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Inverse control algorithm to compensate the hysteresis and

creep effect of piezoceramic
WANG Yue-yu, ZHAO Xue-zeng
(1. School of Mechatronics Engineering » Harbin Institute of Technology, Harbin 150001, China)

Abstract: The high-precision positioning with scanners in Scanning Probe Microscopes applications,
particularly in atomic force microscopes (AFM), was studied. The piezoceramic actuators are usually
used in this kind of scanner, which obviously exhibits the hysteresis and creep between the input volt-
ages and the output displacements during the uncompensated open-loop operation. The hysteresis and
creep reduce the positioning precision and produce a distortion in scanning images. A novel hysteresis
and creep model was proposed, and the method that can on-line identify parameters was also provided.
Furthermore, the model-based inverse control algorithm was used to compensate the hysteresis and
creep effect of piezoceramic during AFM scanning. In the analysis, the Preisach hysteresis model and
logarithmic creep model were used to characterize the nonlinear behavior of the piezoceramic actuator.
This method is easy-to-use because it does not need set parameters in control procedure. Moreover, it
has high resolution as it is an open-loop control scheme. Closed-loop operation can offer better hyster-

esis and creep compensation, but it can reduce image resolution for small scans/sample features due to

Y 5 B #3:2006-07-03; 4&1T H #7 :2006-09-28.
EEWMB :HEH =0 ELS



556 3 TR T A M T v B TR 3 R R G A £ 300 4 o Bk 1033

limited dynamic range of sensors at higher bandwidth. Simulation results of tracking triangular wave

trajectories show tracking error is on the magnitude of the sensor noise level, which demonstrate the

validity of the method.
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Fig. 1 Hysteresis of piezoceramic
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Fig. 2 Hysteresis of piezoceramic simulated using

Preisach hysteresis model
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Fig. 3 Creep of piezoceramic
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TE AFM S FEAR Z A1 1 T AFM 8RR
AN RE 05 K5 1 b 7 7 300 B 41 il DXy L BT LU
FEFT 0 AT » BSCHEAT BEAR 09 00 4 5E 07, A&l 5 B
o RBCBLER AL B A AR O R B X
SR 5 oL I HE BT

FE AFM S4B AR FI 5 55 A A A 2 3
PR T 9K gy s v B RS K L B AT 41 4 45 1) (6 B

Y Full range of scanner
Expectant
region
B
I |
C : ] A
1 P :
| i
O dll]lll dma\ X

5 TNl X

Fig.5 Schematic of expected scanning area

S, TR A A AL AL 1 3 ) R 4 DX Y B
TEAE s s 10 55 BB P B B] 24 FER Bf FL R AH Vs
(ZEE AME S Pry A SDREMN A ST,
T Fe B 25 it o B R 36 ek 174 P 3K By R FL B
A6 TR A A L AL /) ) ) R 4 DR Y e
WA doin Z A B — 28 BRSO 0 8 7 4 X3
20 % WA S BEWN B e — 0. 2%
(d e — doi ) BB AL 5 18 SR ML B 1 3R B HL R AH Ve
(% 4 FE S iy C s RGN C Rt s,
T He FL B S b 1t im0 328 3 1 3K 3l R . 3
UK B RSB Vi ik 30 s S B A B[R] 2 L R
i dy (ZHE 4 FIE S iy B £SO . 76 LRl
PR, [ B il sk ACLCB W B il iy 10 78
R HL 20 5 A Lac () s wac (05 Len (8) s uep
(0,
LSRR BN L LK (ke iy 25 KRR
B X A Y TAE R R & b T —
&R Ve = (Vi =V /2,76 DL a B 4 i 72
e B — EMTE R R L B B AFM
HETE WM 1k . 78 AFM X REAR #4778 2 H i
FErh S PRt 0 3 e v P B A R K Bl L

V=V,+V.. a1
Hr,
V— 4R 5l i i
V,— B R

Vi S = MBIl

HET Ve J2& B Y i B A R . BE 08 4R L
BE 7 A U AR RO » I BB AR AL B A X T AR AN 2%
18 8 8l 25 Sl 2 A0 K ik 22 . I i 78 AFM 4
TG A T A L {ELTE TR H B RS LN B
AR = P A S U S s BT
A B 5 A2 5N T LA 2



