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Abstract: The influence of sine voltages with different discretized stairs on the size and initial time of
the creep for a stack PZT was investigated. A new model was presented to investigate the creep char-
acteristics of the stack PZT in a low frequency. Firstly, a 0. 025 Hz/0 V—60 V sine wave was dis-
cretized with five multiple relations. The relations between the creep and the stair voltage or the creep
and the difference of stairs were also analyzed. Then, the initial time of the creep was predicted by the

proposed model. Experimental results indicate that the biggest creep range in the rising period appears
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on the stair voltage of 47.7 V, and that in the decline period appears on the stair voltage of 12.3 V.
As compared to 20 stairs, 320 stairs correspond to the period of maximum creep growth in the rising
falls by 899. 5%, and that in the declining period is up to 936. 9%. Using the proposed formula to
predict creep initial time, the creep initial time of 20, 40, 80, 160 and 320 stairs is 0. 959, 0. 911,
0.813, 0.664, and 0. 016 ms later respectively when the stair voltages is 12. 3 V. Moreover, the
differences between the creep and the input voltage and the creep and the input voltage are hysteresis,
and the stair creep decreases with increasing the number of stairs . The voltage signal with different

discretizations has changed the initila time of creep, and the more the stair voltage, the sooner the ini-

tial time of creep.

Key words: piezoactuator;creep; stair voltage; initial time

uu\‘

1 7]

A T H, B S K B e A 008 T L e SRR
L AR S e G S A6 A BE L g 43 99 S R PR 3 g
SRR AR A B Tz R Y R R R
9K 2l 2% Y P O AR me R ok 7R AT LA Ay S = A By
B KBS R AR BENWAS
WA AR JLT- [ B 58 B 56 T 38 W J 1 1
A G AT UL ek (465 S AT B RS
AR B B IR AR SRS A G A AR
P o — I IR AR A W R IR B =AY
BURIE AR R X 22 18 1) By B0 A8 . X T 3 R A
o 1) HE 2 R T H B BIK Bl A% 7E FL R B A% A
X AR I R 43 LA B B AR shad AR L EA)
I PR A2 22 J5 S B 18 R AR I 4 0 i A 1o
PR XA LR L R A S T AR A 45 R
V) 398 2 0 A 3 R 1 A L [T

HT T B A R A T R B,
AR SRR B B E . o TSR
78 1) 5 i) LA B S s et P 4 o B 3k 0 B[R] 9 75 K
AL & B B Sk BK 3h R H P R 0K Bh gt
BF R R 4EEE 0.1 M2, 1 M) 5 g g
sHTL50 MM AR H B = A RN IE 5% 25 iy A L TR
FO RN EA AR EM G R, HEiAR
) 5 R R A % P P K 8l 45 B A 11 5 T
PR LA FIER A SR SR [, AR (K
N ] Y B A £ o AR R A DG Y

AR /DA SR A A3 5 722 1 Ak G s i) s g AR R
WY B . SCHkL2. 20] IAHEEAS IR T A B
HLUEHIA G 19 0.1 s fH3CHRC21 T FE i hn &5 By
Hi L2 B0 S5 6 28 5 T 4 7= 2 1, SCk[22 ]Iy

U A8 A A R 1E] /N T 300 s, TR HL P IR SR8 4 R
SR WD SO R 0 AR A I 2 i ) 8 A5 AR TR
ECEANATRE . (R ph T 7 R i A B[R] L A
T A U AR ) 3 S R 2 L X
BRI/ AR WE S R R AR ME B
93 & W R A A B 28 R A e T fER AT
DL 138 4 B UEAT AT . ASSCRIESE T IE R4 R
Je A ) 5 Al o s L g 2 K 50 e G 722 A B [ 114
S R OB B0 B RSB T ROORYE LR TR
P T8 X 3l 45 5 L R ) B S

T 1 R SE 6 b3 fT T — R 51
(9% A — L AR 5 A Rl B e i S0 06 . M5 A
JER 0~150 V B, & H B % 5K 8 &% (PSt 150/7/
40 VSI12, 18 ED B FR PRI AE 0~40 pm, FEHI#F
(AD7011EVA, HA) i th i AR 5 9 D) 2%
KE§ (XES01. B, FEDEK. B S hE R TE
J FE P 0K 3 2 N R Y SGS K L SR 5 FR s
RFECRAEMR ] 1 kH2) ,

