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Modeling and control of piezoelectric actuator based on
radial basis function neural network
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Southwest Jiaotong University, Chengdu Sichuan 611756, China;
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Abstract: For the rate-dependent hysteresis nonlinearity of piezoelectric actuators, a Hammerstein model is established.
Using a radial-basis-function (RBF) neural network to represent the hysteresis nonlinearity, an auto-regressive exogenous
(ARX) model to represent the impact of frequency, and parameter identification is also accomplished. The proposed model
describes the hysteresis characteristics of frequency ranged from 1 to 300 Hz of the signals, and the relative error is 1.99%
~ 4.08%. A compound control strategy with RBF neural network feedforward inverse compensation and PI feedback is
utilized for position tracking control, and the relative error less than 2.98%. Validity of the control strategy is proved by

experimental results.
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1 5|3 (Introduction)
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HE J AR, W SR [181F0 3C #ik [23143 Jill 4 ] Bouc-
Wen 5 24 FIMPTAE 7 512 H Hammerstein b 4 (1) i 2 3k
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2 EHEFZRKEBL (Modeling of PEA)
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Fig. 1 Rate-dependent hysteresis nonlinearity
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2.1 Hammersteinf%%! (Hammerstein model)
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BN AL, FNE A SR
A1 R AR 2 &

Table 1 Hysteresis characteristics relative error table

Fi%/Hz RE/% Wi#/Hz RE/%
7.32 100 12.50

7.39 120 13.67

5 7.34 150 15.06

10 7.53 200 17.59
20 8.38 230 19.06
50 9.99 260 20.58
70 10.99 300 22.60

w(k) | gasdeekibpige | o) | shsgrbmise | yk)
N G() ”

Bl 2 JkH/ESD 2SI Hammerstein &Y

Fig. 2 Hammerstein model of piezoelectric actuators

2.2 12 ) 3 ph 28 B 4% B B (RBF neural network

model)
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Fig. 3 Expand input space
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2 ARAE R AR, BRIt R a7k ik R EEHIE
HREYE, TR AT

AT HIPIRE RS i AR A D 1, A 4P,
A AL APlay HL 1.

H, [z,y0] = max{z — ry, min{x + ry,yo}}. (1)

A (D)AEXTPlay 51 (IR AAR, r 251 1B,
Yo ST M.

y(t) = wy Hy, [2, 0] (t). )
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I B — R FA R B A BUE KT Play &1, 7]
LA A G R RE I, Wi=XQ) PR, AR I K1)
R M yo = [Yor, Yoo, -+, You) T AEPlayH.
THIHTRAE 10w, = [who, Wat, - - - Wh| T REBUH
6] 5, 7y = [Pho, This - - 5 o) e BOAE 1) & _BIR 2
BTV AT 2 SR [17].
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Fig. 4 Play operator

2.3 @ [Bl3 J 3k AL B (Auto-regressive exogenous
model)

H [ D3k (ARX) R i) DLGAE A& — i HiAL a8
PRECIAY, T SEBLE FLAE Bl 48 1) Hammerstein #5274
() Bl 2 26 P 58 73, FRAE TR FEAE B 2% 19 2 AH O .
ARXBIFIA ANy

A(2)y(t) = B(z)u(t) + e(t), 3)
FLre g ()2 B H 0L, w(t) 2 i N T, e(t) ok 1 22 T,
A(z) =1+ a2 a2+ +a,z27", B(z) =
T+biz7 b+ by 24+ +by,27™, 27 HHALZEIR
. ARXIR S flif st R EOE 0k

B(2)
G(z) = A
3 EAFHHR 5 5F (Identification and veri-
fication of model)

AR T AT, S R R RE R 2
{FFH RGN S A A T A DRI T SRk A
T (R B GE A FUAH N, S50, (AR AT IR 25 2,
)T 1A R SR AR5
3.1 HEHiAL B (Data preprocessing)

DU LR Bl #s AR IX — BT RE 4 #), K BEAR 2
TR L 22 B . DR IR S p g 75 RISl R iy R4
IR, B T 0T DM DGR T & 2 TR 3K
AN, T A P P A A R R AN ] D 1.

A AT FFIR I % 6) 1 HzINF % i 10647 7
AL, AEAS S H R T P, A A D T
B
3.2 BHEIHEH(Model identification)

R MNES AL, A AN g 45 5 s
9 THz I s, e AHR A NG T IR
5 f(2) LS Ty, ASCENT T — A3 2
RBFAHZ8 2, [ A FH AR ) 55 bR 5, i HE 2 b e 22

“

L 2t DBSUR. 38 3 48 FTMATLAB R p) 2% T H,
6, P FH newrb R BCHAT U ZR, AT I 25 1 2
B 77 iR ZE WA 0, HUA H 2O 30, #5481 gensim p
BN 2R lT AR B S IO Simulink AR Bk, 382 57 AH Y 1)
RBFAIZ M Z S AHEE], DUAT 5 2RI dSPACEIE £ .

