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Nonlinear model predictive control of hysteresis based on RBF
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Abstract: Piezoelectric actuators have the characteristics of fast response, large mass ratio, high rigidity, etc. , and
have been widely used in the field of nanotechnology. As a kind of inherent nonlinear characteristic, hysteresis
characteristic greatly affects the performance of hysteresis control. This paper proposes a nonlinear model predictive
control (NMPC) method to solve the displacement tracking problem of piezoelectric actuators. First, the RBF neural

network is used to realize the "external input nonlinear autoregressive moving average" (NARMAX) model of the
piezoelectric actuator; secondly, the NMPC principle is used to transform the tracking control problem into an
optimization problem, and then the gradient descent algorithm is used to solve it. In order to verify the effectiveness of
the proposed modeling and control methods, MATI.AB and COMSOIL. simulation experiments were carried out. The
results show that the proposed RBF prediction model has satisfactory accuracy, the maximum absolute error between
the expected displacement and the actual displacement obtained by the NMPC method tracking is 0. 016 um, and the

average absolute error is 0. 012 1 um, which has high accuracy.

Keywords: neural network;hysteresis modeling; nonlinear predictive control; MATI.AB

Fask HFa23 W

0 3

IR e R R A RL I H B v sl A AE B — R C A2
% T IR BTETE , R B AT £ (piezoelectric actuators,
PEA) # AL B AN (A T 24 i ) A, T EL S 4008 7 s o
BN, IO AR B A R £ 5 R TR ER AT B A B
DA

T

W RS H 8 :2021-09-09

B EBEAR R IR R RE N E R, R R B
BB BB AT LR, — SBRT A B T B A R AR A
PERRRLT BT AR R M B R W
PHASERY B AR A A S 1 18R TR AL B L (R R T vk
BEAEAXMESE R IR RN, TETHARH
5T DA S 5 A 45 B A B A A X TR B 7 S B
R He B AT . SE B b A X 3R I R e A UE AT AL 2 A

*» BT H @R HAR S TH (61771138) LA 10 H AR #H 4T H (201801D121181) ¥ i

o 42



T4 . A TRBF#HER

% 09 3R A 4F £ 0 R R TR 3 4

5 23 #1

W 24 72, F RS2 B AT IS A9 i A B R B0 Ok B R RS 7Y
R kRS, Cao R A MIAHEH F R kil T
— BT, B 4 SR 3R T I T o e M R R T AR W R
% . Deng %21V T —Fh HA Sk H A B9 IR L4 A 815
¥ 3 1 (nonlinear autoregressive moving average with
exogenous inputs, NARMAX) & #1 , {Z # £ B.7F [ 0] 2 31
ARSI ERIEMEET] . LIWISIET NARMAX R
BRI . SR, AT B HOR R O B AR A A A T, A A
e TS BRAL AR TR 22 K TARBIAL B9 Al THiR 2% .

1310 3 B B (radial basis function, RBF) #§1 £ ¥ 2& 4 1R
SRR LG RE T T R R R A M SC R il HL
SN E AN, AR E RN 0
Be 7 AR MW BE 0 LA RIROC Y B 2 BT . MR A 1A
P BP R 45 1) JR 8 B L 10 R

BT %R AT R HE AT A AL N iR 1T AR 5
REAL ) L R AT 28 s i B R SO IF R Y . Tl
MR SR B R m AT k. BT, B AR
TR AR A MR RIS SR S L ) I AR R R R
RMEFEATAME: . — BRI AR A B b 2 BT A R R RT3l
SEAR SO ERI RS . LUR R a6, 42 4 T 4R
Sr-1843 (PID) #2125 5 38 Preisach 38 Wi A5 R AR 45 5 19 4 46
Fik. Leang HF R AR EE P HH R T —Fh &
2230 DL AR TR SR AR BUR B i AL,