Controller U pzT

K1 sRTra

Fig.1 Experiment setup



944 = K Y 522 %
2.1 BHUIETAREMm M0 0330
HELRE I B S P R S % g E R R 20 £ o
it 5 RO 7 S AT B AL I 2 B S £-05
ﬁ»ﬁ%ﬂ*ﬁﬁ*ﬁﬁ%ﬂ@ﬁgzﬁﬁg%‘ﬁﬁﬁﬁﬁ 20, -1 3 4 -1 i 3 3 4
40, 80, 160 Al 320 4~ 4 By LI 5 0T 140 o e ae i
A 20 A HIA 1 25 B I s 0z ol
N I I S-02 S-0.1
il 1] 04 T 2 3 : 0% ] 3 3 4
o 40 ] Index w104 Index X104
30 E . %155
; 20t | %0.05
10+ g 0
0 e —— ' Clo.05
1 2 3 4 In:?ct 6 7 8 9 10 ol
20 40 .80 160 320 x10 e 1 2 3 4
Index X104
Ca) B A B AL I

(a) Discretized voltage

Displacement/pum
S

-
80 —— 160 ——320%

— b :
0 5 10 15 20 25 30 35 40
Time/s
(b) % th AL 7%

(b) Corresponding displacement
B2 R BRWI R 5 e i AN 5] B R L s X 0 A7 B
Fig. 2 Different discretization voltages and displace-

ments without the initial curves

TE 5 BR B0 b6 i 205, B A o8 B 8 W B 4B

30 00145 3] 70 000 A4S &, BRI A7 40 000 >R AE
S, BT RAEMURE 1 kHz, K] DU 55
tHTE B2 A R R 40 s, 45 3 59 6 R I 8 i 2k
W 2(b) firs . A G Bk Bz iy e 28 i 25 %
B BYTE 1 ms B 21 0992 A5 {8, 2R A5 0% 855 22 it £ i (5]
3FR. MK 3 AT LLE o, % 28 i R i) b o B
FT B BOHR A AR ] 09 a3 BB = S IS PR RE
055 75 A A £ B PR 22 ) Y 3R G &R AN 4
iR, TEl—HEFESEMN T G EESME S
B &5 B 15 h i /) L O B E 6 B 800y 3G m i
AR oA R 0 XERR . SEPR b AR AN AZ B
B B LR /N 5 e [F] B IR 5 B R AR Ak
HIR /AN G, anlEl 5 e, 8RR 555G B i R
FEAE N 5 AR IRAR Y . W95 78 10 26 6 I KB A8 &

B3 1 ms A6 B AN () 2 A Ak H e Xk I (1 5% A8
Fig.3 Creeps corresponding to different stair volta-

ges at the initial time of 1 ms

ATERA G B R 22 (R R IITE . R A G
9 FL P 2 (T L R 5 2 1) 2 o 38 5 B 2 H
FEMHTE/NGBE2ZE. —MEAANEZR S
W9 Rtk VR A /D 094 47 o ) o A0 B g 094 42 o O SG
L S T R L v A=Y B TR s T B
e A B 05 70 A i F T o s A1 O 72 1) 2 i
P ) A O

Creep/um

0 10 20 30 10 30 60
Voltage/V

40 80 160 320

20

P4 o I A )R O AR

Fig. 4 Hysteretic relation between creep and input voltage

= 40 ——80 160 ——320
0.5
=
= o
5
—0.5]
1 3 — - X
=10 -8 -6 4 =2 antg'ge."\"“ 4 6 8 10
B 5 B e 22 R AR R g G 3R
Fig. 5  Hysteretic relation between creep and the

difference of input voltage



4

A R A5 B I TE 52 H R AR T A s F K 5l o 0 7 e 945

2.2 TR LG E

PR] 1 A 3R i 2k A% X DA B SR A, 75 22 DA BB 0% 1%
KA 04 AH X 18 A0 AR o R R M L % B
A7 40 (0 W AR AT B 52 S, B A 1) S TR X A
HRYLL 20101708 200 R AR AR 2 2 T A
SRR A I A B A ROR ) B ATk
T AR A AR B o AR R A AR AR BT LS
FJEIRAR FAR , R R, I A A AR R R 45
HA PGS 2 A AR B sl 2 AR K
e 25 [a) 8, WA 6 Frw

