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Rate-dependent modeling of a piezoelectric two-dimensional micro positioning stage
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Abstract :

In order to describe the rate-dependent hysteresis nonlinearity of piezoelectric multi-dimensional micro-

positioning stages, a modeling method was proposed based on the Hammerstein model. The dynamic model of a two-

dimensional micro-positioning stage was composed of a static hysteretic nonlinear part and a linear dynamic system in

series. The static nonlinear part was described by an modified Prandtl-Ishlinskii model ( MPI), and the linear dynamic

system was described by the autoregressive model with exogenous input ( ARX). The model parameter identification

method was also given out. In order to verify the validity of the Hammerstein model, an experimental platform was set up

for experimental verification. The experimental results show that the relative errors between the predicted displacements

derived by the Hammerstein model and measured displacements is 1 %—5 % by applying different frequency voltage

signals to the stage. The predicted displacements are close to the measured displacements, which shows that the presented

model can accurately describe the rate-dependent hysteresis characteristics of the micro-positioning stage.
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Fig.1 Piezoelectric two-dimensional micro-positioning stage
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2  #E#3IF AR Hammerstein 45

2.1 MPI #&#

TRE LT 15 1A i A R A R R ) MPT S ik
MPI FERY &7 PTASERYEER | R IBCA ] 199 7 A B AE X
B PUBERLE A BRASFA AR BUE Y Play 5719
IA B AR B AR LN o Play 7% PLARY 3L
AHIE, Play 55T R UNE 4 PR, 73 3 BIRRIG B0, 26
— PO 2 B A R s S B3 g 38 IR A g A7



106 a5 &

2020 4E55 39 %

¥, GnlEl 4 rhai i Sk R SE R B S L sl A 5 ~ B
FUNSF- 6 i A% AT RN

Bulk-1) <u(k) <u(k-1) +r, i,

y(k) =y(k-1)

BMulk-1) +r, <ulk) i,

y(k) =y(k = 1)+ w,[u(k) = [u(k - 1) +r,]]
A wlh = 1),y (k =1) J k-1 I 20 4 A v s A H
ik s u(k) ,y(k) Ny k 20095 AR B A%
h Play HF M BIME ; w, A Play 5FMAUH

B A DU R 21 6 A A F s Dy B 3ok I
% 2 A%, TR 4wl Sk O REZR T, B R TR
A S~ C g5 R4 OIS AT R

Mulk-1) —r, <ulk) <u(k-1) B,

y(k) =y(k-1)

Hulk) <u(k) -r, B,

y(k) =y(k-1) —w,lu(k-1) =1, —u(k)]

HA30(2) F15K(3) a5 Play 51 9B %
LW
y(k) = w,

(2)

(3)

s max{u(k) —r,,min{u(k) +
r,y(k = 1)} (4)
Ay(k)/um

o|—— — — —
Q

D — — S — z

! -

| u(kyV
9 D) )
E 4 Play 2T
Fig.4 Play operator
BEHIA T £ WSS n A Play ST 3178
VSR EE GT- £2 ) PLIMEBER 158 (4) 778 P AL
iﬁ!ﬂ’]xﬁli’%@ﬁiﬁjﬁ

Y(k) Zy (k) th

mm{u(k) +rhl,yl(k—1)}} (5)

AP Y(k) BB 7E k200 PRI ik s
@, 35945 Play 55 B AR D A B {ELRIASUfEL .

F T PLERL (R 1 HAT X BRI IE 6 26, O 1
AR IOE A 5 AR X RIS ER, 76 PT AL Sl |
FRIPE ELAT AN [) I {4 B0 300 58 IR AT A & A, LA
W25/ MPLEER . AL TNl 5 FroR, o

s max{u(k) - r,,

PGS, 5B — 1 0L Y (k) _EFHEF, BRI FEIX 5
Tt A
{%’[OﬁY(k) <r B, v(k) =0 (6)
M, < Y(k) B, o(k) = o, - (Y(k) =1)

s o(k) HHRDFEXE F 5L .,
B IX S5 1) I (B FIALAEL
5B Y(k) T RER, B AL X ST ol
v(k) =, - (Y(k) -1,) (7)
A2 (6) FI(T) WA PR IX S8 i Ay
v(k) = w, » max{Y(k) - r_,0} (8)
WA [ AR H T /7 5 19 MPL R i
FEL, I MPT 1‘3’?“”7%5‘%

V(E) Zv(k) Zw

w, 73 B A

» max{Y(k) -y ,01 (9)

BV L V(k>7~:l MPI *%*”E’J%JEH, rg, wOr A
HU DX T AF N %) I (B RN
v(k)*
=0
A >
0 % Y(k)

