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Abstract: In this paper, a direct adaptive control scheme based on neural networks is proposed for a class of uncertain
nonlinear systems with Preisach hysteresis constraints on the actuators to solve the trajectory tracking problem with pre-
scribed accuracy. Due to the coupling between Preisach operator and system dynamics, the output signal of the operator
is immeasurable, which makes it difficult to compensate the hysteresis. To overcome this problem, the Preisach model is
firstly decomposed to extract the control command signal for backstepping recursive design, and based on this, a class of
reduced-order smooth function and direct adaptive neural network control strategy are fused to establish a strong robust-
ness performance to hysteresis nonlinearity and plant nonlinearities. Moreover, our designed scheme only contains one
adaptive parameter to be updated online, and also guarantees the semi-negative definite property of the time derivative of
the chosen Lyapunov function. It has been proved, through a rigorous mathematical analysis, that the scheme ensures not
only the boundedness of all closed-loop system signals, but also the asymptotic convergence of output tracking error to
a user-defined interval with time. The effectiveness of the proposed control scheme is further verified by a semi-physical
simulation experiment based on the piezoelectric positioning stage.
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Fig. 1 Geometric interpretation of the Preisach operator
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Fig. 2 Diagram of the closed-loop control system
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Fig. 4 Semi-physical simulation experiment system
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30 T T T T T
20 - 4
10 - — - — SEERPAT AR
—— FHRB
0 1 1 1 1

0 20 40 60 80 100 120
v(t)/V
(b) IE5%) f=5Hz

30 T T T T T

20 - 1

10 - = KhRRAT A
—— FHRB

0 1 1 1 1 1
0 20 40 60 80 100 120

v(t)/V
(d) 1IE5Z)% =20 Hz

30 T T T T T
20 5
10 - — - — SEPPAT S
—— FRRBA
0 1 1 1 1 1

0 20 40 60 80 100 120
v(t)/V
(0 1E5%9% =50 Hz

K 6 FET PreisachHFMRGHAHHRLE R

Fig. 6 Hysteresis loop identification results based on the Preisach operator
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Fig. 8 Tracking error curve and performance comparison

2-0 T T T T T T T T T

L5+ 5

1.0 | 4

W(t)

0.5 9

0 0 1 1 1 1 1 1 1 1 1

t/s

9 EERSEOV (1)
Fig. 9 Adaptive parameter W (t)

ZARGHEA RN MRETE X, B B % E
Fyq = 0.5sin(nt). #LNGHESH BRI ZRA R R
8%, 507 5 E RS, SEhid a2,
4FJT7R, AT 28 AH ISR 7 R FH 20(50) 38 4. SRR &5
EIOFTR, S R G % B SR s AT 28 AR AE

(PIRGR AR L M R T, A ST i 7 R RE 8 fRAE R
S35 RS S ER R, T ELA CRERER R ZE T
WSl P T X ] [— 6y, 04 ]. 017 B SR FH 20 (2) XUAR
93 T XX Preisach2IS 28 W i 35 70 A5, T SI2 B s HL 44
AT a4 BRI N B SR 6 8, e B2 TH
I T EAS B A B T A LR BV, DR
SEEIR A G BT HEH A — e MR, T AR S
SERGEE RIGIOAE ARSI ARG M J ST

o
0.5

o

0.0F

fif% / pm

1 A'.ijvyd(tl)*all/

-0.5 i
_1.0 1 1 1 1 1
00 05 10 1.5 20 25 3.0 35 40 45 50
g t/s
=9
o~ 10 T T T T T T T T T
i C B
?é 9,=0.05
& 05 .
= /
0.0 Nrocfrr i\ A s
—5,=0.05 —
-0.5 1 1 1 1 I 1 1 1 1
00 05 10 1.5 20 25 3.0 35 40 45 50
t/s

Bl 10 SEPRIRERHIZ M AR 2 it 2k

Fig. 10 Actual tracking curve and tracking error curve

5 e

AN A —RPAT 2 A Z IR ()4 S A
1 e AR 2R 1 2R S0 PR IR 38 ] () 8L, 38 sk X% St Preisach
WA 22 MUY 2, fEAS 1A N Re 4t B U0,
K FBacksteppingi& X i1 777k, 5 E R A HEI—
MR RGARZRNE, SIN T B eIg RS B &N AR
[ SEA R P 2% 7T il A, B H — R A e
Re M9 I SRS . AL VRS TSR A — A,
% | ZZHE TR TR A LS HGE G R R B
BETHE S ZR AL e CRIPIRS BT R ER, ARIE T R
RIS RS, M RAAE SRR
G5 RS A FYEISARNIER. i B 5 ss R
WIGIE T 42 il S 014 B R A St k.

SE Mk

[11 KIMKJ, PUGAL D, LEANG K K. A twistable ionic polymer-metal
composite artificial muscle for marine applications. Marine Technol-
ogy Society Journal, 2011, 45(4): 83 — 98.

[2] BAO R B, LIU X X. Research on SMA actuator. International Con-
ference on Computational and Information Sciences. Chengdu: IEEE,
2010: 1336 — 1340.