56

TR T A M T v B TR 3 R R G A £ 300 4 o Bk 1037

Fe LR B LR P A LB PR RS R

A3 A 7 e A e R A R O
dy=H,+Cys (12)
dy=Hjy+Cy. (13)

E

Hy—A G iR i o) 4 s
Ca—A ALK P I IG AL I3 5
Hy—B s 088 iy aR i 0 i
Cp— B w0 H H i B A8 70 i
HTVa=Vy, 2% K 20 H,Hi=Hgy, i
P A (3D &~ X (A2) il 4.
dp—ds=Cp—Cyu» QEY)
AA B P A AL RS 22 02 1 T Ve 3800h B A2 200
AR A8 sty dadp ARAEI A (8 ] 15

a::(ds‘*dA)/logfé . (15)
- A

MEAXAOH,EA S, 66N v 3
Tl X AT T A R A 4

I3
Acxa =a10g Z*X ’ (16)
A

FIH AKX A6 AT LI A>C—B B ir
AT AT A S AR R, B AC
B BBl A A X T A SRR G AR A RS B iR
Cac (), CB Bt b (Bl SO X F A £ 155 42 4
Rttt lg Cop (), ATFS

Lac" ()=La (1) —Cup () , an
Loy (1)=Ley (1) —Cey (1) . (18)

XH Lo’ () Lo (OB i1 AC.CB Bl
B AR T A S H R R AR R RS T R
T H AR KON T R AR BRI A B . TE Lac” ().
Loy (O B B SRA S0 B ARSE . A2
(1) (2) A3 A (Lae” () s une (£)) s (Lo ()4
wues (O FATIA AT 15

yac (1) = fac (u()) (19
yea (D= fea (u()) . (20)
Hp
Yac (O—AC BeAHXT T A A5 38 95 i 28
yea ()—CB B A X} F A 5 B8 Hif i £&
FE VLG M Al A, RSEIR S L TR L L TE V
Ve Z AR Ak 0 3R W 50 1 T2 R R FEAAE L S
R 2, B A (19) L (200K R Al 15 .
wne (O = fat (y()) (21)
uen (D= fed (y(D)) . (22)

2ot BRI R Z S N B S G X A
AT . FE AT DX B O o B 3T
Uit i W AT Al O TE 1) 4 A 30 B A A L
ST (o) s A DX 38030 vy 3] 328 ity 19 49 48 R 17 ) 45
OB EREGE R S (o, X THAMEE
A R T LA P 4 3 38 0 4 4 4% 60 B8 55
FUHE AR B K% s iR e SATE ¢ B 203k 3 e
F A . A (16) L (21), (22) AT 15 2 $1 4
i B OE O] A5 S B A BK 8l B R 43 50 A

W (D= 2 (ST () —alog f—) .(23)
A

w (D= fat (S (1) —alog f—). (24)
A

Hrp,

w (O —FHEE 1E 10 459 4 B 75 14 9K 3 L s

w (O — & 0 P 19 9K 30 L

B 20 (23) L (24) B A5 A SR Sh HL R o (o)
w (ORI R BRER BUR R 3K sh i e, B A
K (23) . COF LLE H , T He B % 0 85 28 067 7%
SRR IE] ¢ 1 oF B, E R R A o R R R A A
b AR s ph AR RO BT 7 A B AN B A N AT A 1Y LAY
I 3 Ao 5 ) R R 3 ) 3R i A7 B R ik 1) R i U
BUL Y H 0. AR REE AN G o AR AR i P
ARANAE I RR A8 HIK 0 05 28 R0 I Al > 14 67 B8 i 2%
TEFREBY BEW C 0% 08 R0 £ 0% A8 i 75
AL . B AZE B il oh -4k C S B, 4 C
SUE TR Z A — 0 E A E AT DR
JUT Aol FE 11 s P P 5 R P 0 B0 B 1 o XS N R AT
FELE A 1145 30, B 100 B Y R R 8 R 0 AR 5 h
(0 7% - AL B 1 Ay T X 0030 R 0 R I A
U]

