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Identification and control of piezoceramic actuator using
nonsmooth sandwich model
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2. College of Mechanical and Electronic Engineering, Shanghai Normal University, Shanghai 200234, China)

Abstract: As the hysteresis embedded in the piezoceramic actuator is a nonsmooth nonlinear and rate-dependent func-
tion with multivalued mapping, also the input and output of the hysteresis cannot be measured directly, it is very difficult
to use the traditional schemes to identify and control such a system. In this paper, a piezoceramic actuator is described by
a sandwich model and identified by a two-stage method based on the degeneration inputs. Then, according to the obtained
sandwich model with hysteresis, an internal model control scheme is proposed. The experimental results are presented to
illustrate the performance of the proposed identification and control scheme.
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Fig. 3 Degenerated process of hysteresis

e, RE GRS S S, IXPE
T ARREAE = WG IR A R GRS T, 15
7 (R PR ] T R ARl IR R, 10 R )
P T RSB e MEIA TS . JLvh, B 1RIME 5 A i |
J& TR G A T, W BEE W] R (HO, 3 —
DHE RN LNEIANTL, () B2, S2P 5 5 A
Sy uLih. PRk, AN SCR AR 2R45 541 0 = WG I8 i
ARG, B

u(k) = n(k) +ma -k, )

X ma(ma > 0) ARG T IR, n(k) 2 FFEE
WG 5, AR SCERATEM 741, B

{n(k)} = {M(k)} & {S(k)}, (6)
A M (k)RR me (me > 0)IIMFS, S(k)s2



570 T SRS VA %530 &
T7WAE 7, VEANIAE 5 vt 2 WoCrk [27). & A M P(k) = 1 [T — K (k)R (k)| P(k — 1)[I —

JPA R R 5, WMy H % 5 e e f B
T T SE B )RR S G, R, 30 MO S AT T e
(M AE e, BEAT T IE A L EURE Ema K R L, ()
ZJJA%&/ZJEI’JE;”I”J )G, WM (P AN HR
i, AR T RS, Lbre i, v PLE ek
VHRFEEEUNAE T n(k), FEAR IR (k) IR e R
FEEmA, VEAN R BvH IR 2 DL SCHER (1117 e B
3.3 TR K S HE i (Parameters estimation of
sub-models)

e 1, IR E 5 T DALE 78 20 Sl 19 iy &
PRI A b, 55 i ah th R i EA T, b4k
Jii IRB A 205 HY () (Can B 3(b) i 7 mT LR 22 T X

p()ATIA, A1 R AR AE B =G IR i R4R
A0 I G IR RS AN, D T I R
P R FATI 1) 5 ), w LR FH G 1 1 R AL TR R gk
ATHERET. 0, sU(D-G)FR I = IR IR A R Gk
AL A

Li() s Awy (k) = gbuAu(k ) -

Tf ariAw; (k — ), (N
=1

p(+) : Awsy(k) = Awy (k) + ey Aw? (k) +
e Al (B), ®)

Lo(-) : Ay(k) = ibngwg(k o) -

Tff agiAy(k - i)a 9
i=1

K (i=1,---,p—DEZIp( ) REL. T2,
R FH R B T 4 2 4 AR 1281, 43 i 32 3 X0 (8) P 197 T
()T BTN B TAE k) DGR I, -4 SCk [18,24]
AT R ME— AL 3, A

Ay(k) =
> bojAws(k —go — j) — Za as Ay(k — i) +
=2 i=1

Z bleU(k —q— j) - Z aliAwl(k —q2 —
j=1 i=1

i— 1) +eaAwik—qg—1)+ -+

cp1Awy(k — g2 — 1), (10)

Ahg =q + g+ 1 W, Xaowd 7 M HEA

RN G R R AR R e 1k 5, mI R HT ) S
HEFF R (RGIA) PTG TR 2 %, B

0(k) = 0(k — 1) + K (k)e(k), (11)

P(k—1)h(k)
R (k)P (k — D)h(k) + u(k)y(k)

K(k) = , (12)

)
K (k)h™ (k)]" + K (k)y(k) K™ (k), (13)
v(k) = ~v(k = 1) + p(k)[e*(k) = ~v(k = 1)], (14)
X 0, h(k)Me(k) S H Bl AR ZE ) &
h(k) =

(Au(k —q—=1),---, Au(k — g = nap),
—Awy(k —q2 —2), -, —Awi(k — gy — 110 — 1),
Awy(k —q2 —2),- -+, Aws(k — o — nigy,),
—Ay(k=1),---, —Ay(k — n2a),
Awl(k—ql — 1), At (k—q — 1), 15)