0.8

50 o ‘\\~
204 “
]
02 ——Origmal — Forth-order LTI |

O 020406081 12141618 2 O 02040608 1T 12141618 2

Time/s Time/s
() X4 (b) 4 B &R M Bf A2

(a) Log-type (b) Forth-order LTI

(=1

Creep/um

-0

013 :
0 020406081 12141618 2
Time/s Time/s

(o) ALARK
(¢) Proposed model

() REZN
(d) Error
K6 AR LS

Fig. 6 Curve fit of creep

T AT o1 ) 2 D PR T R S
JE AL IR Z o X B S UG A A i N ] R L 4R 4 Y
D5 BB AL AAF 5 LT HE D . O BA B/ i 1
WR2E; QAR A& . S T R T Y
A TR O Xof 72 56 R Al A AT 5
Lereep = Liog T Liti + Lyow

Liy= Lo X [1+ 7X log

\
o001 ]
Lin=aX[1—exp(—bX1)] ’
Lyow = cX t*

1€ (0. 001, Te)

A Loy S8 N T IR B UK AR S Liog J& 45 5 % B0URY
TE Y AR A2 12 (G AE | Lo J2 4 A 4R PR i R AL 4%
TERYIEAS | Lyow A5 6 48 BURFIE Y IG 22 . Loy v,
as by o fd e/ Z 3 7 vE HER Ok Sk R L fif

QY

P e/ 3 B iR 2 B0 AT RE ARSI ] P i 2 i ik
P TEDN L TN T8 3 2800 d 58 42 RE A8 il 2L P IfE
W5 ¢ (9 B ms, Te AR B, WA 6 (D)
JIT A P A R A 2 i B B it A AR AT B/ Y
BR2E L SEARE T R P R E . XY T SO0 R
T VUG S A 6 B il 2l LU T 2 30Ok 347
e

H= Ly + Lo oo1 » (2
Forb s H O i L0 T 28 B9 IE 2 {8 Loeoy A ANZTT
U 5 B B S (E . Lo oon A IRATARTE 1 ms B9IE AL
fi. O 7T AR A R E AR A — A R R S
ERIT AR BRI — A E B e Rl — LR
G ERT A [ s A i s H Bl Rg 9K 3l 2 1 B
AT IR o 1T 7 TR AT 5 0 7 ) B I ]

—

e

J Measured
3 creep
% /
AN
Real ™
Measured hysteresis \\
creep \
Predict s Measured N,
creep hysteresis -
\
K

K7 REREE

Fig. 7 Diagrammatic sketch

B Y R Vi 38 3T TH AR AR

Liye =[ Hy + Lereepr (AD J—[ Hy + Leyee (AD) ]

A€ (e, Te ] » (3)
e>0

Hor, Ly, o8 B — 5 B fHE X R 1Y B S R . H
H, il LB A R B BefE S B R i A S 1
ms B 2] B9 D7 FEAE s Leveept » Lerere 73 IR BN
T REB R IR AR AR AR . A T kSR R T A L R
] >k () 52 A AR T 7E 5 A S 5 TS sl &8 0 &
AT Z I, 4 LS5 T @ En, 1] MATLAB
B FIT o O A 1] B B 6 B 42 2 () i 17 B
FeoR il B0, AR 10 At At T A B PR FE s (] 545
B 7R, X R IR A AN A B A SR TS
FRORFF R E M . Y Ly, ASE T8 (H B, B 28 fi0



946

522 %

i aniE 8 frok .,

1.8

3
L

E n_ 8‘
219 £ —160)
3 22 —320)
ST g
2 —— &
2 815t
E— 13
! 2
[} 1 — 2 i

0.5 06 07 08 09 1

Time{millisec.) 0 02 04 06 08 1
[—20—a0—80—160—320] Time(millisec.)