3 5 A

F Preisach #5 8 X} He H i %5 (1) 38 ¥ 4 o F
A7 AR A5 B AR B RS S L AR SR Preisach
LU 45 L Hs v B S R R L D LS R A 2
Firas o A2 ) 0 5 B 88 1 I A2 R e L
BRI 3 Fron . 3R R AR A v 2 R A
B, He FEL B S A 30K Bl L - BB R A 1] 4 BT OR .
AFM A ) H 5 X IR E 5 pros, Hp d,. =
15 pmodoun =10 pm, FREFEF R I 16 067 & AL bR
(0, 0) pm, FHE 4% S~ 512 Pixel X512 Pixel,



1038 P

i T

%14 5

TSR R 2 Y PR T K Bl s R B R
[ bsf 1) JH 2 3% £ S 48 W WL O 30 7% 491 il 48 1O 12 7%
HE MG OLFE IR D] d s BB EK B HL RN Vs
IRJG NV s T 060 11 T 5030803 i 114 FEL s 9K 8y s i
B BRI AR LR IR B 5 BE IR B FL R
N Vi o MAKRNE Voo MV i Z 18] B BR HE =
N R e AN R SR R P DA N R S VR IS
R P T 98 A5 2 R P o 3R 41l i R 1 ) L
BN 6 s, HAp & 6 Ca) R &8 R 19 = A I
o B8 S L B T » 55— 4 S ) A A X
P A ES A JE T B0 B A R B R IR
AR 5 6 () R R B = A RO TR
B . 6 Ca) HP 14 JE 2 BT 7 ) 2 Ry 52 B 1 4 0
I AAZ IS0 R AT AW S A A R A R i R
Mo 6 (h) Bl iR 22 (52 B 41 40 B0 308 107 B8 D 2%
WL AL RS ) o Hi B R R BT 7 A Y fe R L
URZZ 2,529 5 pom, I HE B0 R 22 0 8 1 A3 7 5 JeK
Tor RS (B B BON TR BB R 22D . B
(M f KARLRPEJE N 25. 2959, 3% 4 K Bl %
ZERNARLANE AL AFM BAZR 3146 L o 2 AN ol 4

2

Voltage/V

Displacement/um

0 2000 4000 6000 8000 10000

Sampling serial

Ca) B Hh 2%

(a)Displacement curve

VY

4000 6000 8000 10000
Sampling serial

]

—_ O =

b

Displacement error/um

2

(b) B3l i 2
(b)Displacement error
P 6 AR il A 1k A T IR TR b 2 B it ¢
Fig. 6 Uncompensated displacement curve only

effected by the hysteresis

20 s P, g 2 () Pt 5 8 G A R e L
S ERARMGE R O L &A1& 7 R (5 2

& IR 6) . B RBUBRY 2,813 3 pm. LT
ORI R 2% .l 5 A8 1R T 37 % 45 2% 4
10.283 8 ., I Fif i [] A 4 T AR 224 K. 48
B B R AR R 28, 133% . FE 10 N3
JE e ph A 5 B B KA Lk I R 2. 8384,
ST 512 Pixel X512 Pixel i) AFM 935 K12 . 5=
B 256 A R L b 8 B B i 25 AN
LPEREN S H . AL A AR SR R L
5 22 AR e 1 B AR K, 7 AFM 1 4 A%
JH H AN T 22

Displacement/um
Voltage/V

0 2000 4000 6000 8000 10000
Scanning serial

() B30 Hh 28

(a)Displacement curve

Displacement error/um

6000 8000 10000

0 2000 4000
Scanning serial

(b)Y Bl i 7%
(b)Displacement error
L7 A R T A e R I T R 5 i £k
Fig. 7 Uncompensated displacement curve effected

by the hysteresis and creep

Xof T ) Bsf 25 A 28 R AR R ) B
FIA 2.3 Begy th #6405 i L 45 A 0 B0l £k An
B8 Bin (B 8 iy th &k & L5 18 6 AHIRD . fek
U R 22 2 nm, 0 S 00 1R 25 A 6 FS A% [ 2 M
Z S SEBRI T R 25 AT R TR N, e KAR LM B
0.000 2% . & 8Ca) Hfr 1 49 48 B 8 T oty 8 4 451 4
T8 [ — B X2 R T R MR AR R B Ry AR A
AN F 0 2 R v R U PR AN A T T RR L T 5 R Y
Tl A5 S B A i DX K T 0 B A X (R
7 U R A DX S G AN AT R AR Y A R
R DIJEAR I AFM B4 .

