WSEAS TRANSACTIONS on SYSTEMS Weigiang Tang, Zhiyuan Rui, Jinghua Zhang

High-order sliding mode design based on geometric homogeneity and
fast terminal sliding mode

WEIQIANG TANG
Department of Automation
Lanzhou University of Technology
No0.287. Langongping Road, Qilihe District, Lanzhou City, Gansu Prov,
CHINA
twgzjh@163.com

ZHIYUAN RUI
Department of Mechanical Design
Lanzhou University of Technology
No0.287. Langongping Road, Qilihe District, Lanzhou City, Gansu Prov,
CHINA
zhiy_rui@163.com

JINGHUA ZHANG
Department of Engineering Mechanics
Lanzhou University of Technology
No0.287. Langongping Road, Qilihe District, Lanzhou City, Gansu Prov,
CHINA
zjhhrb@163.com

Abstract: - A high-order sliding mode control algorithm is proposed for nonlinear uncertain systems based on
geometric homogeneity and fast terminal sliding mode. Homogeneity approach used to stabilize the nominal
system, and fast terminal sliding mode used to reject the uncertainty, are applied to constructing the controller.
High-order sliding mode is established by the proposed algorithm, the boundary of the uncertainty is not
required, and the global robustness is achieved. Additionally, the resulting control law is continuous, which is
beneficial to reduce the chattering effect. Simulation results of the proposed algorithm confirm the
effectiveness.
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1 Introduction

Due to the strong robustness against the matching
uncertainties including the parametric uncertainty,
unmodelled dynamics and external disturbances,
sliding mode control (SMC) has been widely
utilized to deal with systems operating in the
uncertain context [1-3]. However, the chattering
effect caused by high-frequency control switching,
is @ main problem to many practical applications. In
order to overcome this drawback, many papers are
available to solve it, such as dynamic sliding mode
[4], high-gain control [5], and sliding-sector method

standard SMC, was proposed to reduce and (or)
remove the chattering effect [7-9]. Moreover, better
accuracy can be achieved by using HOSMC [10].
There exist many second order sliding mode
algorithms [11-13]. Arbitrary order sliding mode

families of high-order sliding mode controllers
(HOSMCs) were developed based on homogeneity
approach. A approach, called quasi-continuous
HOSMCs, was presented in [15], allowing the
control to be practically continuous function with
respect to time in the case of relative degree r >1.
Homogeneity reasoning and integral sliding mode

[6]. - )
In addition, high-order sliding mode control were used to design HOSMCs in [16, 17]. Although
(HOSMC), which inherits advantages of the the mentioned techniques above can admit the
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tracking of desired signals through adjusting only
one sufficiently large gain parameter, they did not
provide constructive conditions on the parameter
adjustment. Solutions can be obtained in [18, 19],
where the HOSMC is equivalent to finite time
stabilization of higher order integrator chain system
with a bounded uncertainty. And the controller was
designed based upon the concept of integral sliding
mode control. However, the boundary of the
uncertainty must be determined in advance, which
may be difficult or impossible in some applications.

Compared to the standard SMC, Terminal sliding
mode (TSM) originating from the terminal attractor
[20], adopts a nonlinear switching manifold with
finite time mechanism, which can guarantee the
time to reach the origin for system trajectories will
be finite [21]. Fast terminal sliding mode (FTSM) is
a revision form of the TSM, achieving better
performance in the case of the initial state far away
from the origin. In [22], the controller was designed
via the fast terminal sliding mode in both reaching
phase and sliding phase. As a result, the system
shows superior robustness in system uncertainties
and external disturbances.

The objective of this paper is to develop a new
controller based on homogeneity and fast terminal
sliding mode, characteristics of the controller are as
follows:

1) High-order sliding mode
established in any given accuracy.

2) The control law is continuous such that
chattering effect can be removed or
decreased.

3) The prior knowledge of boundaries of
uncertain terms is not needed.

4) Global robustness is guaranteed.

