i < N, 1 < j < ni,) are real +n' (g~ vl (k —d)} (37)

and are uniquely determined by the interpolation constraints

(25). Furthermore, the minimizefi(¢=1)|| _ is given by wheren'(¢™) = p(¢ ")BL(¢”")/BL(q™"). The results
o of the first and second terms in the left-hand side of (37)

min |[Vi(g D] = |V D, = o] are obtained from Sections V-A and V-B, respectively. By a
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suitable selection of the weighting functighi(¢—!), 7¢(¢™') /
is designed as a low-pass filter to attenuate the high-frequent
component of switching control of théh subsystem [18].
Based on the facts in (4) anj(k) = A% (u(k —1), k) + ¢*(k),

the signalVi(g=1)*A’(u(k — 1), k) in (37) contains the effect
of the switching control of théth subsystem, i.ew? , (k — d).

It must be decomposed into two parts for the stability analysis
one includes’, (k — d*) and the other is without it. From (4),
(6), and (12), the following equation is assume to be true:

V(g™ A (ulk = 1), k)
= N (K)ol (k — d') + (K)o (k — d') + 73(k)  (38)

where |vi (k)] < ki < 1, |[%(k)| < ko, |7A(K)| < ks,
vk, i. However, the interaction dynamigs(k) does not con-
tainv’,, (k — d*). Define the difference of* (k) as follows:

Ao'(k) = o'(k+d') — o' (k). (39)

Thus, from (36) and (39)
N r — y

Ac(k) =Y p'(k)Act(k) A/D] PEA O::D
; Driver
N & PEA

; i i — ; CL-816
=Y (k) {A (k) + 1 =77t k)] vl (K)} (40) P Sensor
; Proposed > D/A ; >
Controller
where
i —1 1 (=1 i
(g k) =1=n"(¢"") —i(k) (41) Personal Computer piezomechanism

AN(k) =H'(q ")o(k+d') + V(g )¢ (k + d)
+ {7 (k+d") + [Bi ¢ ~Bi(¢™)]
/Bi(¢ N} o(k) +i(k+d'). (42)

(b)
Fig. 5. Membership functions for premise variables.z(g)). (b) zo(k).

The upper bound ak?(%) is estimated as follows: where
A (k)| < gi(k) = N (k)] + AL @3) & (k) =gi(k) £/ [gi(k)]” — gi(k) (47b)
where Xi > 0, [(1 - X7)? — /(1 +X)?] / [4(1 +X7)] > gi(k) = (1 = A2 o (k)] /(1 +X%)gh (k)] — (1 =A%)
/\320,1>(1—Xi)2/(1+X) >el>0,1> A=k +vi, (47c)
satisfying the following inequality: gh(k) =(1—=X%)? {[gj(k)]2+2g§(k) |lo(k)|+é* |o(k)|2}
Hl — ni(q_l)H <vi<1 on D' (44) / [g;\ 2 ) (47d)

where D" = {q € Cllg| < 1} is the domain containing the  Theorem 1:Consider the system (1) and the controller
poles of3’(¢~') and the zeros aB . (¢~*). The controlin (45) (7) with wi (k) in (36) and v’ (k) in (45). Suppose the
is then employed to deal with the unmodeled dynanmdsk) polynomlalsRl(q—l), Si(q—') andT'(q~") are achieved from

ek /[ )1+ X7 |] (33)—(35). Suppose also that the inequalities in (43) and (44)
; are satisfied. Thenfu(k)} is bounded{s(k)} is bounded in
Vg (K) = lf |0( )| > X (k) the sense of the minimum sensitivity between the switching
0, otherwise surface and the output disturbance, and
(45) N
where D, = {o(k): lo(k) <> m(k)xi(k)} . (48)
x'(k) = max {4(1 + XA} o=t
/[(1 B XZ-)Q . ( Xi)Q —4(1+ Xi))\é] Proof: See the Appendix.
A4(1+XNgi (k) /[(1 = XF)? —=e'(1+A%)?]}.  D. Proposed Control Algorithm

(46) The proposed design procedure for the control algorithm is
described as follows.

Step 1) Factorize theith subsystem asA'(q') =
&(k) > €' (k) > & (k) > 0 (472) AL (¢7AL(¢™"), B'(¢7") = Bi(¢7")BL(¢™").

The switching gain in (45) satisfies the following inequality:

Authorized licensed use limited to: Tamkang Univ.. Downloaded on March 28,2023 at 03:08:11 UTC from IEEE Xplore. Restrictions apply.