ISR EEBUN L LA iN R R IAe T E N R IV A
B4 3. 695 7~ 15 pm, KT #2849 31 4 35 H



56

TR T A M T v B TR 3 R R G A £ 300 4 o Bk 1039

5~15 pm, 2 AR o3 2 100 B o T 42 R L R
B A KN B FR AT
K 9(a) R #E4T 512 Pixel X512 Pixel K14 11

E 157, 15
E I lf e
2 10r)% 110 3
gAY f
si\ v 53
A Of \ . , . 0
0 2000 4000 6000 8000 10000
Sampling serial
Ca) Bk ith £&
(a)Displacement curve
E X0
T 2 T
E 1r o |
= ‘ :
=}
O 1
: |
§ _1 | ‘
§ 0 2000 4000 6000 8000 10000

Sampling serial

(b) H3k i 2
(b)Displacement error
P& 8 3R il ARG A2 ] P IR A2 0 I3 it 2%
Fig. 8 Compensated displacement curve effected by

the hysteresis and creep

4% @

F T s A B R FL A 1 2 A0 A T B A AFM
PR IS TT P o (E R G A R AR 1 4
fifi e 1 E PORG BE L BE T AR AFM 5™ A T AR
I PTG (7 PR A 7R A5 ) A0 S A 4 ot 41 o 22
P 2 B0 T AR G £ R BE AR AR R B b
AT X Le SR H IF X S HAEN T AFM
FH P SR B2 AN 25 5y T LG I 4 5 P 3R 5 4 07 12 o
T H AR X 8 2 1 AN /R AR R AR 1 0
TSGR o AR SCHR H — b e F g T2 38 i 00 85 22 119 1
LB BE R Rl 1 ) Sk T AFM 3 4 ] 1)
i Fi, P 8 38 i R O AR R A . AN TRR T 2
L IR TR XL B B 7 5 R T IR T

S & k-

7 A BT A B 1) 31 40 2 0 R 22 4 T AR R
9 Y Jrim iR E 2k . N A
T RS0 R 22 A AE A AL AR R A L Rl 2

X107
g 122
= 12
g L8y
S 0.16
g 1.14
2 112

050 100 150 200 250 300 350 400 450 500
Scanning serial

() il £k X T 1) iU 328 3R 22 1) 35 T AR

(a)rms error of scanning serial for X direction

2?< 10*|3
1 i
0

!

-1

Error/um

0 50 100 150 200 250 300 350 400 450 500
Scanning serial
(b)Y J7 16 430 i 2
(b)Error of tracks for Y direction
K9 HA Il 2 i 4

Fig. 9 Error curve of scanning track

BT AR SR TR S8 iR T TR
P 5 35 i 0 G 8 S R e A TR 2 B LI M Y [
Al AR EA WAL RCA

(DXFF AFM 148 4% 5942 il i 72 . Jo 7 #1F
H AT 40 2 OB U A B A
ST AT 5 T 31 $il 45 45 1 77 100 0% R UR 22 fi
EEMBEREi FIURTRAE SVESE> S22/ P =3
N DR S 00 R 22 A A SR R R VB 2 9
{7 AFM [ #AE R 2

(2) A1 500k fay o, O 2 (s 3
R T X R AL BRAR H BER L RERE AR B A A

(3D IATE AL 1 1 o 5 e v 52 P B R T 36
P 753 o DG R] DUAT B EE P B0 45 ) 5 4 1 £ A
S BEAL L BEAE XS /N 47 4 DX I /N A R AR AT
eI MDERE IR 8

[1] BINNIG G, QUATE C F, GERBER C. Atomic force microscope[J]. Phys. Rev. Lett. , 1986, 56(9): 930-933.
(2] %k, b7, RO EMBEEREEUIEI]L LF HE T2, 1998, 6(5): 26-32.