The rest of this paper is organized as follows.
Section 2 states the problem and some hypotheses.
In section 3, the high-order sliding mode control
algorithm is derived. A numerical simulation of a
permanent magnet stepper motor is carried out to
verify effectiveness of the proposed algorithm in
section 4. Section 5 concludes the paper.

can be

2 Problem Formulation
Consider a dynamic system of the form:
{)‘( = f(x,t)+g(x,tu

y =5(X,1) @)

where xeR", ueR are the state variable and the
control input, respectively. f(x,t) and g(x,t)=0
are uncertain smooth functions with proper
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dimensions, and s(x,t)eR is a only smooth
measured output. To make the output s(x,t) vanish

in finite time is the objective of control.
Assumption 1. The relative degree r of system (1)
with respect to s(X,t) is constant and known, and

the associated zero dynamics are stable.
Definition 1 ([23]). Consider a smooth dynamic
system with a smooth output function s(x,t), and

let the system be closed by some possibly dynamical
discontinuous feedback. Then, provided the
successive total time derivatives s(x,t), S(x,t),...,
st (x,t) are continuous functions of the closed-
system state-space variables, and the set s(x,t) =0,
$(x,t)=0, ..., s"P(x,t)=0 is non-empty and
consists locally of Filippov trajectories [24], the
motion on the set s(x,t)=0, s$(x,t)=0, ...,
st (x,t) =0 is said to exist in rth-sliding mode
( r -order sliding mode). The rth derivative
s (x,t) is mostly supposed to be discontinuous
or nonexistent.

By defining a suitable discontinuous control,
the r -order SMC allows the finite time
stabilization to zero both the sliding variable
s(x,t) and its (r—1) first time derivatives.
Computing the rth total time derivative of
s(x,t) along the trajectories of the system (1)
yields the following equation:

s (x,t) = p(x,t) + y(x,t)u 2)
(”(X!t) = er(x,t)s(xit) ' ]/(X,t) = Lg(x,t) ’
er_(lx,t)s(xvt)
LS t) =Vs(x,t) f(x,t) , while Vs(x,t)=

% represents the gradient of s(x,t) .
X

where

are uncertain functions,

Assumption 2. The solutions are understood in the
Filippov sense [24], and system trajectories are
supposed to be infinite extendible in time for any
bounded Lebesgue measurable input. In practice, it
means that the system is weakly minimum phase.

Assumption 3. There exist K, eR", K,, eR",

C e R such that the following inequalities hold at
least locally.
Kn <7(x,) <Ky |o(x,t)|<C (3)

The control objective is to drive the sliding
variable s(x,t) to zero in finite time, and to keep it
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exactly by defining a suitable control. The problem
of r-order SMC of system (1) with respect to the
sliding variable s(x,t) is equivalent to finite time
stabilization of

i=12,.,r-1

Z'i = Z|+l
{ : (4)
2, = p(x, )+ 7(x,)u

where
2=[2,,2,,....2,]" =[5(x,1),$(x,1),...,s" P (x,1)]"

3 High-order Sliding Mode Control
Based on Geometric Homogeneity and
Fast Terminal Sliding Mode

Based on the concept of integral sliding mode, the
high-order sliding mode controller is designed in
two steps: the design of a finite time controller
stabilizing the nominal system at the origin and the
design of another controller suppressing the
uncertainty.

To facilitate the description of the design
process, consider the following uncertain integrator

system.

X =X, |

X, =u+d
where d is the uncertain term and its absolute value
is less than a known positive number D , i.e.

d|<D.

=12,.,n-1

®)

3.1 Finite Time Controller for Integrator
Systems

For a chain of integrators without uncertainties, the
existence of a continuous finite time stabilizing
feedback controller has been proved, which
provides an explicit construction involving a small
parameter in [25]. The controller renders the closed-
loop system asymptotically stable and homogeneous
of negative degree with respect to a suitable dilation
such that finite-time stability is achieved.

Proposition 1([25]). Let ki,...,k, >0 be such that

the polynomial s"+k s""+---+  k,s+k, s
Hurwitz, and consider the system:
>:<i =X, 1=12,..,n-1 ©)
X, =W,
E-ISSN: 2224-2678

98

Weigiang Tang, Zhiyuan Rui, Jinghua Zhang

There exists ¢e(0,1) such that, for every
a € (1—¢&,1), the origin is a globally finite-time-
stable equilibrium for the system (6) under the
feedback:

an

Wo = =kisign(x) [ =+ =ksign(x,) [x,[* (1)
where «, ..., a, satisfy
o, =—2% j=2..n ®)
20,1 -,

with ¢;,, =1 and o, = .

3.2 Fast Terminal Sliding Mode

The fast terminal sliding mode, which can accelerate
the moving rate of the sliding mode compared to the
standard terminal sliding mode when the initial
position is far away from the origin, is provided in
[21], given by

s=X% +ax + pBx/° 9)

where X, e R, a, f>0. The time to reach the

origin can be calculated after the sliding mode
occurs, expressed as

‘- p In axl(o)(p—q)/p +ﬂ
© a(p-q) B
At the same time, it can be proved that the X, is a
terminal attractor using Lyapunov theory.

