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! Companion

2 Structured or Parametric Uncertainties

¥ Unstructured Uncertainties or Unmodeled Dynamics
* Sliding Mode Control (SMC)
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! Control Effort

2 Variable Structure Control (VSC)
® Reaching Phase

* Sliding Phase

® Robust
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! Matched Disturbance
2 Invariance
¥ Sign Function
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! Tracking
2 Vulnerability
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! Induction Motor (IM)

? Saturation

® Modified Saturation (MSA)
* Systematic
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! Sliding Order

% Lie Derivative

® 2-Order Sliding Mode Controller
* Sigmoidal
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! Hyper chaotic
2 Linear Matrix Inequality
® MEMS gyroscope
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! Takagi-Sugeno (T-S) fuzzy
2 Adaptive sliding-mode
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(a)--> sliding surface: s
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Behavior of Duffing-Holmes system with controller
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(a)--> input control signal
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(b)--> derivative of input control signal
100
0
()
el
% 4100 10 i T | T i }; T }; 200
(% ol I WO W sonrl AT T NG| Wiyl 0
-200 | 1 1 ! 1
07 }‘ is ; fo g 1& ‘fs 1&3 [0 ™7 os 15 |2
200 r i i r r L © s |
0 2 4 6 8 10 12 14 16 18 20
time(second)
(a)--> sliding surface
“° ‘; ‘; { { { { ‘; ‘ﬁ
30 1 1 1 11 1 S | |
| | | | | | | | |
[} | | |
-g 20 | | | “
= | | | | | |
Qo | | | | | | | | | 0
£ 10 S S S S S S ]
© 2 4 6 8 1f 12 1 16 1 20 0 0.2 0.4 0.6 0.8 1
o
-10
0 2 4 6 8 10 12 14 16 18 20
time(second)
(b)--> phase portrait of the system
2 i
0.02 -
K1 5\
o 0 -
g 0 \\“\-w—’/ ||
2 \ 0.02
o -0.02 -0.01 0 0.01 0.02
(5]
o -1
o \
R D
-2
-0.2 0 0.2 04 0.6 0.8 1 12

first state: x1

o (2901 508 18, 5 (b33 elans VY0 S

o¢



Slolgdalion 9 (5 5 domns 7 Jad



SrSaxV\-F

g aloy o cdle S e S e JShe gy @ gl Jad po bl cnl o
(253 o S 5 ey g dnsio a4y Jgl Jad 28,5 5 sy 0550 (] GRS (sle g,
or Sy Sz dlaw pizes Jad cpl o el oad osls elaiBl )l calae g Ll
Sz RelS Glaghs, (S ek 4 (Jad (nl )0 oad ools Doy 4 azgi b el az8 5 I8
3903 ol 2 (S s 7 4 Ol (o0

Sipe aY by )
il i Y by,
Vb s Sh33d 2l s

Sealiys G234 Ml S

“t

4

&

Kadigr slo b,
b 4 wloads sleniey Jgl Jole B> (gl a5 kel (6550 AY 5 (550 Y S
s hey cnl (o yo (nlpls igd (oo 0aiiS” J5uS (>lhb 1o (S5 oyl eslaiul 4y Jusgile
Seaed j0 (e oose 5l e Vb A e S dlle iS5l S s Bl bl
099y S S8 b Wb e Joo g (Solins i3 Gl S 58 0sd oo eoliul S52ge
slagby,; slallys i)l ]y 358 slaslpl sl plaSae windsn la g, 0od olulid culis
So Lo ls oS Bib s cad by, (nl (Js e oy (SRie g p iedse
plxl 092 5 Lo Sug) 5l (G ped Juad po il b ne slagtsy) » (e pliie b,
oK, 5l plaS 52 sl o5 (JpS Gl JlSw 5l Gizmen 5 (b 5 el @lolid 5 (eSS
ool b et gt 555 Gl Ghsy e (Jad (nl )0 eidls oals (2lib alla jsla,
Sals Sl o] piese J,S sl a5 ab @) (DSMC) Seelns b33 cll> s

s 8 Sag, 33 3] (Seals (B3 Sl JS e J ol o 435,55 (OHO)