[3] LIU J, SUN X, LIU G, et al. Experiment on dual-chamber parallel
piezoelectric stack pump for electrorheological fluids. IEEE Interna-
tional Conference on Mechatronics and Automation. Beijing: IEEE,
2011: 842 — 846.

[4] FAN W, LIN Y Y, LI Z S. Hysteresis characteristics of piezoelectric
ceramic actuators. Optics and Precision Engineering, 2016, 24(5):
1112 -1117.



1488 w5 MM 939 &
[S] GORBET R B, MORRIS K A. Closed-loop position control of [16] SONG G, ZHAO J, ZHOU X, et al. Tracking control of a piezoce-
Preisach hystereses. Journal of Intelligent Material Systems and ramic actuator with hysteresis compensation using inverse Preisach
Structures, 2003, 14(8): 483 — 495. model. IEEE/ASME Transactions on Mechatronics, 2005, 10(2): 198
[6] HALIM H A, DAO T, PHUNG B T, et al. Hysteretic iron-core mod- - 209.
elling for inrush current transients using Jiles-Atherton model. /[EEE [17] IYER R, TAN X, KRISHNAPRASAD P. Approximate inversion of
International Conference on High Voltage Engineering and Applica- the Preisach hysteresis operator with application to control of smart
tion. Chengdu: IEEE, 2016: 1 — 4. actuators. IEEE Transactions on Automatic Control, 2005, 50(6): 798
[71 RAKOTONDRABE M. Bouc-wen modeling and inverse multiplica- -810.
tive structure to compensate hysteresis nonlinearity in piezoelectric [18] LIUZ,LUK,LAIG, etal. Indirect fuzzy control of nonlinear system-
actuators. /IEEE Transactions on Automation Science and Engineer- s with unknown input and state hysteresis using an alternative adap-
ing, 2011, 8(2): 428 — 431. tive inverse. IEEE Transactions on Fuzzy Systems, 2021, 29(3): 500
[8] MAYERGOYZ I D. Mathematical models of hysteresis and their ap- -514.
plications. Physical Review Letters, 1986, 56(15): 1518 — 1521. [19] TYER R, TAN X. Control of hysteretic systems through inverse com-
[9]1 PING G, JOUANEH M. Tracking control of a piezoceramic actuator. pensation. IEEE Control Systems, 2009, 29(1): 83 —99.
IEEE Transactions on Control Systems Technology, 1996, 4(3): 209 [20] LIZ,ZHANG X, SU CY, et al. Nonlinear control of systems preced-
-216. ed by preisach hysteresis description: a prescribed adaptive control
[10] LI Z, ZHANG X, MA L. Development of a combined Prandtl approach. IEEE Transactions on Control Systems Technology, 2015,
Ishlinskii-Preisach model. Sensors and Actuators A Physical, 2020, 24(2): 451 — 460.
304(4): 111797. [21] LIU Z, LAI G, ZHANG Y, et al. Adaptive neural control for a class
[11] ZHOU M, SU L. Implementation of an active disturbance rejection of nonlinear time-varying delay systems with unknown hysteresis.
controller on piezoelectric actuators. IEEE 7th Data Driven Control IEEE Transactions on Neural Networks and Learning Systems, 2014,
and Learning Systems Conference. Enshi: IEEE, 2018: 923 — 927. 25(12): 2129 - 2140.
[12] LAIG,LIUZ,ZHANG Y, et al. Adaptive inversion-based fuzzy com- [22] ZHANGY, SU X, LIU Z, et al. Event-triggered adaptive fuzzy track-
pensation control of uncertain pure-feedback systems with asymmet- ing control with guaranteed transient performance for mimo non-
ric actuator backlash. IEEE Transactions on Fuzzy Systems, 2017, linear uncertain systems. IEEE Transactions on Cybernetics, 2021,
25(1): 141 - 155. 51(2): 736 — 749.
[13] HOVAKIMYAN, NAIRA, NARDI, et al. A novel error observer-
based adaptive output feedback approach for control of uncertain sys-
tems. IEEE Transactions on Automatic Control, 2002, 47(8): 1310 — ’f/F %‘ ﬁ 41\ .
131 BRFESC WCLHFAUE, HATHF S0 I iR R G
[14] GAURI A, VINOD B R, SHINY G. Vector control method for induc- . . )
tion motor drive based on hysteresis controller and PI controller com- e, E-mail: 2111904055 @mail2.gdut.edu.cn;
parative study. IEEE International Conference on Electrical, Com- WO EIPER, BRI R AMEAKE b R G E G R ¢
puter and Communication Technologies. India: IEEE, 2019: 1 — 6. FFESEAIRE ] W% RGEAE ], E-mail: 1gy 124 @foxmail.com;
[15] KRISHNAPRASAD R. Approximate inversion of hysteresis: theory

and numerical results. Proceedings of the 39th IEEE Conference on
Decision and Control. Sydney: IEEE, 2000, 5: 4448 — 4454,

B oz R, AR, HATHT IO R 9 RedE L Rk

., MRS (550, E-mail: yz@gdut.edu.cn.