(10)

3.3 Disturbances Attenuation Controller
Design

In the presence of disturbances, the effect caused by
them can not be completely compensated by the
finite time controller. Therefore, an additional
controller should be designed to do it. As mentioned
in Introduction, the sliding mode control can be

capable of doing this. However, in the conventional
SMC design principle s$ < —k|s|, which results in a

discontinuous controller that produces the chattering
effect. As seen in subsection 3.2, the fast terminal
sliding mode bears the mechanism of finite time
convergence, hence it can be used to design the
controller instead of the conventional design
principle.

For system (5), define the sliding variable as

c=1,+¢ (11)
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where ¢ is a auxiliary variable, determined by

¢ =-w, (12)

with w, being the finite time controller. Therefore
the attenuation controller can be designed as
W, = —go - yo P (13)

Theorem 1. Consider the system (5), and define y
and y'as

D
4 =W+77 (14)
: d
VEY (15)
with 77 > 0. The control law
U=w,+w, (16)

ensures that x; (i=1,2,3) convergences on zero in

any given accuracy, and w,, W, are given by (7)

and (13) , respectively.
Proof: Taking the first order derivative of o with
respect to the time obtains

6 =—go—yo¥’ +d (17)

Based on the equations (14) and (15), the equation
(17) can be rewritten as

6=—go—y'cP (18)

In order to have the fast terminal convergence, the
condition »'> 0 should be hold. According to the
equation (15), it can be seen

. D

V= 7] o T

(19)
> D - |d|+77277>O
|O.q/p| |O.q/p|
Based on the equation (14), it is concluded that

p/d

o] < (Rj (20)
v

Remark 1. Choose large enough » and p/q, |o|
can be smaller than any given positive number.
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Remark 2. To realize the global robustness, the
initial condition of £ should be equal to the initial

value of z_, thatis £'(0)=z,(0).

3.4 High-order Sliding Mode Control Design
In fact, the system (4) can be divided into the
nominal part and the uncertain part, therefore it can
be rewritten as

3=z, 1=12,..,r-1
2, = g, (X, ) +y, (X, t)u+ (1)

where @,(X,t), 7,(x,t) #0 are determinate terms,
Ap(x,t), Ay(x,t) are the disturbance ones,
f(X,t) =Ap(x,t)+Ay(Xx,t)u indicates the whole
disturbance.

Design the following law for the system (21),
like that

(21)

(=0, (X, 1) + W) (22)

1
Yo (X,1)

with w being the auxiliary control input. Hence the
system (21) is transformed into the following form.

i=12,..,r-1
z, =w+ f(x,t)

2, =1,
(23)

Obviously, the system (23) is identical to the

system (5) in the form, it follows that

Theorem 2. Consider the nonlinear uncertain system
(1) with a relative degree r with respect to the
sliding variable s(X,t) . Assume that the hypotheses
1-3 are satisfied, the control law (22) can allow the
establishment of an r -order sliding mode control
with respect to s(x,t) in any given accuracy with
large enough parameters.

Remark 3. To execute the design of the controller,
the sliding variable and its (r—21) order time
derivative must be obtained, whilst the sliding
variable s(x,t) is commonly an only measurable

output. This problem can be solved by the (r—1)
order differentiator provided in [14, 15].

3.5 Example
Consider an uncertain second order integrator
system:
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X =X
X, =u+d
Choose the simulation parameters as ¢ =10 ,

y=10, q=1, p=3, k=1, k, =15, v, =0.60,
v, =0.75,and d =5sinx,.

(24)

w

0 2 4 6 8 10
time(s)

Fig. 1 State trajectories versus time

0 2 4 6 8 10
time(s)

Fig. 2 Control input versus time

A O N KB O R N W N O

6 8 10
time (s)

o
N
IN

Fig. 3 State trajectories versus time using SMC

Fig. 1 and Fig. 2 are simulation results
under the control of the proposed strategy, Fig.
3 and Fig. 4 are the ones under the control of
SMC. It is concluded that the system
trajectories can converge on zero under the two
control strategies. However, the manipulated
variable is continuous using the proposed
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algorithm, which removes the chattering effect.
In contrast, the manipulated variable is serious
chattering using SMC, which is harmful to
many applications. Comparative study testifies
the advantage of the proposed strategy.

) 2 4 6 8 10
time(s)

Fig. 4 Control input versus time using SMC

4 Tracking Control of a Permanent

Magnet Stepper Motor
To illustrate the aforementioned procedure, consider
the high-order sliding mode control of a permanent
magnet stepper motor (PMSM).