o1



§ e o iwd 53 e Sl gla it oS 3gr Gl 258 (sl gy 00 ees,S ool
baib 5o Sig; 5o Lol ol [5em 090 god e (] (390 SzsS &5 1S S 4 S, sl
Joo 0gb oo 1Xen jho 4 Shus; slas &5 0,5 L3l g oS (o0 o3l s (29>
5| Gas ople 4 sl odd Bis oS jsbay Ky 2o o Saalips 8330 b 1S 5] eolil
>k o (oo 5 il wile L5 cle S Lol sla s (0,5 i s, 0
a0 i 1) by ool 58U (g3leancd ol asbs o 12l g
ooliinl phps) w5l (Seelas (G253 e 08 6l oads bl b, 508 50
ad,5 s o A lil s Joe o ol (nl Kus; cnl (Shs Grtees 5l (e oS Sl ous
aSbh o9l baa> byl > S sla Sy e oo el S 45 by, (ol epdleas 9 098 o0
b oogd polie Ml alazel 5 g gg o flie )0 (JyS el B oad e (g, (nl
Il 9z 5 ool oslasiwl (L5a) Sl g5 Sl pics 7S50 00 5 plulid o o0 9z o S)bs
O 7o O L 4l )0 Gy el polie Cuslad pae g Blasel s gl blie jo o053
P9d Jad slos )98 saed o loz g o lafad o Ll pealys flge ded joa> o, A
Jad )0 0,5 o0 Dygo Jad pl o oldl g la >l g a5 5k o Lok, CYsles & jga |,
= Jl Ghay 3l Jels mls 45 Wigdioo el odes s dw @ bagiludnd 55 ey
Calts 35 5w a5 3l ooliial b Lol oo g, ecdlo (glapie 5l ol b plulis
&S Ghumliomd,S odalin [) Loyl Koy S8 b (Seelis Jb5s) clle s (b, b
P el ol G35 I o g e (Seels (SB3 A JpS e Ky 90 cnl sl
mas gy cus Loy Conl i Loy Al w cnd Sl e pn g 28y uae S,
pac g b 5 GhlasEl pln 0 0 pRlynds g pglie Lh3H S, el Gl ogs gse &

il oo Capalad

oy



Ololgcion V-7

(9 Nz (699,5 Wiz lapiaaw lp linn oy, drwe )

> glad ululy olobs 6ly s5lae— (g pm Ll 5l oolatwl L Y

—

65558 4Y 539 105 050 9] Sy (sl ke 536 5l oolanl L €

(o]

s > 5 (y0BS (6l (651 (gl ptiannns 3] ool .

oA



[1] J.-J. E. Slotine and W. Li, “Applied nonlinear control”, Prentice-hall, 1991.

[2] W. Perruquetti and J. Pierre-Barbot, “Sliding mode control in engineering”, Marcel
Dekker, 2002.

[3] S. Sastry and M. Bodson, “Adaptive control”, Prentice-hall, Englewood Cliffs,
1989.

[4] A. Karami-Mollaee, N. Pariz and H. M. Shanechi, “Position control of servomotors
using neural dynamic sliding mode”, Transactions of the ASME (American Society
of Mechanical Engineering), Journal of Dynamic Systems, Measurement and
Control, vol. 133, no. 6, pp. 141-150, 2011.

[5] V. L. Utkin, “Sliding mode in control optimization”, Springer-Verlag, New York,
1992.

[6] W. Gao and J. C. Hung, ‘“Variable structure control of nonlinear systems: a new
approach”’, IEEE Trans. Industrial Elec., vol. 40, no. 1, pp. 45-55, 1993.

[7] S. Tokat, I. Eksin and M. Guzelkaya, ‘“New approach for on-line tuning of the linear

sliding surface slope in sliding mode controllers’’, uk. J. Elec. Engin., vol. 11, no.
1, pp. 45-59, 2003.

[8] H. Lee, H. Shin, E. Kim, S. Kim and M. Park, ‘‘Variable structure control of
manipulator using linear time-varying sliding surfaces’’, IEEE Proc. Intelligent
Cnf., pp. 806-811, 1998.