SR, 2 T AL AN 45l 07 vE R IR ER PR BB AR KRR L |
R T 3R W 0 AR AL R R PR R (R R R — T
BHES . IR EARRA T RN E 2. R,
IR VAR A 1) E 4R T R S I R AR B T 4R A 1 £
. SRETETER G AR TR S MR TR RN
PRI, AR Y ok R R — b o ) oA B AG 39 R R T
AT 2 o [ pR KR B9 308 R B OE BT IR R AL, ] dn,
Preisach 5 T A % 17 A%, S B (7 7 25 T B 30 A9 52 383 0
Fik. BARY Prandtl-Tshlinskii #2877 LI 45 8 #7358
MR AR KRBT EZH . WA, WE M — 2R
B P REAR AR BTy, R, R A TR TR
xR AR TR - R G T ik R SR P A Bk SR L
R, ZHFEMEER S EINEE R, W #®
g,

KTk, A SCHR T —F 5T RBF #4: W 45 19 15 A0 33
MR g, T ER AT RN BREER . HE. 8T
— P T RBF #1245 245 1 S R a0 A JE 2R 1% H H R g
P (NARMAX) B, J T 5 ar R i $h A7 A% (9B W A 1,
HW R T — Bl Al 2 4 45 7 1 4% ] (nonlinear model
predictive control, NMPC) 7 #: 3 4t # {7 # BB & 8] 85,
NMPC J5 357 LB R iR AR 3 B, W TR W
BESERER . BJ5 .8 T RIEFTHE MY A A= 6 5
RIS, MATLAB R3EAT T B0 8. 4 9050
S5 TR BT LB, BT AR s s 2R I IR R MR BB S AW L

2 &

NARMAX R —FiR M R A AR R S 0 s
P EEEHTHEMIAELEERENT ML, EAER
U S RS T, NARMAX BRI i b FHaR T .

y(t) = F(yG&—1),- ,ult —50))

)]
A vy (O T w) R FRALE R o b Foi
T3 5 R SR AR .

T RBF 4 W 2% ELAT 45 1 B 28 YN 2R 187 35 L 22 ST
SACER R L B A% B T A R AR et bR A SRR R T AR ) 1 ]
B4 S A RBF s 8 R 5 NARMAX AR 2 (8] (1
KR, RAFET R A5 HE 72 8 W e ok U2 0 B E, 4
EE T R 2 BRI ok R B, A AT 09 R W ST
FoREAS TV R HS B R e B U e AR T A B L i
TR RS AR AR A EE AL, Bk, ®
H NARMAX M5

Y@+ =Fu(yG—1,,yG—a),ult) s ult—>5))

(2
A y@+D RS+ LA RIS B R F A7 88 o
A6 BB 2 e AR R Y A

W 1 ETEEIL A RBF RIGEHAE B A AREN 3 2
WEME., F1EMHAR HESEWSAR. 5622
FEIRZE BB SEII RN BN FEEN ., # 3
BN 2 R AL B R, R R R
RGHATIR %, SR 00 R R v IR AL SR g, PR 2% =) B BE A i,
RBF & M4 H L mRNT.

DERHEMAMERAN.

,y(t *d) 9u(t) [

y(—1
(t —a)
=0 (3
u(r)
ult —b)

2)i5 ] K-means WIBEBEER m H~F 08 o, MIFE
519 J”JJ’

C

85 = —= 4)
v 2Zm

KA =1, 2, s miscon FFTBRR O Z B Y S RHEE
30 AR P A 1) 5 R K0 CAS SOR T F B9 0T R RO 1T B IR
TR E

ath—1

h = S exp(— L) )

25"
iﬁqjjzlv 2’ tte M,
O R ACE

m ,
w; :exp(cf |z, —¢, HZ> (6)

max

o 43



Ak W F o

F R K

:Et':'j X, ﬂ{]fﬁﬁ}\ﬁl’i, J=1s 2, oy m,
SYTHE B PS4 L

3 = D (Dw, )