HWANG AND JAN: OPTIMAL AND REINFORCED ROBUSTNESS DESIGNS 513

40 . T T 7 T T T 40 T T T T
< ~ ) A A ) Py = “ r I
3 20 | A\ Jo Fa IR 3 200 ]
E 0 / f / E U ; |
S / \ { € N ! i
2 20| ‘ L g VA2 20) f
@ . AV BV 7}
g 8

-40 L L L I L ! L 40 L . L . i L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time(sec) time(sec)
@ (b)

40 T T - T . — T 40
= s AN N o~ A 7\ 2 [\
) P \ ” J/ N VAR 0] PR IR IRy !
© 20} / \ 3 \ © 20 /o
o ) ° / |
8 / / ) L ]
£ 0 \ ] £ 0 ’,1 B
= 201 WS N4 = 20 A / A
3 A N N N 3 M A

-40 L L L L L L I -40 , L 1 - L - L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time(sec) time(sec)
(©) (d)

Fig. 6. The output responses of systém) for the inputs(---). (a) 6sin(107k) + 30sin(207k) pm. (b) 36sin(307k) pm. (c) 36sin(107wk) pm.

(d) 36 sin(207k) pm.

Assign a reference inputG,(¢7'), F.(¢71);
similarly, Gr(q_l) = Gr+(q_1)Gr—(q_1)' The

TABLE |

MAXIMUM STEADY-STATE TRACKING ERRORS

coefficients of the switching surface in (12) [i.e.,
C(q1)] are also appropriately selected.
Step 2) The polynomialsli(¢~!) and I'{(¢~') are ob-

tained from (20). The scala* and the polynomial

Wi(g~1) are from (28); by long division, the poly-

nomial Mi(q~!) is then obtained from (27).

Step 3) The equivalent control of th#h subsystem, i.e.,

System type System using System using
Open-loop system | fuzzy equivalent |proposed control
Reference input control
6sin(107k) + 30sin(207k) pm 8.1 um 3.2um 1.5 um
36sin(107k) pum (SHz) 7.5 um 3.3 um 1.7 um
36sin(207k) pum (10Hz) 8.5 um 32 um 1.6 um
36sin(307k) um (15Hz) 9.6 um 3.5 um 2.3 um

Ri(q7Y), Si(q~ 1), T'(¢ 1), for the dead-beat to
the switching surface, and the minimax optimizatio
of the output disturbance, are accomplished fro%
(33)—(35) for a stable polynomial‘(¢—1).

Step 4) The switching control of théh subsystem is deter-
mined from (36) and (45).

(6).

VI. EXPERIMENTS
A. Experimental Setup

The PEA system consists of two parts: piezomechanis]
(including translator, position sensor, driver, and carriag
mechanism) and personal computer [including 16-bit AD/DA
card (PCL-816) and proposed control program]. The blodlt!
diagram of the experimental setup is shown in Fig. 5. T
carriage mechanism is made of steel for enhancing the streng
of the mechanism. Four linear guides provided by THK Coz
Japan (Model no. VRU3088) are used to support the movi
part of the mechanism. Furthermore, a high-speed spin
with weight 3.5 kg is fixed on the carriage mechanism. The

uired.

osition signay (k) is achieved by a position sensor, i.e., Model
0. P-177.10 of PI Co. The signal is received by a A/D card in
an 80586 personal computer. Together with a reference input
in the computer program written by Turbo C, the control signal

. . . u(k) is calculated. The control input through the D/A card is
Step 5) Finally, the overall fuzzy control is achieved fron?hen sent to the driver, which is a Model no. of P-271.10 from Pl
Co. The output signal of the driver with voltage betwee?00
and 1000 volt is used to drive the piezoelectric actuator. The
different position signal is accomplished by using a different
input signal. The process is repeated until the total process
Stmwe is over. The time required for every process is called the
80ntro| cycle time {.).” In this paper,T. = 0.0008 s.
The responses of the open-loop PEA system for the in-
ts: 6sin(107k) + 30sin(207k) pm, 36sin(307k) pm,
Fp@sin(lovrk') pm, and36sin(207k) pum, are presented in the
Fm. 6(a)—(d), respectively. The maximum steady-state tracking
rror of Fig. 6 is about 23.2% of the amplitude of input (cf. its
Eolute values in Table I). Hence, an effective controller is

In addition, the PID controller is employed to control the

piezoelectric actuator system is a Model no. P-246.70 frog'FA system. The form of the discrete-time PID controller is

Physical Instrument (PI) Co., Germany. Its specifications a &

briefly described as follows: maximum expansion 120,

electric capacitance 3000 nF, stiffness 19QuM/ resonant u(k) = Kpe(k)+ K,
frequency 3.5 kHz, and temperature expansigm®2K°. The

T

scribed as follows (cf. [6]):

Z e(k)+

K

Tp
p Tc

[e(k) — e(k — 1)].