RGBSR, AR S 1~ 300 Hz
FIESZF S 5, R RS A (k) RSty (k),
T B 415 B FIRBEAP £ W 25 45750, A s v 7] A%
v(k). W HIMATLAB B ARX A AT BREOER, A
()RS, y(k)VE NS, 5T ARXERELP B ik
1 £ m) LUK P AICHE ) (Akaike’s information cri-
terion), AN SCHfE A PR B CR B i, HEIRZE R

1.121z — 0.9221
G = 2038312 —0.4126° ®)

3.3 MRS F (Model validation)

BT S HUE 90 V, AR TEE 1 ~ 300 He,
ALHR R — R RN A AR () I 5245 5. [RIR25 R H A
33 A H:Hammerstein A5 8 AH [3] B % A A5 5, KA
IR A . SRR R B AR 5 R AR B S B
71N, I H A3 B AR IR () A
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Fig. 5 Verification of the model (dotted line: model output;

solid line: actuator output)
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3.4  FKAFAE(Detection criterion))

A A X% 12 2 (relative error, RE)F1 ¥ /7 # 1% 25
(root mean square error, RMSE)E A R ARHE, =t
(O)~(DFT7R. N BN, ot BT, o2 SEbrfa
H.

N N
RE = ;Iy—xP/;le, (6)

| N
RMSE = ly — z]*/N. @)
i=1

A FIREARMSEXT Hs FEAE Bl I OR EAT €
RNHE, AFRPERE SR ERES K2,

A2 BABERE R
Table 2 Model validation error table

B /Hz RMSE/um  RE/%

1 0.7266 2.24

10 0.6555 1.99

100 0.9667 3.01

300 1.2657 4.08
5/50/95 1.1682 3.89
30/110/165 0.9617 3.01
25/45/75/105/135 0.8377 2.85
20/70/160/220/290 1.1984 3.51

MEISFIZR2 AT LG Y, B th AR TR R 68 A R
F IR R FEAE B A% (P A IR i AR PERR I, YRR IR
ZE B KN 1.2657wm, AR ZE1E1.99%~4.08% 2 [H].
AHLG T 00 7 325, SRS 28 iy 7 22 () 8l 12>, 454
T 5, 2 I E S,

4 FHIES BTl (Controller design)

KT AR as P IS e vk, s A PID |
T, RO 2, ME LA R A BRI
TP Tl B S L T R aAR R R 1, (L2 XS PR R Y
Re 122, PRMAS ST A FH L el k24, 45 G PR
T ) S A T SR, S i RBRIS BRI AR XY
Y, P o AH Y R PI ll 2 Z 40

K6 fifilas Bt

Fig. 6 Controller schematic diagram

WIE6PT R, & K EAESN#s 3 il ds IR B ] N1
FERBFANZ W 4 AR, W (2) 2 G (2) IS AT, o)
SN T, gy LB A5 S, e AR A
(2, [ APL 456l .

FEAH Y. (T Hammersteinidfi 5 75 5 I5CHCLE 1 Bl a5
TUFIAL, L2252 IR i O X A AG 5 BT b
£, DIAME G A4S 5 45 0 s A AR B a4 1 SE i A, AT
VESh 2% 15tk 2 AR
4.1 RBF # 2 M 4% i #% % (RBF neural network

inverse model)

PRI 1 0 R Ry i IE AR AL, A F N
T RS SR T Hz N 8. i 7R, KA
Sy VEA R AT 5, 1 AH DY IR 4 IR
K5 (y ), S 5 oA E R 2 ) A
5. Fl F newrb 28 HUF gensim BR B 2 AH . R0 7Y

h(y) | RBF#ZMZ —

IRHAE N T

& 7 RBFHHZE RIS

Fig. 7 RBF neural network inverse model

IR A5~ FL A MR I A5 AT S R sh s,
X IR LE A7 >R AT B n] 73 2R g A 1

x(t) = wi Hy [y yol(t). (8)
BT, & X IE A B T MOE RO, o) =

(Y1 Yoo~ Yon) T ARSI F HWIGRAE 7
™= [To Th + Tfm]T7
w{l = [wilo w;ll e wiln]T

= AL ) R ARASLAR [ 2
4.2 ARXIF#AI(ARX inverse model)
HALPARXIIALTYNIEW (2) = G 1(2), (HEH
THREZEA BT EN, IR EG (2) A2 W (2) 202 ™A%
IENI ARG, PR a] A X (9).
W(z) =G (2)z " )

WR ARG MRFEF L 5, W ()G (2) =
AR, ASCHUCA 10 KHz.