BALE v (O FMMEMAE v ZMEHTTRERT
WM G E SR RN

E:%Z(&(z)—yu))z:%mez (®

Aob P RHEANEL
7E RBF Bk iz A7 ad f v, A W7 80 2 T 42 th A B v g A%
HAIEE, EE Y % E R R T2 W E/ME L R
B B T LA 6% 12 A UM B ST
BRI ()
=

BANE

BT s R 4R i AR A

2 NMPC =518 %

AR EEAT PEA RSkt
PRI T F RN E o A . B, O Y o 2%
Vi 77k T BR R A B LR o 0 BE Ap e e, Xu VAR
A5 70 30 4758 8] (model predictive control, MPC) 3k i B3 T A5
¥ 8 (sliding mode control, SMC) i Bl = 8] &1, {H &, 4}
IR E WL 2 . Cheng %" #2147 —F NMPC J5i%,
RIGHERERPATH L. BARAERE ML T,
AL ) R 5 e SR — A B A A A R G A Tl R SR )
B BH T Hiae 2, Bt As R A By r sk i E 2
B8 LS H S T AL, (IR T B R
LA AR B AR AR B 43, IF SE g TH RS2 PR L B8 5
PR AL FIR % FELR B IE TN AR A

TR

Etilhs

R AR

NMPC #4] gy bt

B 2 FEHHFITIHE NMPC R E

AR R 4G RBE BTG b T 3008
MPC 7B A 45 AR A A R A () ot i — AdE

o A4

Ak Rl B, AR SCR AR BT BB AR LR A AL BE 48 #r
PLSR B DT

1

T=3

ORISR AT B IR B

J = %[[R(zﬂ)—?(tﬂ)]T[R(tﬂ)—?<z+1>]+

{(Gr+1D =3+ 1D +qAUGH (D

QAU TAU (Y] (10)
RS BB T R A8k X 40 1 BB 48 A7 =X (10) #: 47 F-1E
o] PISKEE R R E AU@, T

a ay 1
UG+ 1D :U<z>—v%:U<t>+q%—

aUu
PQAU(2) (1
A AMEENAEMMAE. RIFEXNAD, AUG) 7]
LIRR R
Iyt +1D

. -1
AU = (9@ 79 = 7

[RG+D—YG@+1D]

(12)
M e X R SN, TR AE K 12 P

Iy +1)
AU () M

E+D NS (7 'J> ( HI,,—CJHZ)
e ng( 5 28*

(13)

A a0 HHISCHEA .

TEmEd S R — 2, R SRR W 5HE T
B E /NS UG AR, BLibfs UG M8 B U=
YRR 2 Z 48 St 2 ]

3 XRERSSHM

ST UE S BT AR 1 R R 5 R ) B A Rk
MATLAB 5 COMSOL Bt -4 4 2, i@ i fff il COMSOL
LiveLink™ for Simulink ® #3305 B & b 3047 5%, 50 o
FEHa B ESE SRR LEN R, R EH ks
#HSE SIMULINK 55 P T 4R .

3.1 HEBNESH#

Iy HE RBF SRR, AR NARMAX #5301 RBF f#7
B 402 A — A AR A R S B R A BT L
PZEFEHATR A AN Fi. RAG@ b+ —c—1
LERM RIS AN R B S e o+ 1 A Z T SR
c NERIZT A, FEFRMERF, T RBF ki
ANE R 2 A 2 R R BE L A R A o BUEN 0~4 Z 0], b
WEN1I~3 20, AABERSE VA MEHEEd K. &
FEN Gt (Bl 4 L 2% 012 AL BE FTREAR - T HLiR 2 th R —
Fe A I SEHR ¢ B ZERE 0~20 Z (8], J5 H1 8 i s e ok
B e R E RS 24