K5 REXE T

Fig.5 One sided dead-zone operator

I TR A — S 05 D A e MUPT A TR 5 38
L BORHEFNNIE 6 iz, K5 1% 08 i 24 23 g v TR 2R )
jﬁl 0-40-80-120-8040-0 V2% Play BB L X E
A B T AR ) BT R IO Y 2R, RIDRT
Ll?ﬂfﬂi'ﬂo BRI Play 57 A% n S 4, Fixd B
Play 55 fBIEAAUE 33N r, M o, (1=0,1,2,3),
BB BTN S 3, RS BB BE DX SR Y 1
TEHFBUE B r o, (G=0,1,2) o PLYHER OV
ETHZE 40 V N EIE IR Play 587 FL LA AL IX BT
THA S HLE D 40 VOIS A0 RS  HEB 3Ry
FE1 h(4) 1545 Play B8
yo(1) =w,, » max{40-r,,,min{40+r,,y,(0)} |
y, (1) =w,, * max{40-r,, ,min{40+r,, ,y,(0)} | (10)
y,(1) =w,, * max{40-r, ,min{40+r,,,y,(0) } |
y;(1) =@ » max{40-r; ,min{40+r;,y;(0) | |
FE2 AHE(S)#5% Play B 1 #E47 &IN5 3] PI AR
R 4
Y(1) =y (1) +5,(1) +5,(1) +y,(1) (11)
FE3 f LAY Y (1) /R 5 s X 1Y
A, =X (8) THE A H B8 XA 1 A0 i
v, (1) = wy » max{¥(1) -r,,0}
v, (1) = @, » max{Y(l) —r,,0} (12)
v,(1) = w, * max{¥(1) -r,,0}

HE4 B (9) ATAE MPL R 4



56 0] BRI . FE R AR BGE BT IS R 107
V(1) = vy(1) +,(1) +0,(1) (13) vy, (k) ) ey
= (13) 9T 45 S R p 2L P O Vb ;(_vl(k))«ym(’m (=va () >(wl)l
40 VIR AR o TR B, A R 28 906 B v o 5
BT kR 5, BFT S 6 R AGRHESE S et N o o I S S O
0 U, w, u, 0
V(k)/pm‘ i,
r—-1 0 -0 -&
-1 -1+ 0 -e
U, = .ou= ;
L -1 -1 - -1 -&
0 40 80 120> o ’ N
u(V 0O =1+ --- 0
K6 RUEFRS U,= s u, = .
Fig.6  An example of hysteresis loop : S B .
L0 O - --- -1 0

2.2 MPIERHSHHE

R (5) FIS (9) AT, T % 5 - 4 B9 MPI A
Y FEAN T Play 55T 898 0 B 7, R
o BFE IR LT H9AE LB r AU o0 BRI
B BW TR S RE AR S, BN AN REAR A
{u(k) ,d(k) k=01, N =1, 3P u(k) R A
TR 5 d(k) R BRI A RS

thSCHRL 14 T AT, 4% Play BT BIE r,

i =0,1,-,n-1 (14)

mizgimaﬂ\u(k>H,

Play ST AUH w,; 50X T BIE r, ABUHE o,
AR e X (15) 2R i 22 fE i/ M3

o ¥, (k) )

e(k) = ! 15
(1) =3, (w0 )(—v,:l(k) (15)

Hr,

max|d(k) -rg",0]
Vo= : ;

max | d (k) =r;", 0}
max{u(k) —ryg,min{u(k) +r,,y(k-1)}1
H

yrh: :
[maxéu<k> _rhn—l ’min{u(k) +rhnf] ’y(k _1>

03

-1
rsO =rsO :0

ws_l = [wSBI ’ws_l1 9“"‘05;11] 5
Wy, = [wh05wh1 3"y Wy - 1o
HNTH R o, Mo, ¥315) 545 T ik

E=

min || e(k) ||; = min{ (w,e")

A (16) Fr R B LAk [a) @k — R H ) 0] A8, >k
WA AR o, Fl o',

AR B BY XA A A 1) Bt ROASUAE 1)
o AFBIE R, FIAUE R R o, HLFREN

1
rg =19 =0, 0wy =
[OF)
j-1
rjl + kZ{)w”r‘A
rg = = ,j =01
zwsk
=0
j-1 2
a)j](w.o +Za)si)
w, =~ L=1_/__1 j=1-1 (17)
1 +a);l<w>0 +2w
=1
2.3 ARX f##

