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Abstract: Many practical systems in control engineering can be described as the so-called sandwich systems with
backlash. As the embedded backlash is a complicated non-smooth nonlinear function with local memory and multi-valued
mapping, the estimation of internal states for the whole sandwich systems becomes a challenge. Based on the separation
principle for key terms, a non-smooth pseudo-linear state space model for the whole sandwich systems with backlash
disturbed by random noises is built by introducing several embedded switch functions to handle the effect of backlash.
Then, a non-smooth modified Kalman filtering (MKF) method is proposed to achieve the state estimation for the obtained
non-smooth state space model. The operating mechanism of this filtering method makes the mode automatically switchable
according to the transformation of operation zone of the system. Simulation and experimental results demonstrate that the
proposed non-smooth MKF method achieves higher estimation accuracy for such sandwich systems with backlash affected

by random noises than the conventional KF method.
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Fig. 1 Architecture of sandwich system with backlash
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5 SEBOIF (Experimental validation)
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6 %58 (Conclusions)

AR XHE BEATLE 75 520 R 1R BR = 1YE R4t
Pei T AR el SO R R U R T R A A
SORE. EE I AR B 5IN, AL T E
B =B YR R G REAR A E D 2 P IR A 2 ) A AR
2 R8BI R BRI AR et dE R A, $R T G
RIRZIEWR L. BJFES B AIEX - Y B3 5E
B P& BT I SEIRIGAE T %Sk A R, I
LR R S PEAEEAT T, g RER W, A
SCAITHR H R 2T AR FLE A A - H D) B = B
BRGMISEIRE, 1o T R A NPIRESAS
T R RS, R 2 TRESERR A a] LA
[ B = BH VAR TR A 1) 2R GE 1) A RS A 1 vl R
PET —FhikFE.

2E ik (References):

[1] SANDER-TAVALLAEY S, SAARINEN K. Backlash identification
in transmission unit [C] //The 18th IEEE International Conference on
Control Applications, Part of 2009 IEEE Multi-conference on System-
s and Control. Saint Petersburg, Russia: IEEE, 2009: 1325 — 1331.



288 oA R 5 N A

33 4%

[2] DONG R L, TAN Y H, CHEN H. Modeling of hysteresis in human
meridian system with recurrent neural networks [M] /Recurrent Neu-
ral Networks for Temporal Data Processing. Rijeka, Croatia: InTech-
Open Access Publisher, 2011: 51 — 64.

[3] NORDIN M, GUTMAN P O. Controlling mechanical systems with
backlash—a survey [J]. Automatica, 2002, 38(9): 1633 — 1649.

[4] HAGGLUND T. Automatic on-line estimation of backlash in control
loops [J]. Journal of Process Control, 2007, 17(6): 489 —499.

[S] TAO G, KOKOTOV P V. Adaptive control of plants with unknown
hystereses [J]. IEEE Transactions on Automatic Control, 1995, 40(2):
200 —212.

[6] VOROS J. Recursive identification of Hammerstein systems with dis-
continuous nonlinearities containing dead-zones [J]. IEEE Transac-
tions on Automatic Control, 2003, 48(12): 2203 — 2206.

[71 TAWARE A, TAO G. Control of sandwich nonlinear system [D]. Vir-
ginia: University of Virginia, 2001: 27 — 37.

[8] DONG Ruili. Identification and control of the nonsmooth sandwich
systems [D]. Shanghai: Shanghai Jiao Tong University, 2008: 33 —
53.
(HEHIN. AEiE =R RGMPRAAEHITTL D). Hif: REs0E
K2, 2008: 33 -53.)

[9] XIE Yanggqiu. Identification and control of the non-smooth nonlinear
dynamic sandwich systems [D]. Xi’an: Xidian University, 2013: 5 —
60.
(AR JET=INABRINAR SRR MBS RAPHA 5150 [D].
VU2 PR RHORAE, 2013: 5 - 60.)

[10] CACCAVALE F, CILIBRIZZI P, PIERRI F, et al. Actuators fault di-
agnosis for robot manipulators with uncertain model [J]. Control En-
gineering Practice, 2009, 17(1): 146 — 157.

[11] CACCAVALE F, PIERRI F, VILLANI L. Adaptive observer for fault
diagnosis in nonlinear discrete-time systems [J]. ASME Journal of
Dynamic System, Measurement, and Control, 2008, 130(2): 1 -9.

[12] DONG R L, TAN Y H. On-line identification algorithm and conver-
gence analysis for sandwich systems with backlash [J]. International
Journal of Control, Automation, and Systems, 2011, 9(3): 588 — 594.

[13] ZHOU Zupeng, TAN Yonghong. Non-smooth observer for sandwich
systems with backlash [J]. Control Theory & Applications, 2012,
29(1): 34 —40.

CFRIAELIG, T AL T AR Dl v WL 245 0 1] B = BT Ve R SR ZS A
o (7] B SR, 2012, 29(1): 34 - 40.)

[14] DONGRL, TAN QY, TAN Y H. Recursive identification algorithm
for dynamic systems with output backlash and its convergence [J]. In-
ternational Journal of Applied Mathematics and Computer Science,

2009, 19(4): 631 — 638.

[15] DONGRL, TAN Y H, CHEN H. Recursive identification for dynam-
ic systems with backlash [J]. Asian Journal of Control, 2010, 12(1):
26 - 38.

[16] KHAN U A, MOURA J M F. Distributing the Kalman filter for large-
scale systems [J]. IEEE Transactions on Signal Processing, 2008,
56(10): 4919 —4935.

[17] SUKHAVASI R T, HASSIBI B. The Kalman like particle filter: op-
timal estimation with quantized innovations/measurements [J]. [EEE
Transactions on Signal Processing, 2013, 61(1): 131 — 136.

[18] LORENTZEN R J, NAEVDAL G. An iterative ensemble Kalman fil-
ter [J]. IEEE Transactions on Automatic Control, 2011, 56(8): 1990
—1995.

[19] ANTONIOU C, BEN-AKIVA M, KOUTSOPOULOS H N. Nonlin-
ear Kalman filtering algorithms for on-line calibration of dynam-
ic traffic assignment models [J]. IEEE Transactions on Intelligent
Transportation Systems, 2007, 8(4): 661 — 670.

[20] WELCH G, BISHOP G. An introduction to the Kalman filter [C]
/[The 28th ACM International Conference on Computer Graphics
and Interactive Techniques, SIGGRAPH 2001, Course 8. New York:
ACM, 2001.

& R A

ZIRER (1987-), &, WLWHAE, W7 AdREE R GRS
##], E-mail: lyy0825@mail.nankai.edu.cn;

KA (1958-), 55, BuR, WA S, FEERTF 7 10 4R 4
RGP R ISR R BRI S5 SR, Ml RS
WRIE2 4%, E-mail: tany @shnu.edu.cn;

HHREE  (1980-), &, EIEHR, Wit 5 0m, BT 10 AR
PERGHHAR G YL R G EE S BRI RS E 5%
%%, E-mail: dongrlnpu@shnu.edu.cn;

B (1986-), &, HLBIUA, BIFOT RN FRIE RS HHR S

¥, E-mail: lihaifen @mail.nankai.edu.cn.