S Y00 1o X B {5 59 HR AR 2 R 4 Yo AR 2% A R B A



E R4

¥ . ATRBFAHZR

% 09 3R A 4F £ 0 R R TR 3 4 %23

PERESRAR AT LLRS B T 40 5510 T B0 AL M2 0 4.
N1 PR o B0 B BA F7 S A B R 22

FERTELR T2 a {HAR A O W, B R 3R 22 4 22 A K, T 2

o {EABRIN 1R 22 /)N o 1H 1R 22 A 22 B R

LRGP c=20,a=3,0=2,

2 BT LR 48

®1 TEMEAIMENTHRFRRERE

Cl o b *ﬁ%ﬂ’ﬂﬂﬂﬁﬁ %Zﬂﬂ’ﬂéﬁﬁf
®2E/ pm ®ER/ pm
5 0 1 0.214 6 0.769 5
3 2 0.025 8 0.083 7
4 3 0.019 6 0.076 9
10 0 1 0.153 6 0.554 7
3 2 0.018 4 0.072 4
4 3 0.019 0 0.076 3
15 0 1 0.166 5 0.595 4
3 2 0.018 6 0.074 5
4 3 0.018 0 0.070 9
20 0 1 0.144 5 0.518 3
3 2 0.016 9 0.065 9
4 3 0.017 4 0.067 1

BN,

R, b e ] A

SRR B B KBRS ST B8 g

FHAEX BN RS TR RILEEEN 9 R 0.4,

NMPC ] #2 B pr P4 PE i 5.6 B,

02 0.3 04 0.5
A /s

B4 ANTR) 2 o 2% i 1 e (1) 22 1

7rH HL A

F7 4% 19 30 25 W DL AR E B BEJE 7 A R BRF ) I A 48 3h

Ad@) (FERINTIESFIED.

FLVE W B (0 R

R 3 A5 0 0 0 42 o 4 A R AT P T RE T

e
— b
=]

AL /um
OO OoOOOO O

CoDo
CREROSORN

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

P 3 BRIE T NARMAX 5 B i HL P AT 2% 4% B2, A
B3 R LU L B 4R A A B AR A b SR T E AT AR

3R A
200
~-- RBF
150 == PEA

0
HLFR/V
# 3 RABLLE T

3.2 NMPC &£ 81F

% T R IE NMPC J7 g fPERE 1 96 M T R )2 3
sttt NPMC PERERG I . 3C 4007 T 5 07 ok 1 4 F 4
fEJ1. S HE T NPMC Jr ik 59 TR g PID £,

Bk o A S RO R R YO N, 5223
2, Bk R UHOR NMPC Jr i — A B S5 Pl b
AT L 25 B A 1R U MO AT 35, AL IR K
HERUOHOR K NMPC 835 041500 11 2 T L RUf T 85
P AR 2 I AR S PR AR OB 5T 5 3
30835 2 3 B B R W

PN 4 ST LU 1 B SO0/« th T S 0 A

B []/s

Hs HWAMTIRGS

e S
LU e

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 045 050
i [8)/s

B 6 7rTESTREH 1EAE

HRJG 8 BT R R  NMPC 45 ) 25 55 T 0 6 2
PID ] 4545 b4, BRER MR (B9 40, 55150 1 Hz BYIESR P .
TG NMPC #5236 7 sk iyl Ve R . 18 7 Bion b 2 Ha
TEZBGE T (Y BR B SL B 5 2R

40 e, g0 12 R
30F ;’/ S B-13.05 4 \“; - - S R
20 ’/f/ \)éa-n 10 5
i 101 \\ 1.552 1.‘1 \
® 0 \ ‘ ;
-0t \ 7 \ J
-20 N\ / X /
F ' /
:Zg L \\v\/’/ o
-50 ;
0 02 04 06 08 10 12 14 16 18 20

A /s

& 7 PID [ IR st ak
WE 8 s B AIE TS5, s M BB 75 5 SE PR

o 45



Ak W F o

F R K

B AR Z IR A KT 0. 101 pm, TR 0. 086 pm,
L 400 e 9 A e S B

0.20

_ 0105}
0.15 £ L _____ _
0.10} .ﬂ_\?.ﬁ“-'““% -
g 0.05} / T
frlTH 0 e [A)/s
5€-0.05 /
-0.10F" N N
-0.15
-0.20
0 02 04 06 08 10 12 14 16 18 20
B fW)/s