[9] R. G. Roy and N. Olgac, ‘‘Robust nonlinear control via moving sliding surfaces n-th
order case’’, IEEE Proc. Contr. Cnf., pp. 943-948, 1997.

[10] H. Morioka, K. Wada, A. Sabanovic and K. Jezernik, ‘‘Neural network based
chattering free sliding mode control’’, IEEE Contr. Cnf., pp. 1303-1308, 1995.

[11] Zaeri, Amir Hossein, et al. "Disturbance Rejection for a 2-DOF Nonlinear
Helicopter Model by Using MIMO Fuzzy Sliding Mode Control with Boundary
Layer." Intelligent Systems, Modelling and Simulation (ISMS), 2012 Third
International Conference on. IEEE, 2012.

[12] Kayacan, E., Ramon, H., & Saeys, W. “Adaptive neuro-fuzzy control of a spherical
rolling robot using sliding-mode-control-theory-based online learning algorithm.
Cybernetics”, IEEE Transactions on, 43(1), 170-179. 2013.

[13] Zhang, X., Chen, Z. X., Pan, J. M., & Wang, J. “Fixed Boundary Layer Sliding

Mode Control of Permanent Magnet Linear Synchronous Motor” [J]. Proceedings
of the CSEE, 22, 019. 2006

o9



[14] Cupertino, F., Naso, D., Mininno, E., & Turchiano, B. “Sliding-mode control with
double boundary layer for robust compensation of payload mass and friction in
linear motors™. Industry Applications, IEEE Transactions on, 45(5), 1688-1696.
2009

[15] M.-S. Chen, Y.-R. Hwang and M. Tomizuka, ‘‘A state-dependent boundary layer
design for sliding mode control’’, IEEE Trans. Automat. Contr., vol. 47, no. 10, pp.
1677-1681, 2002.

[16] P. Kachroo and M. Tomizuka, ‘‘Chattering reduction and error convergence in the
sliding-mode control of a class of nonlinear systems’’, EEE Trans. Automat.

Contr., vol. 41, no. 7, pp. 1063-1068, 1996.

[17] A. Cavallo and C. Natale, ‘‘Output feedback control based on a high-order sliding
manifold approach’’, IEEE Trans. Automat. Contr., vol. 48, no. 3, pp. 469-472,
2003.

[18] S. Laghrouche, F. Plestan and A. Glumineau, ‘‘Higher order sliding mode control
based on integral sliding mode’’, Automatica, Article in press, 2007.

[19] S. Oh and H. Khalil, ‘‘Nonlinear output feedback tracking using high-gain observer
and variable structure control’’, Automatica, vol. 33, pp. 1845-1856, 1997.

[20] Zong, Q., Zhao, Z. S., & Zhang, J. (2010). “Higher order sliding mode control with
self-tuning law based on integral sliding mode”. IET control theory & applications,
4(7), 1282-1289.

[21] Pukdeboon, C., Zinober, A. S., & Thein, M. W. L. “Quasi-continuous higher order
sliding-mode controllers for spacecraft-attitude-tracking maneuvers”. Industrial
Electronics, IEEE Transactions on, 57(4), 1436-1444. 2010.

[22] Eker, 1. “Second-order sliding mode control with experimental application”. ISA
transactions, 49(3), 394-405. 2010.

[23] G. Bartolini, and P. Pydynowski, ‘‘An improved, chattering free, V.S.C. scheme

for uncertain dynamical systems’’, IEEE Trans. on Automat. Cont., vol. 41, no. 8§,
pp. 1220-1226, 1996.

[24] M.-S. Chen, C.-H. Chen and F.-Y. Yang, ‘‘An LTR-observer-based dynamic
sliding mode control for chattering reduction’’, Automatica, vol. 453, pp. 1111-
1116, 2007.

[25] Tiwari, J. “Dynamic sliding mode control of four dimensional hyperchaotic
systems using LMI”. In Advances in Engineering and Technology Research
(ICAETR), 2014 International Conference on (pp. 1-4). IEEE. 2014.