(b117“' ’blnlwall’... 7a1n1aab227"' ,

b2nyys Q215" "+ 5 Q2pg,s C1y* " 0 7Cp—1)T7 (16)

e(k) = Ayy (k) — " (k)8 (k — 1), (17)

ot Ag, (k) Uy, (k) HOBBHES B K (K),

Pk, (k). () Ry (k)43 51 5835 1 o )5 22

ME WA T 8 R T Rl () A5 B M (. T
H, p(k) M p k)it A 127

_5 k—1
pl)= (178, ) =25 1) (19
BEAL, HR AR B AW, (k)R AW, (k) 75 B S 1]
Ay (k) = z by (k — D) Au(k — gi — j) —
S s — 1) Ay ( — i), (19)
=1

Ay (k) = Ay (k) + & (k — 1) Aw?(k) + -+ +

&y (k — 1)A@ (k). 20)

IR HE R A IS S 2 WL SCHR [12]. TRk
BT 5 HBEAE IR PR I 3EAN Jy 3 AR X 35k py 3t
AW, b3k F s A2 L RE IRAT Y s 4 BT A
Y M CVE IR IR A AR A TAE X IR A PRt A
SCHTE B e 55 R BT A ARSI S
ug (k) 78 0 PR A1 H (-), BI

ug(k) = Amexp(—ak)[sin(27 f,exp(—S8k) +
©)+1] +7, (21)
K iR, Yo TR W A R o B 5 5 R
R R e KA 2, oo 3 2 S (1 P 00 236 8 ik 5% 2.
T, MR PRSP, W LUK AN w0 ) v )
55 Ay (k)R A, (k) FA K, Bl

Nia

wi(k) =32 BljUQ(k_QI_j) — 2 Ay (k—i),
j=1 i=1
(22)
(k) =y(k+ ga+1) + 5 any(k+ g +1—i) —

i=1



553

WAERAS: T F F BT 4% AR T = WA R A R 571

S by e (k — j + 1). (23)
=2

R A 5 A2 Hs v s 1 o 3B v o 2 1 A A\ B
55 Al v & Sk [6, 8-9]1, & T “F R A=
() 7 JIT ) S PR o 28 0 2 A 200 T LA () B i i 38 i 10 45
Tl A2 2, JU A AR AMORURT PE, X0 32 = PEAT)
BNIRIZ SR RN R R AR O DRI, AN SR IX
Pl 7 2R R IR AR, i i | IR T ()
AN T RN
I: {Imxl;!pmxﬁ Onxl} =

{{wl(k)v T wl(k - m)}T;

{Wdonr (k)] - - - lion (k —m)]}T;

{ia(k — 1), a(k —n)}"} (24)
4 A\ 27 18] TR IR iy PR 5 H () 1R 2 {1 WU 540
h WIS g N 4% (R N G R

wa(k) = V3 o1 (V' X +61) + V' 02(V, O +

K Vi@ = 1, 4) R BUE R &S oy () oy (-)

T R, 3990 D R ) R B2 R G XRO

AT T8, HX = [Lix; P |0 =

[Onx1); 0;(i = 1,- - -, 3)/ i E. K [HLevenberg-

Marquarqt5F 722N Zr 2 [ 2%, T I U PEATE

HEAS AR D IR AR A,

4 T =W B A PR ) 8% B ot
(Design of internal model controller using
the sandwich model)

SCHR [(BOTR 1773 By o R i ok 7 il i A 1]

B ARG R S8, TR AR Sz 5 B 2 T ) A

T, JF HAX L = WA R v, IR R 2 AN RE

DN, B LLOA T FRAT 280 S5 I 42 120k 2 &R

B¢, AR SC (R R s S DB s B BAT 7 Bt it

T AAT A b — i = WA HERE A, Bk T —

A AESGHT = WA AR A LA i LB 4T R), S8

PR s v B BERA T 4% (1 R 35 2 sh 7.

02) + 03, (25)
T o+ yi y]: A~ vz ~ 1)] a
—O—| FO [ Lo 50 [+ L
d, 6.