8 PID B IEIRE

B9 Bron 2 He IESZBUE T A BRER ST 4528 i [ AT
L R PR A% B0 S B o B W] LR G BR R 228 B

50
Z-13.02) 3y i, o BT
407 1303 %“"\ P e SZBRRI
300 4 A B ) oy
3 o 313,047 o ¥ ;
20 J 1305w f ’1
’ " 13526 1553 1
g 10 X ams / "

g % ¢ ! i
@10 \ d 4 F
20+ Y # % #
-30¢ o f NS
) WA X
-40 b o

-50

0 02 04 0:6 08 10 12 14 16
i [8)/s

B 9 NMPC By R & g

IR 10 F7R » 5 40 5 T M PID 55 284 L4 B
B AR 2 A B AT 1 PR T B4 NMIPC 7 o 2 —
B TR B DR T A G e S 3 B 5 B R L
i NMPC 7 3 3 T 52 45 10 7T LA A0 98 F 4. 38 i
I B e 2 BT 4 s ) NMPC 77 3 T 5 B 5 2 6
54 AT L T 10 4007 T WV 8 5 S BRI — 048
2, 1 WS B 5 82 B A B 4G X IR 2 (A R K 34 7
0. 016, FHI 4 XF 48 2 35 5] 0. 012 1 o, [ UL 7 42 28
f1g NMPC J7 5 5 6 2 52 FR T AR RO 765k . 7 A 76 246 T8 35
FTE 2 AL A A B L B BRSO B0 FHR RE 0« UG B B AR
2 R 15 5 40 A 2 1 o P 9

0.0201 i0.020
00151 ’,z"'“"\\ :»Tﬂ [IX0) 1 /.4"'“' Y
I FONK
0.010 / Y 000 5ss 3
2 0.0051 \ Kls [ 4
gﬁ oF /j “; /i i
/ 5 /'“ "‘s,
¥ o005t / / y
i Y H 5,
20010} / ' 7 \
.S *,
0.015b !
-0.020 R .
0 02 04 06 08 10 12 14 16 18 20
Fi [8)/s
B 10 NMPC g%
4 2 ®

AL T —Fh T RBF pf 22 [ 2% /9 20 I Al 0
o 46 o

A 18 938 3 F 2 (NARMAXO #5 80, JI T 8 57 TR e 00F5

A PR TIAE AL, AR A T AR M T RBE 38 I

BELWRE T RN BB TS N R RS,

Jab 5 e %) AR A 8 P Al % A AR B TR 45 U7 15 IR BRI R

Bk, S5EETRBE R T B, NMPC Jr g ] LB %

B P TARR MM 45 ) 248 P AR B, R B SR il B2 2 1y A

B, SE A SR A AR R AL IR B R T R B B

B #% 5 SEBR AL 48 % 1k 22 i KGR H 0. 016 pem, -2 48 %F

RZIRFE] 0.012 1 pm, il iT SIMULINK 5 COMSOL ¥

PREEAT T 20 P AR, it 69 RBF Ay T 4 2

BT AE 5 S PR A Y& IS T2 AR A B AUCR .

5 ET WA g PID #2647 b, B d i iy NPMC

23 BA BS B IR BE BRI A5 BT . RERE

REIRAELM ARG R BRI/ oK.

&%

[1] RANA M S, POTA H R, PETERSEN 1 R.
Nonlinearity effects reduction of an AFM piezoelectric
tube scanner using MIMO MPC [ ]]. IEEE/ASME
Transactions on Mechatronics, 2015, 20 (3);:
1458-1469.

[2] PENG]J, CHEN X. A survey of modeling and control
of piezoelectric actuators [ J |]. Modern Mechanical
Engineering, 2013, 3(1). 1-20.