[26] Fei, J., & Yuan, Z. “Dynamic sliding mode control of MEMS gyroscope”. In

T



Control Applications (CCA), 2013 IEEE International Conference on (pp. 437-
442). IEEE. 2013.

[27] M. Norgaard, O. Ravn, N. K. Poulsen and L. K. Hansen, “Neural network for
modeling and control of dynamic systems”, Springer, New York, 2001.

[28] Li, H., Yu, J., Hilton, C., & Liu, H. “Adaptive sliding-mode control for nonlinear
active suspension vehicle systems using T-S fuzzy approach”. Industrial
Electronics, IEEE Transactions on, 60(8), 3328-3338. 2013.

[29] Lakhekar, G. V., & Saundarmal, V. D. “Novel adaptive fuzzy sliding mode
controller for depth control of an underwater vehicles”. In Fuzzy Systems (FUZZ),
2013 IEEE International Conference on (pp. 1-7). IEEE. 2013.

[30] Soltanpour, M. R., Otadolajam, P., & Khooban, M. H. “Robust control strategy for
electrically driven robot manipulators: adaptive fuzzy sliding mode”. IET Science,
Measurement & Technology, 9(3), 322-334. 2014.

[31] Dybkowski, M., & Szabat, K. “Direct torque control of induction motor drive
system with adaptive sliding-mode neuro-fuzzy compensator”. In Industrial
Technology (ICIT), 2015 IEEE International Conference on (pp. 714-719). IEEE.
2015.

[32] Frazaneh Abdollahi, H. Ali Talebi and Rajnikant V. Patel, “Stable Identification of
Nonlinear Systems Using Neural Networks: Theory and Expriments” IEEE/ASME
Trans. Mechatronics, vol, 11, no, 4, august 2006.

[33] W. Ren and P. R. Kumar, “Stochastic adaptive prediction and model reference
control”, IEEE Transaction on Automatic Control, vol. 39, pp. 2047-2060, 1994.

[34] S. Solvar, V. Le, M. Ghanes, J. P. Barbot and G. Santomenna, “Sensor less second

order sliding mode observer for induction motor”, IEEE International Conference
In Control Applications (CCA), pp. 1933-1938, 2010.

[35] Q. R. Butt, A. I. Bhatti, M. R. Mufti, M. A. Rizvi and 1. Awan, “Modeling and
online parameter estimation of intake manifold in gasoline engines using sliding

mode observer”, Simulation Modeling Practice and Theory, vol. 32, pp. 138-154,
2013.

[36] Davila, Jorge, Leonid Fridman, and Arie Levant, “Second-order sliding-mode

observer for mechanical systems”, IEEE transactions on automatic control, vol. 50,
no. 11, pp. 1785-1789, 2005.

[37] Xiong, Yi, and Mehrdad Saif, “Sliding mode observer for nonlinear uncertain
systems”, Automatic Control, IEEE Transactions, vol. 46, no. 12, pp. 2012-2017,
2001.

Ay



[38] Benchaib, Abdelkrim, et al, “Real-time sliding-mode observer and control of an
induction motor” Industrial Electronics, IEEE Transactions, vol. 46, no. 1, pp. 128-
138, 1999.

1y



Abstract
Dynamic sliding mode control (DSMC) of nonlinear systems using neural

networks is proposed. In DSMC the chattering is removed due to the
integrator which is placed before the input control signal of the plant.
However, in DSMC the augmented system is one dimension bigger than
the actual system and then, the plant model should be completely known.
To solve this problem, we suggest two online neural networks to identify
and to obtain a model for the unknown nonlinear system. In the first
approach, the neural network training law is based on the available system
states and the bound of observer error is not proved to converge to zero.
The advantageous of the second training law is only using of the system
output and the observer error is converges to zero based on the Lyapunov
stability theorem. To compare result, Dynamic Sliding Mode Control
(DSMC) using sliding mode observer is proposed. This approach caused
control system absolutely robustness rather to noises and disturbances. This
approach proved using Lyapunov stability theorem, too. To verify these
approaches Duffing-Holmes chaotic systems (DHC) is used.

Keywords: Dynamic sliding mode control, neural model, sliding mode

observer, nonlinear system, Duffing-Holmes chaotic system.
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