(@) 12.3 V/0.5 ms FUMHIZE  (b)12.3 V/0.1 ms FUMI#hZk
(b) Predicted curves at
12.3 V/0.1 ms

(a) Predicted curves at

12.3 V/0.5 ms

\

wn

—80
—lo0)

02 0.4 0.6 0.8 1
Time(millisec.)

n

.

——

[
L

Displacement/um
e
Displacement/um

-2

0.5 0.6 0.7 08 09
Time(millisec.)
[—20—40—80—160—320)|

=t

(¢) 30 V/0.5 ms Hijll ih 2%
(¢) Predicted curves at (d) Predicted curves at
30 V/0.5 ms 30 V/0.1 ms
E 8 FEAN IR & By e A K B[] 3 [ PRy 390300 1) T 2%

Fig. 8 Predicted displacements under different stair

()30 V/0.1 ms T 2k

voltages and different time scales

3.1 A[E)HE B E AL 3 5 25 9 B M

% fin o R BB 47,7 VR B
12,3 'V BHEXT R 9 5 By b= A il i A8 fe KL 3% 1
S LT R Y e KR AR (A . A EE T 20 A B, 320
A B X 7 A 114 e A S5 R AH X 38 K i AR TR
TREB M BT 899.5% M1 936. 9% , KW FH %
P i P B HAORE B A B B 2 B B £, &
9 35 Hb IS 5 B A A 52 )

1 BRRELTTHER

Tab.1 Maximum creep (pm)
. B 47.7 V TREB12.3V

PN RIS
20 0.801 6 —0.8316
40 0.460 9 —0.480 9
80 0.270 5 —0.270 5
160 0.140 3 —0.160 3
320 0. 080 2 —0.080 2

T — ARG R AR K I AR A &
B i ISR A IE 52 Mg KA, 0~47.7 V I
A2 E T B I L B R (B 3 s I 47, 7
~60 V IFGAR BRI 2 1E [0 BN , {8 e HE 2 O
WNE 5 5B N 60~12. 3 Vi A5 2 1 i) 4
Ky, B KA XA Z W N 12, 3~0 V I AR
AR 2 B0 1) BN AF e R 446 o 2 3 T kN 7
3 B Fi s 2 RORT 7 0 72 22 ] ) O 3R S IR i IE &
., G 20,40,80,160 F1 320 B ,47. 7
V XN 25 R 40 ) 02 8. 4.4, 05,2, 1,1, 05 Al
0.6 V, XN #8545 43 5 J& 0. 801 6,0. 460 9,
0.270 5,0. 140 3 F1 0. 080 2 pm; F BBl 2243
WA —6.6,—3.45,—1.8,—0.9 Fl—0.45 V, %}
7 1% B 75 5k — 0. 230 4, —0. 140 3, —0. 090 2,
—0.03fM—0.01 pm. HEI. X 47.7 V B & B
B 20 (14 HL TR J0 0 I A2 R 5 8 40 I H
JEJE UG AZ /Y 1. 72 /% .80 B BT W 2. 86 £, 160
NEBRY 6. 06 £5F1 320 NE Y 11, 44 15,
3.2 BEEAL XTI T RS 4 A iR B9 5

WA 2 1 ms B 1E & K HPOAT 4 05 A8 1Y)
A 46 B 8], AN [R]85 10 Ak B[R] — > & B R X i A
IR AR AR R EHLAS I 2 MH , 3R B TE A [m] 2 Bk
FERAE O 38 ¥ AH G B A2 B {8 1 32 7 AN [7] B
ZIWRFE, AR ARALTE 0. 01 pm N B R 1%
2571 B XoF 5 A8 3B 4 B[R] E AT 5000 L DL 65 B L R 4
F12.3 V RBILE5 R FE L 20 A F B 095 A8 1R
BFE] & 0. 959 ms.40 G BB S 0. 911 ms, 80 4
B Brat A 0. 813 ms, 160 4~ & B /& 0. 664 ms,
320 B BTS2 0.016 ms, A WLRHE B Bk AR
[F] , 05 708 A G B ) AR AR 1 . A [R) o Ak i R T i
A7 YR AR B[] L & B H R R o R 2, 0 A R A )
MR S Ab— IS AN A B R AR T T
9y 1) ) o 2 AN TD 1 R1 A A 20— 1 [ 1) A
Lol R0 76 AN 7] B A A5 1 T DR A 55