(49)
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Fig. 7. The output response of the PID contfel) for the reference input
36 sin(207wk) pm(--+). (@) Tr = 20, Tp = 0.00005, K, = 2.2. (b) T =
20, Tp = 0.00005, K, = 2.4.

The responses due to the PID control with= 20, Tp =
0.000 05 for the reference inpuit6 sin(20x7k) pm, and different
K, are depicted in Fig. 7(a), = 2.2 and (b)K, = 2.4,
respectively. In general, the larger the paramgéigrs, the more

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 11, NO. 4, AUGUST 2003

The normalizing weight for the fuzzy rule is described as fol-
lows: (k) = hi(k)/ Y5_, hi(k), where

h'(k) =Mi(z1) x M3(z2)  h*(k) = Mi(21) x M;(22)
(k) = M7(z1) x My(z2)  h*(k) = Mj(21) x M3 (22)
R (k) = M (z1) x M3(z2)  he(k) = Mi(z1) x M3 (z2).

The nominal coefficients of six subsystems for the input signal
6sin(107k) 4+ 30sin(207k) pm, are presented as follows:

al™~® =-0.243118, —0.194 321, —0.198 19

—0.230833, —0.215404, —0.212554

—0.175277, —0.255 805, —0.283 489

—0.280 044, —0.253 760, —0.241 822

bi~® =0.080 283, 0.080 980, 0.074 071
0.067 842, 0.060 033, 0.060 953

b1~% =0.296 39, 0.374 155, 0.441 181
0.252187, 0.363 276, 0.425 842.

a%NG =

(52)

Six subsystems of (52) are all of nonminimum phase and are
stable.

The output responses of the mathematical model and the PEA
system for the same inputs of Fig. 6, are shown in Fig. 8(a)—(d),
respectively. The maximum modeling errors of Fig. 8 are about
8.8% of the amplitude of the input (or 3.2n). It indicates that
the proposed’-S fuzzy modeling is acceptable.

accurate the resultis. However, in Fig. 7(b) atoo large paramegr Control Performance

K, results in an oscillatory response. The other selections ofT

he switching surface (12) for the proposed control is

control parameters for (49) render similar response in Fig. s7'lected as followsr(k) = e(k) — 0.4e(k — 1) + 0.18¢(k —

Because the PEA fundamentally exhibits the nonlinearity a
hysteresis, the linear PID controller cannot have a satisfact(%

trajectory tracking for the PEA system.

B. Modeling

99 + 0.04e(k — 3), they are in well-damped region [13]. The
zy switching controk’ , (k) [or v¢,, (k)] uses the following
control parametersA® = 0.02, \j = 0.001, \i = 0.01,

et = 0.3, &(k) = &(k) + 0.9g%(k){1 — 0.98¢~1000le (k)1
and f3'(q™') (1.4-0.6¢7") /(1.6 —0.2¢7'). The

. L T P
Based on the result of Section IV, six fuzzy-model ruleswitﬁOrreSpondIng switching control gain [i.eq'(¢™")] is

the corresponding premise variablegk) and z(k) are ex-
pressed as follows:

Systern Rule 1.
IF 2 (k) is M7, 2o(k) is M3

a low-pass filter attenuating the high-frequency compo-
nent of the switching control. The output of the proposed
control without using the fuzzy switching control for
the reference inputs:6sin(107k) + 30sin(207k) pm,

36 sin(307k) um, 36 sin(107wk) pm, and36 sin(207k) pm, are
shown in Fig. 9(a)—(d), respectively. The maximum steady-state

THEN y(k)=q¢~* B'(¢ " )u(k)/A(¢™"),  i=1,2,...,6 tracking errors of Fig. 9 are about 8.9% (cf. Table I). The con-
(50) trol performance is dependent on the accuracy of the T-S fuzzy
model.
whered’ = 1,Vi =1, 2, ..., 6, the membership functions are The output response of the proposed control for the same ref-

chosen as follows (cf. Fig. 5):

M} (z) — o221 (k) M2(z) = e 2(z1(k)=2)?
M () = e~ 2= (k)+2)°

My (z) = {

=802 ()=0007 " if 2y (k) < 0.01

1 otherwise

)

if 2o(k) > —0.01
otherwise.