4.3 PIm$E#(PI feedback control)

KT PSR, 5IAPL ], HeH PIH
28 Z B B UK H Ziegler-Nichols T FE 38 5 4. AR
73 2 I PIFE il 4 S8, HACRA — € 2 A, 155
BRSSP LA T
5 SEIERERIEHISE R (Real-time tracking con-

trol experiment)

SR A I I8P, s RS AR AL 5 R 2
H] [FJPSt150/7/60VS12, 17 F276 H58.83 wm, K3 Hi He
0 ~ 150 V. FCEE 1 s H P BRI D 2R R A e 1K
I Z TR X E-505.00. HLI AL AR 10 5 i
AR 2 7] (19857458, 73 1% 38 mV/um. dSPACE
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ST EOE & — MR HELE R 4, 5 DS1006
(KbFH2). DS2002(A/D). DS2103(D/A)25 LYt .

8 S

Fig. 8 Experimental equipment

{5 SRR AE BT AL FE iR RS Simu-
link B 7Y, "N B dSPACE - 5, K w5 545 T
P 9 5 i) IR T 2 TR 2. AR I U 1) IR FEAE Bh s, 2R
AHIN RS, o LA AL TR s D e LV E B A A%
B fE4dSPACE - &, Tt A7 HLIEEAT Jm S £
AEFRFN 3 HT.

5.1  #HIBER (Control results)

FR s FIT SCHE HH (3 S mes, vk 77 S R BRER 4
TSI F A IRAE R 20 pm, SEETEHIEL ~ 300 Hz N
P IES2A5 5, s R — IR SR SRARAH NI
JEHAESh S A5 T, RIERARE S T 6t b, Wi opr
.

1Hz

£ / um

T
i 40 + 4
R 20
=
L N Y e L AU X P oo
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B 20
i:_]
0 o ] il ’
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#5334
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T T T
40 H .
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i}_]
OWWWWWW
0.00 0.01 0.02 0.03 0.04
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T T
40 -
g
B 20 i
=
1 1
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I8 & 14 SRV SO L} |
g 0L TE i A A 1 i
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= AR il
O W AN "
1 1
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¥ 20 5
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1 1
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ARG RO SR 1R7E)
Fig. 9 Real-time tracking and control effect diagram
(solid line: the measured output; dotted line:

the ideal output; bottom line: error)

P92 52 B R s 1 S0 R R ARSI P A 4 [
FEAE AT X152 ZEREFNIE) 5 K iR ZZRMSEK 8 F R R,
AR 5 (L HE R AN G008 ) 1 22 50U
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Z K3,

.3 EERIFIRE R

Table 3 Real-time tracking control error table

Sl Hz RMSE/um  RE/%
1 0.4537 1.37
10 0.5775 1.72
100 0.6855 2.07
300 0.9757 2.98
5/50/95 0.5034 1.72
30/110/165 0.5542 1.81
25/45/75/105/135 0.5009 1.76
20/70/160/220/290 0.6177 1.83

P ORI 3 45 J T LUAE HY, B H 42 1) 5 s 2
AHGIH T Hs FAEBh a4 1R iy 3 e M Re PRI 2R AH OCR
P, AT AS [R] A2 1R i A5 5 E AT b R ER . H
HeRT 4, A ST Hammerstein ) B4 GE 0% 4 AU & TR
FLAES) A ) 2 AH DGR A LR
5.2 5 MPI# 8 J5 ¥ i b 3 (Comparison with

MPI modeling method)

SCHR 231 & T — i 2 T MPL AR 28 i 75 45
GPU s il 11 5125, % Hs AR sh s db AT #8443
LE R —N s A S 28 E I Tz 580 5ms L3EAT L
B AR S SZ BRT S AR Ry BR 1, AT A MPIASE 2 (1)
TZACRE JJAN R, AT 75 RS SR Ed s rh P IR 7S (1) 5%
M.

A SC A FHFIRS v 568 i s £ 13847 P 4k, A
RBFA £ 0 28 15 7R 304 T LSS, A3 R0 ot 1 IR 7R 1)
ZACRE ), AR T B s R B B . an 10T
IR, e AL IA R ZERE I LU

0.06 T T
—RBF -

0.04
=

0.02

0 1(|)0 2(I)O 300
f/Hz
K 10 IR L

Fig. 10 Control effect comparison diagram

6 %58 (Conclusions)

Bt He LA 828 IO R A DGR I R 2o M, A ST
T R TRBEM 4 M 2% F1ARX R %1 [ Hammersteinfi
T JE4 T R ) S BRI R T V. 4 B A
(A2 AL BE ST BT, R SaiR i AEBh 28461 ~
300 Hz %3 [l 4 IR A 3. 3 T 25 T RBFAHIZ Y
LML R, 4 AP IS 0 &2 A 4 il SR s, s
BRI A 4 20 pom 1) B — S0 R 5 AR 1E 9405

. I HUES A A 22 i AN B R ZE AN
0.9757 um, $#EHIRZEANEIL2.98%. RILHT R AT R
R E, SN VERLE, UEW] T2 SR A 5.
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