X A — A TE 5% HL e AN [] 5 I Ak 0 i A8 A
AN TR 52 e 15 e BRI B B 0 28 R LA /)N i
A5, SEERRETL 320 B FHLUETE 47, TV Y &
A L L 20 A5 BB G AR BT R T 11 44 4%,
{HESHAL 5 BBk 22 55 Bk 35 455 1 18] B 722 45 8/ L 31X
SRBEAE RERHELEN ST RS, 52



5 4 3

B LR B AR IR SR AR T 9 I H Kl 85 05 A A 947

Joi 8 i 2R 5 Y B

% R AE A B0 AR B

b6 B B0 T B B — T N . SR AR
FW,12.3 VB, 320 A 5 By 19 5 A8 R 46 B[] L
20 A>3 B 1% 055 728 S I BF TE] B2 T 17 0. 943 ms, Lk
SR, 5 B I (9 19 0 B 4 R R A AR DL R R

S &k

(1]

(2]

(3]

(4]

(5]

(6]

7]

(8]

DEVASIA S, ELEFTHERIOU E, MOHEIMANI
S O R. A survey of control issues in nanoposition-
ing [J].
Technology, 2007,15(5) . 802 -823.

JUNG H., GWEON D G. Creep characteristics of

IEEE Transactions on Control Systems

piezoelectric actuators [J]. Review of Scientific
Instruments, 2000 ,71(4):1896 -1900.

BASEDOW R W, COCKS T D. Piezoelectric ce-
ramic displacement characteristic at low frequencies
and their consequences in fabry-perot interferometry
0l
ments, 1980,13:840-844.

MEM, X R, BRF, F. R AL R AT &R
Mot R AME R ()], k4 #rs 42, 2011,19
(6):1281-1290.

LATZH L. LIU X D, GENG J, et al..

Jowrnal of Physics E: Scientific Instru-

Sliding
mode control of hysteresis of piezoceramic actuator
based on inverse Preisach compensation [J]. Opt
Precision Eng. » 2011,19(6):1281-1290. (in Chi-
nese)

MR, KL, R AN, A TR H KR AT AR 0 3l
SHMPER S EH (], k% #H% T4, 2012,20
(1):88-95.

CHEN H, TAN Y H, ZHOU X P, et al.. ldenti-
fication and control of dynamic modeling for piezoce-
ramic actuator [J]. Opt. Precision Eng. , 2012,20
(1) :88-95. (in Chinese)

Rk, KRR, MR, F.OEHE TAER M MS ML
EELG S [J] k¥ % T4, 2013, 20(3);
587-596.

ZHANG D, ZHANG CH J, WEI Q, et al.. Mod-
eling and control of piezo-stage using neural net-
works [J]. Opt. Precision Eng. s 2013, 20(3):
587-596. (in Chinese)

PING G, JOUANEH M. Tracking control of a pi-
ezoceramic actuator | J |. IEEE Transactions on
Control Systems Technology. 1996.4(3):209 -216.
HUES S M, DRAPER C F, LEE K P, et al..

IR HEIEE o SR AT Y 5 728 2 4 i 18] W 5 AR
SR A 22 AT LAGRAEA [ B Al R i 2 (. T
— AP I AR e W1 5 0 7 A e B TR I R P e B
B Fh s s 22 PR R0 O AR L TH BRI TE] B 0 A2 5 R
i A 5

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

Effect of PZT and PMN actuator hysteresis and
creep on nanoindentation measurements using force
microscopy [J]. Review of Scientific Instruments,
1994,65(5) ;1561 -1565.
XU Q S, LI Y M. Micro-/nanopositioning using
model predictive output integral discrete sliding
mode control [ J]. IEEE Transactions on Industrial
Electronics, 2012,59(2) :1161-1170.
ZHAO X L, ZHANG CH J, LIU H B, etal.. A-
nalysis of hysteresis-free creep of the stack piezoe-
lectric actuator [ J]. Mathematical Problems in
Engineering, 2013, art. 1D 187262:10.
KUHNEN K. KREJCI P. Compensation of com-
plex hysteresis and creep effects in piezoelectrically
actuated systems a new preisach modeling ap-
proach [ J1. TIEEE Transactions on
Control, 2009,54(3):537 -550.
GU G Y, ZHU L M. High-speed tracking control

Automatic

of piezoelectric actuators using an ellipse-based
hysteresis model [J]. Review of Scientific In-
struments, 2010,81(8):085104.