1 Hammerstein A7 1 5% F ARX 4011 26 75 1o
SERIT GRS Y. T E 7 & A2 T N R
B - - BB RS LTS TN W &%, It
ARX K71 1] F275 H

d(k) +Ad(k -1) = BV(k-1) + (k) (18)
R V) =[V,(k) V,(k) 1"V, (k),V, (k) 4351
U« iy 77 1A B9 MPL SR BRI g i i s d (k) =
[d, (k) d,(k)]", d, (k), d (k)53 e for &
TESNA S SR F MO e (k) MiRET; A =
Ay 5,01, by b, - "

[ ],Bz[b ) ]muj@w@m

= (18) A1
d(k) =-Ad(k-1) +BV(k - 1) +&(k) (19)
X (19) W5 lidn o PR

d(k) = w(k)® + (k) (20)



108 a5 &

2020 4E55 39 %

Kt w(k) =[ -d(k-1),V(k-1)]; ®=[A,B]",
SRRV ® 7] R FIEN Tk I TR 5
Y d(k)
b =" (21)
§¢M>
Aodr, m REAR SR
BIAEBET ¢ JEX
gld(k) =d(k-1) (22)
M (18) mf#&H -y
A(q™)d(k) =B(g")V(k-1) +&(k) (23)
K. A(g™) =I+Aq™'; B(q™') =Bq ™",
2t (23) HEAT = A5He ] 5 e 1T £ ek 3
ZST T 1235 B R
Gu(z) Gy(z)

G(z) = (24)
GZI(Z) Gzz(z)

3 CIOISE

3.1 XWBERE

SCEGRCE A 7 BN, DAL D/A R IR B
U5 L P s IR B s R OE A B LR B
FomB g A . D/A RJ& NI A A A7 1 PCI-
6713 Z41 B K28 w) AR 7= 1 XE-501 3R gl B Y, R H
Wej 3 0 2h 2% PSt150/7/80VS12 , {i B A5 Ik 88 |y PL N )
A7 D-E-20. 200, 2 TR SEIRAHEAR AL R RS
Wit D/A KR B XE-501 (13K 3 JERE b E
JRAE R A & (3R 3l i s, 38 4 67 B A% k25
OB TN AL E S IR AR AR 26 B TR
BL, (R LabVIEW SRAZEH

K7 scoeicE
Fig.7 Experimental setup
3.2 FAERRHEE
0T UEHISR T MPT AT AR HEffy 1 7 40 38 lOE 137

B RR A AR, 23 0 X RUE - & B i «
J7 ) Ay J5 1) g AL R 0 ~ 120 V54 0. 1 Hz,
PR L AR 1 100V 3 sl 1 = A B A s, SR AR TR
100 Hz ,SRAEISE] A 65 s, 73 5l BT X5 IO R4 ¢ 7 1)
iy J5 Tl (R4 R 288 o Bl 7 F- 5 9 o 7 [l ALy 7 1]
f % A R s i A2 20 A TR 8 R 9 o AR s
P 8 FAl 9 Fros ikEA i, i o SNl ARk 1 FoR iy
MPI RIS R, MR ZS BT 5 i « J7 Ay J7
T 25 = P R s T Xk 7 308 ke 3 A0 52 00 62 4% 4 & 10
(a) M 10 (b) /R, d1 & 10 (a) AP 10 (b) PRI,
MPT A58 RUAT 31 (14 it (2 A4 5 5200 (07 R fe e, DI e 42
Hy A MPT A58 70 BE RS B 1 ol 162 - 5 19 i 25 08
Rk

300 1160
AR

250

xJ7 TN R dfpum
— [}
o S
S 3

100 -

50

t/s
&8 Uy x J7 [l A S Ry B 28

Fig.8 Input voltage and output displacement in x direction

350 1160
300 F L ie 2

250 J1
200
150
100 |,
50
0 ! ' : : 0

— - —WARE

Y77 A B d/um

t/s
B9y Jy i AL FE A RS
Fig.9 Input voltage and output displacement in y direction
KT ARX SR S0, [FINAE « 7y JF
I A i it J s (LS5 A O ~ 100 VS5 4K YA 1 Haz,
2 Hz,5 Hz,8 Hz il 10 Hz ¥R IEZH w8 = MIE S,
RSN 1000 Hz, SRAERT[E] 3. 85 s, 43 il I i 75 3
W x 7 IRy 7 R AR () o TRIE AR =
FOUE R AR 5 15 2 i 8 A1 & A0 3R TR TR ) o
V(k) o ¥ V(k)VER ARX RIS, 520 4 H 7 B
d ()1 ARX BRI, it (21) 13 28U IF A
B il 2 AR, 19 5 BN () 15538 R AU



%6 W BRI AE . R H S R U (- 5 1 A SR il A 109
F1 MPLEBEE S
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