Bl 4 ST = WHAREY ) PR ] o

Fig. 4 The internal model controller with sandwich model

4.1 Bt = WIA B ¥ AR 48 K 3 AL 2 (The non-
smooth inverse sandwich model with hysteresis)
T vk B TS, 5 B R A P I B 3
B, FHR T AL GE R B A AR e MRS, = iR
PR B 5 {5 AR R A I PR R AR S SR =
WA R 3k S B B 3z — 1161 Jr, iy
U MRS B AT DL B HERAS, B
L)
~vi(k+q+1)

Yz ay;

(k) = SETATY) SR (kg —
11 i=1 b11
. b 61]‘ .
i+1)—> =~ ulk—j5+1), (26)
j=2 b11

Ly'():
Nn2a
vz(k) = yF(k + g2 + 1) + Z a9; - yp(k +qo —
=1
. nzb I .
i+ 1) = >0 bh; - va(k =7+ 1), (27)
j=2

2 rh R R A R A RO T Pt . R

WAL () i T AT RN SR AR S AN
Rk, HME DL 3 AR R AR ), ) 2 e E AR Y
(A SR T LR A AR AR e, i N B
I ES AT ={0s(k —d)[i = 1,--- ,m}AIO =
{on(k — )i = 1,---,n}, B 7@
Backlashi¥i 5 1~ 8 Il M Ji, HoAth 2 $0k & 5 I 25
AR AR ).

KD, TEM B (g2 + 1) 2R FEHI A
Hyp(k + g2+ 1), XERFtHy(k + ¢ + DT
HIE, BUAL, Lo()ik vl ge & AR e MHAL R G, 1K L8
W FE L (VAT BEI, B Lo () A
ANPI 53 Loy (4) FURTEH 5 Lo (+), W] Lo (+) 135
B A AT FiPadefF 2N Ly 1 (+) ~ Loy (1) - Ly (+)BY,
WX @7yl

B51() : valk) ~ ye(k) + ga% gk — i) —

n2pb .
ZQb'Qj vk —j+1). (28)
]:



572 7

5 M 30 %

4.2 P B ) 2% % TH(Design of internal model
controller)

TEHFR = VAR RO Y fS, w] ert— A2k
TR = VR ) YA I, R4 s,
Bl P(o), F(), Ge(-) MG ()73 5l 2 7 48 il %
G VDA AR B B AR yp (k), u(k),
vy (k) Fllog (k)M 7R Ge () T HT N i H R AN
55, r(k), y(k)Md(k) 730 S BN RS
HAENE T, yp (k) HG, () I, d (k) h S5
55, dm(k) = y(k) — yp(k), yi(k) WIER R F ()
NS T, Hayi(k) = r(k) — dw (k). Horp, gy
Gp () FHNBLEEHIER G (+) 737l R

Go()=LoHL1(-), Ge(-) =Ly "HTLTY(-). (29)

A OBER R 722 (), B In()] < s

v > ORI ZE (1) B A

Ps(-) =[1+n()]- Gp("). (30)
s 4 m 1
yi(k) = r(k) — dm(k) = r(k) = n(-)Gp(:), (31)
u(k) = Gelyr(k)] = G{ Flyi(k)]}- (32)
AHIY. ) PRI 22 G tH A
y(k) = W[Ps(‘)Gc(')F(')T(k) -

Gp()F(-)Ge(-)d(k) + d(k)). (33)
HHOCHR [310: JEPASE(-) 2 — MG P B A5, 220
YW EF(1) = 1. K, Bk — oo, WA
lim y(k)= lim [1+ ()] R ()Ge(1)r(k) =
lim r(k). (34)

k—o0
AR, FESE R, SRR G () A AR
ZEdilE, T PRUEASE TR, DB A8 F ()10 75 20 2
/INHE 25 s 32
[ F(exp(—jwT))n(exp(—jwT))|| <1, we (=, ).

(35
PRI, S Pndz bl b, EREIED AR F (1) N
F(zY) = _l-ar (36)

(1 —apz—1)"’
Xap(0 < ap < 1)Fin kB 45 RECHIFT 24
5 528625 L (The experimental results)

K FH P 4 3k 5 A1 5 (MPT-2MRLO05) K 55 41E
JIrde th R R AR 7 8, Bl 5@ s, Hedr: i
JE Hi N HL s h0~10 'V, % 5E i H A7 #% 4 0~50 pm.
P& A1 BB B A RBOR 28 1 SR Bl HL Y L Hs H
Wi 55 2 P 5 A A L AR SRR A i, R R G
Advantech 2 7] ) PCI-1716L Fl PCI-1723  #) i,