1040 e KE TR 5514 %

[3]

[4]

(5]

L6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

ZHANG T, SUN L N, CAI H G. Study on the fundamental characteristics of piezoelectric element[ J]. Optics and
Precision Engineering » 1998, 6(5): 26-32. (in Chinese)
JUNG H, GWEON D G. Creep characteristics of piezoelectric actuators[ J]. Review of Scientific Instruments,
2000, 71(4): 1896-1900.
RIFATI O M E, AUMOND B D, TOMI K Y. Imaging at the nano-scale[ C]. Proceedings 2003 IEEE/ASME Inter-
national Conference ,Monterey, California, United States, 2003. 715-722.
KOOPS R, SAWATZKY G A. New scanning device for scanning tunneling microscope applications[ J]. Review of
Scienti fic Instruments, 1992, 63(8): 4008-4009.
NEWCOMB C V, FLINN I. Improving the linearity of piezoelectric ceramic actuators[J]. Electronics Letters,
1982, 18(11) . 442-444.
OZER M B, ROYSTOM T J. Modeling the effect of piezoceramic hysteresis in structural vibration control[ C]J.
Proceedings of SPIE—The International Society for Optical Engineering s Newport Beach . 2001: 89-100.
SMITH R C, SALAPAKA M, CHERVENY L. A preisach model for quantifying hysteresis in an atomic force mi-
croscope[ C]J. Proceedings of SPIE—The International Society for Optical Engineering , San Diego,2002; 498-
504.
SMITH R C, HOM C L. Domain wall theory for ferroelectric hysteresis[J]. Journal of Intelligent Material Sys-
tems and Structures, 1999, 10(3): 195-213.
CHEN W, LYNCH C S. A micro-electro-mechanical model for polarization switching of ferroelectric materials
[J]. Acta Materialia , 1998, 46(15): 5303-5311.
AR, REH, LT F EBREEMME S ERER G I] LF 4% T8, 2002, 1006): 602-607.
QU D SH, RONG W B, SUN L N, etal. Research on the control model of piezoelectric micropositioning actuator
[J]. Optics and Precision Engineering , 2002, 10(6): 602-607. (in Chinese)
SMITH R C, HATCH A, MUKHERJEE B. A homogenized energy model for hysteresis in ferroelectric materi-
als: general density formulation[ J]. Journal of Intelligent Material Systems and Structures, 2005, 16(9): 713-
732.
RIFATIOM E, KAMAL Y T. Design and control of atomic force microscopes[ C]. Proceedingsof American Con-
trol Con ference s Denver, 2003 3714-3719.
SEBASTIAN A, SALAPAKA M V, CLEVELAND ] P. Robust control approach to atomic force microscopy[ CJ.
Proceedings of the IEEE Con ference on Decision and Control ,United States, 2003: 3443-3444.
SCHITTER G, STEMMER A, ALLGOWER F. Robust 2 DOF-control of a piezoelectric tube scanner for high
speed atomic force microscopy[ CJ. 42™ IEEE Con ference on Decision and Control United States, 2003: 3720-
3725.
SCHITTER G, MENOLD P, KNAPP H F, et al. High performance feedback for fast scanning atomic force mi-
croscopes| J]. Review of Scienti fic Instruments, 2001, 72(8): 3320-3327.
SCHITTER G, STEMMER A. Model-based signal conditioning for high-speed atomic force and friction force mi-
croscopy[ CJ. Proceedings of the 28th International Con ference on MNE Switzerland ,2003; 938-944.
OLOOMI H, SHAFAI B. WEIGHT. Selection in mixed sensitivity robust control for improving the sinusoidal
tracking performance[ C]. 42" IEEE Con ference on Decision and Control United States, 2003: 300-305.

EFRE A EETA977—), B W R Ly R 2R B NG R AT 0 BRI R 0 oK ROBE 28 T8 &k B R BF 5

E_mail: wang_yueyu@163. com