[3] ZHANG X, SUCY., LINY, et al. Adaptive neural
network dynamic surface control for a class of time-
delay nonlinear systems with hysteresis inputs and

Neural Networks and

2015,

dynamic uncertainties [ ] 7.

Learning Systems, IEEE Transactions on,
26(11); 2844-2860.

(4]  #bz, B, SEE. B IKaD8 a8 e & e
A Prandtl-Tshlinskii 458 H A R LR 4UELT ] HLAT.
FEHA, 2020, 49(10); 33-35.

(5]  FRSCHT, Bk, AR, %. BT Preisach BB (/L
AP g AR AL AR M T LT . AR e
2021,42(5): 79-89.

[6] QIANG W, CHAO Z, DONG Z, et al. Modeling of
piezoelectric actuator based on genetic neural network[ C].
Automation and Logistics ( ICAL ), 2012 IEEE
International Conference on, IEEE, 2012, 136-140.

[7] CAOY, CHEN X B. A novel discrete ARMA-based
model for piezoelectric actuator hysteresis[J]. IEEE/
ASME Trans Mechatron,2012, 17(4). 737-744.

[8] DENG L, TAN Y. Modeling hysteresis in piezoelectric
actuators using NARMAX modecls [J]. Scnsors &
Actuators A Physical, 2009, 119(1):106-112.

[9] PAN Y, PAN H, ZHAQO X. Dynamic hysteresis

nonlinearity characteristics modeling of piezoceramic



F 4 ¥ 5T RBF AV 2 W& o938 3F & B AR A R 42 4)

5 23 #1

[10]

[11]

[12]

[13]

[14]

actuator[ J]. Transducer and Microsystem Technologies »
2019, 67(5): 9-13.

LEANG K, DEVASIA S, Feedback-linearized inverse
feedforward for and vibration

IEEE

creep, hysteresis,

compensation in AFM piezoactuators [ J .
Transactions on Control Systems Technology, 2007,
15(5): 927-935.,

SONG G, ZHAO J, ZHOU X Q, ct al
control of a piczoccramic actuator with hysteresis
compensation using Preisach model [ J .
Mecchatronics, IEEE/ ASME Transactions on Mecchatronics,
2005, 10(2): 198-209.

TAN X, VENKATARAMAN R, KRISHNAPRAS
AD P S. Theory
cxperimental results [J]. Manyland: University ol
Maryland, College, 2001, 4326 101-112.
KRISHNAPRASAD R. Approximatc inversion of
Theory results [ ] .
Proccedings of the IEEE Conlerence on Decision and
Control, 2000, 5. 4448-4454.

PENG J, CHEN X. H2-optimal digital control of

Tracking

inverse

Control ol hystcresis: and

hysteresis: and numecrical

[15]

[16]

[17]

piezoelectric actuators[ CJ. 2010 8th World Congress
on Intelligent Control and Automation, IEEE, 2010.
3681-3690.

XU Q.

predictive output integral discrete sliding mode control[ J .

[.1 Y. Micro-/Nanopositioning using model

Industrial Electronics IEEE Transactions on, 2012,
59(2). 1161-1170,
CHENG L, LIU W C, HOU Z G, ct al

nctwork-based nonlincar model predictive control [or

Neural-
piczoclectric actuators [ J |. IEEE Transactions on
Industrial Electronics, 2015, 62(12) . 7717-7727.
FILLAR TRER, FI/NER, . BT B A0 N7 A A 4 ) 2%
WIAEZR M B gt B AL IO A LT ). 4k T % 4, 2020,
71(7) . 3201-3212.

EEE I

EEERLAT ST A, BB 7 MEMS 3 75 % fk
.

E-mail :876220373@qq. com

R GAGEE  BIH R, L, ERHTR I WA MEMS

R WITE,

E-mail: ankun@nuc. edu. cn

o 47 .