W IE L S5 i WS )T, i T PRUE PR B,
KRE R £ V% B N30kHz, %M Borland C 3.144 5
AT SRR, DUSAT IR RCE S 1 X P
GO BT, Y & 1 AR A 4 ) 5 SR ] LA
AR R T VRS

K 5(a) SEHBLA
Fig. 5(a) The experimental setup

L EHTA
N T N A/D KA
@eCI-1712)N——/ B :> (PCI-1716L)
! T
; wih || 2%
LT B || A

P 5(b) S BER I A ERA R S hE s
Fig. 5(b) The internal structure and control wiring diagram of

the experimental setup

5.1 #HFiH4%5 B (The identification results)
MPT-2MRLO05 Hif % ) 4K 2y L, 32 %2 1 2 i
ARG 8 5 A AR IROR 2 2 R, T AR g P 2 M B AR
Ji b — AN e R4, Bk, A SCRH 2 Fr
ARMAXA L R 3 P9 3y 22 PR 3R 15, BE AR, A S0l
ok B R AT T R L PR IS [ B AL N gy Fl o,
S 25 A W RN A S AR AR P AT I A
IF. RO, 9 3 28 R A ) Al AE I g g 55 T2
AN, He FLER AR IR w A R R A ks, Pt DA, AF 9T
XTI = VA R m] A Ok
Li(0) s wi(k) = —apwi(k — 1) — appwi(k — 2) +
biu(k — 1),
H(:) : wa(k) = H[],
Lo(-) : y(k) = —a21y(k — 1) — azy(k — 2) +
borwa(k — 1) + boowa(k — 2).

B MRIEEE3.27, E SRR MY S i
{Emg = 3mV, FHE RHAE 5 KR HFma =10 >
2my; B, KM A5 2 BAOR IR R AL )5 (15
WA H (). A, A OGHEI 7) 2 SR FIRGIA
FrRB 2L, T0h, RGIAKIAIUAEBCE A
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uy (k) = 2.5exp(—0.0006k) -
[sin(27 - 300exp(—0.0003k))+1.0]+1.1.

s K B J350004; 1 H, A TR AL BTk 5h
PERE, PEu, (k)P BEHLINAN T %8 % 40.1 ms, IE{E A
10 VEL— 10 VI K 5 5, 114G 56 45 S an B 7 B
. SIS A R A AT R SRS R, B ar
(1) = W VA S TR AT R 6 10 G i 110 10 30 2 o ) 2 1) i
BTN 22 /N 1-0.03 pom. ] WL, AS SCER H
PRIDHERT 5 BT K 0 G 0 2 P S AR 1 R A 1
U R, BT T = B IR IR MR AT AR
HEUURE B2 A2 A RE

HJ T 3T BE B, AN & F) H Prandtl-Ishlinskii
(PR ST AT B, SR FH 3e HE o /> — 3fe vk
T FPUE 7 BUE R 5L, T R P 7250 A
2001, HER G R 7. A K7 R, PIE Y
(R R SRR 22, i KA 22 1T 3.0 pm, 32 RN
JEPUSE R JE i IR A8 i (1 AR AR 5 52 2R

32 ;
...... Hameys
---PI A
£ 26 --—-SW-Hys
e
o)
&l
197
125 : .
0.8 25 5.0 7.0
BMANHWE/V
Bl 7(a) PRALRLEG 25 R
Fig. 7(a) Model validation results
3.0
—PI A
1.5
g
=,
o OOH
oK
15} |
_30 1
0 2500 5000
FEAHL

Bl 7(b) FEAR IR 22
Fig. 7(b) Model validation error

WA, D T BIE T S 0 TR VL PR 5 i, 4

Li(4) = 1(Mu(k) = wi(k), a11 = a12 = 0, by; =
1), BEIRF, = WA AR fiif A6 4y Hammersteinf5 22,
R 25 B K 79T 7R Hammersteinfs: 1 1 68 £ 4
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5.2 Bk 45 B (The tracking control results)
A RIS 36 5 SR ] e BRAEAE s sl =

YA R AT AR AT AR e RS FE RNz AL RE ). AR/
TR AT TR A A AT IR, FARRL R A
TS AR 78 M AT G (+), TG 2 B4
T G(), Hr:

Ly'():

u(k) = 4.08201 (k + 1) — 2.449v1 (k) —

) 0.343v1 (k — 1),
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v2(k) = yr(k) — 0.69yr(k — 1) +
0.22yp (k — 2) + 0.17va(k — 1).
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6 %518 (Conclusions)
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