PESOTSKI D, JANOCHA H, KUHNEN K. A-
daptive compensation of hysteretic and creep non-
linearities in solid-state actuators [J]. Journal of
Intelligent Material Systems and Structures,
2010, 21(14):1437-1446.

CHEN M Y , HUANG H H, HUNG S K. A
new design of a submicropositioner utilizing elec-
tro- magnetic actuators and flexure mechanism
L.
ics, 2010, 57(1):96 -106.

LIY M, XU Q S. A novel piezoactuated XY stage

IEEE Transactions on Industrial Electron-

stacked flexure

IEEE

with parallel, decoupled, and
structure for micro-/nanopositioning [J ].
Transactions on Industrial Electronics, 2011, 58
(8):3601-3615.

SHIOU F J, CHEN C J, CHIANG C J, et al..
Development of a real-time closed-loop micro-/
nano- positioning system embedded with a capaci-
tive sensor [ J]. Measurement Science and Tech-

nologys 2010, 21(5):054007.



948 e KPE TR 22 %
[17] RU CH H, SUN L N. Hysteresis and creep com- entific Instruments, 2000, 71(9):3436-3440.

(18]

[19]

[20]

pensation for piezoelectric actuator in open-loop
operation [ J]. Sensors and Actuators A: Physi-
cal, 2005,122:124 -130.

TRk, &G, HOBURD R A AR RO A8 A i AR
FEMELT]. &% % T4 2013, 20(5):1064-
1068.

ZHANG X, PAN M. Cryogenic hysteresis and
creep characteristic of piezoelectric bimorph scan-
ner [JJ. Opt. Precision Eng. , 2013, 20(5) :1064-
1068. (in Chinese)

SONG D, LI C J. Modeling of piezo actuator’s
nonlinear and frequency dependent dynamics [J].
Mechatronicss 1999,9:391-410.

JUN H, SHIM J Y, GWEON D. New open-loop
actuating method of piezoelectric actuators for re-

moving hysteresis and creep [J]. Review of Sci-

EEE
REZER 976 ), B INARABFE A 4
WFFE A YR 1998 45 F 5 B K 27 3k 15
-0 AL, 2006 AF T I AR K A 3R AR A

F2 A, RENFAELR M RGN EA S
PEHIZ A5 . E-mail: xueliang-

zhao@ hotmail. com

[21]

[22]

(23]

[24]

RICHTER H, MISAWA EA, LUCCA DA, et
al.. Modeling nonlinear behavior in a piezoelectric
actuator [ J]. Precision Engineering, 2001, 25:
128-137.

PEREZ-ENCISO E, AGRAT N, VIEIRAZ S.
Experimental evidence of nonactivated creep in Pb
(ZrxTi—y) Os ceramics at low temperatures [ J .
Physical Review B, 1997, 56(6) :R2900-2903.
FETT T, THUN G. Determination of room-tem-
perature tensile creep of PZT [J]. Jowrnal of
Materials Science Letters, 1998,17:1929-1931.
CROFT D, SHED G, DEVASIA S. Creep, Hys-
teresis, and vibration compensation for piezoactua-
tors: atomic force microscopy application [ ] ].
Jouwrnal of Dynamic Systems, Measurement. and

Control, 1999,123: 35-43.

SR E (1962 —), B, IR KN,
o R W A R, 1983 4 T [
PR S ARAT % 200, 1992 4F F 1
IRBHE R AR A+ 2 0, 1997 4 F
RACKF=FAF 200, FEANF A )
WL REPEINE H R, E

mail: cjzhang@sdu. edu. cn

(RILEFE REWH AREHEH)