M3 (z2) = (51)

{ o—80(z2(k)+0.01)°

erence inputs of Fig. 9 are presented in Fig. 10(a)—(d), respec-
tively. Their maximum steady-state tracking errors are about
4.5% of the magnitude of the corresponding reference input (cf.
Table I). The maximum steady-state tracking errors of Figs. 9
and 10 are 8.9% and 4.5%, respectively, i.e., the fuzzy switching
control improves the system performance by about 50%. The
main reason for this is that the response of traditional fuzzy
linear feedback control is a little inferior for the PEA system

with notable hysteresis. Fig. 11(a) shows the corresponding con-
trol input of Fig. 10(a); it can be seen that the control input is
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Fig. 9. The output responses of the proposed control without fuzzy switching contydbr the reference inputs - -). ()6 sin(107k) + 30 sin(207k) pm.
(b) 36 sin(307k) pm. () 36 sin(107k) pm. (d) 36 sin(207k) pm.

smooth enough. The corresponding response of the switching

surface of Fig. 10(a) is shown in Fig. 11(b) that is in the neigh-

VII. CONCLUSION

Because the dynamics of the PEA system is strongly depen-

borhood of the switching surface due to the existence of Ufant on the hysteretic behavior, the dominant factors of the hys-
certainties. Although the fuzzy model (52) is identified by thg etic loop are the amplitude and polarity of the input signal.
combination of sinusoidal signals, the proposed controller basege frequency of the input signal only mildly affects the dy-
on this fuzzy model can be applied to track the sinusoidal tragamics of the PEA. Hence, the premise variables ofhg
jectory of different frequencies (e.g., 5, 10, and 15 Hz). Due #9zzy linear model are selected a§: — 1) andAu(k — 1) =

the robustness of the proposed control, the tracking results #® — 1) — u(k — 2). After the verification of fuzzy model,
the fuzzy equivalent and the fuzzy switching control are em-

satisfactory.
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6 : k : : ; e linear feedback control (e.g., the proposed control without the
= al | fuzzy switching control). In addition, the proposed control does
g ) Lp%ﬂ\ A fr"\ A N N //\ A not require a state estimator or a solution of a common pos-
a i\ / Vo / \\ [ \ \ /A itive—definite matrix for every subsystem [9]-[12]. It amalga-
g 0 ‘\ / \ / \ /R \\ /f ‘\ / ‘\ / \ ] mates the advantages of model-based fuzzy control and the ro-
g -2F U \/ Vi \J \J \J/ v- bust control to accomplish an effective and simple controller for

4l . s ‘ - ; - the PEA system. It is believed that it can be applied to other

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 .
time(sec) tracking control problems.
@ APPENDIX

20 : ‘ , , ' i , PROOF OFTHEOREM 1
é 10\ The following Lyapunov function is defined:

é N . ) N ) ]
e V() = Y W R)ViIk) = Y wi(k)o'(k)?/2 > 0
‘2 i=1 i=1
® 10l ‘ ‘ ‘ ‘ . ; - i(k) #0. Al
10(‘) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 asa ( ) 75 ( )
tme(sec) Infact,V (k) = o(k)?/2. Then, the change rate of (A1) is given
(b) as follows:
Fig. 11. The responses of the proposed control for the reference input N
6sin(107k) 4+ 30sin(207k) pm. (@)u(k). (b) o (k). AV(k) — Z ut(k) {Vl(k + d1> _ Vt(k>}
=1
N
_ = (k) {o'(k)Aci (k) + Ad'(k)?/2} . (A2
ployed to control the PEA system. The fuzzy equivalent control ; (k) { (k) (k) (k)" } (A2)

is designed based on a technique of dead-beat to the switching , . .
surface and a minimax optimization of the sensitivity functioRirst. [o(k)[ > x*(k) s, con5|d?red. SEEPZOSAV(_@ ) <
between the switching surface and the output disturbance. ForY (k), wheres = min (e )!_0 <&t <(I=AT)/(14A7)7 <
thermore, the effect of the approximation error of fuzzy-modet 1hen, the following equatloin is achieved by using (40), (43),
and the interaction dynamics resulting from other subsysteffé): (A1), (A2), and the fact'(k) = o (k)

?s attenuated. The fuzzy §witching control is also gppli_ed to &V (k) = AV (k) + eV (k)

inforce the performance in the face of the approximation error N

and the interaction dynamics. In this situation, the performance < Z i (kYo (k) {N (k) + [1 = (g™, k)] vl (K)}
of the proposed control is better than that of traditional fuzzy P
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