4.1 Mathematical Model
Consider the following uncertain PMSM model,
derived in [26].

déo

— =

dt

OI—a):k—“"(—i sin p@d+i, cos pté’)—ico—-r—L
a b

dadeJ J J

di Rk (25)

Yo Bj 45 psin p9+u—a

dt L L L

di:—Bib—k—Ma)cos p0+u—b

dt L L L

where @ is the rotor angle, o is the rotor speed, T,
is the load torque, i=[i, i,] and u=[u, u,]

are the stator current and voltage, respectively( see
[26] for more details on the other parameters).

Based on Park’s transformation [27], i.e. the
vectors U and i expressed in the fixed stator frame

(a,b) are transformed into the vectors expressed in
aframe (d,q).
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X, cos pd sin pé || X,
=l (26)
Xq —sin p@ cos pé || X,

The dynamics (25) expressed in terms of
currents and voltages in the frame (d,q) become

the equation (27).

60 _
dt
do _ky Ky ; Ew_T_L

q
:t J J J 27)
Iy R. . d
E:—I|d+pa)lq+—
di R. .k
ot f

4.2 Tracking Control Using the Proposed
Algorithm

The control objective is to design a robust control
law such that the @ tracks the following reference
trajectory 6.(t). In addition, in order to minimize
the Joule losses and maximize the motor torque, it is
sensible to choose a direct current trajectory i, =0.

6

14 @ 963(t-0993)

0.(t) = (28)

Define the following two sliding variables as

o, =0-6,
. (29)
o, =l
then
k R Fk k .
= ( JzM i _TMpa”d_
k2 F2 Ky FT, T,
A ——w+—u, + ——-0. (30
J2 g 1 J? - (30)
. R. .1
O'Zz—tld+pa)lq+tud

It can be see that the relative degrees of the system
with respect to the sliding variables equal 3 and 1,
respectively. So a 3rd and a 1st order sliding
controllers are designed. According to the Section 3,
high-order sliding mode control is equivalent to
finite time stabilization of the following uncertain
integral systems.
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Z.1,1 =1,
Z.1,2 =13 (31)
,,=A+Bu,+f
Ly, = Az + Bzud (32)
where
T . .qT
Z, = [21,1 i, Lig| = [0'1 o, 01] 12y, =0,
k F 1 R. .
By :J_Ml_’ f,= (?__)TL’ A :_Ild + paly,
k R Fk Ky F?
S e o e (——— -4
, B, :% . Herein, the term 1‘1 is viewed as a

disturbance caused by the load torque T, .

For the system (31), the control law can be
defined as

U, =B (-A +w,) (33)

where W, is a auxiliary control input, expressed as

W =W o+ W,y (34)
where w, ; is the nominal controller, given by
W, o __kllslgn(zll) 11 klZSIgn(le)
(35)
|21,2 - k1,35|gn(zl,3)|21,3
Define the following sliding variable:
S$,=2,+& (36)
where
& =-w, (37)

So the attenuation controller w;, can be designed as

W, =—@S — 77151q1/pl (38)

Similarly, the following results can be obtained
for the system (32).

Ug = B (-A, +w,) (39)
W, =W, 5 +W,, (40)
W, o = —K, SigN(z,.,)| 2, (41)
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0.4
S, =2,,+&, (42)
0.3
§2 = _Wz,o (43) 0.2
0.1
W, =—4,S, _77232‘12/pz (44) < o
-0.1
-0.2
. . . -0.3
4.3 Simulation Results and Analysis
-0.4 . L .
The motor nominal data are referred to [26], and the 0 ey 2
simulation ~ parameters  are  chosen  as _
¢1 =1, = ¢2 =1, =10, ql/ p, = 3/5 ' qz/ D, =1/5' Fig. 8 Stator current I, versus time
6 30
—6,
s 4L e H 20
= 4f 10
g
3
o 21 -10
1t -20
% 0.5 1 15 2 3% 05 1 15 2
time(s) time(s)

Fig. 5 Actual and reference position versus time Fig. 9 Stator voltage U_ versus time
) a

0.06
6
9
0.05 . r
=) 8
(0]
S
5 0.04 =4
< g
S 0.03 £3
g =
g g
0.02 2
1
0.01 . ; .
0 0.5 1 15 2
time(s) 0 . .
0 0.5 1 15 2
Fig. 6 Position error versus time time(s)
x10* Fig. 10 Actual and reference position with uncertainties
0
0.12
-0.2r 1 0.1
S 0.08
-0.4} 3
< 5 0.06
0.7 5 0.04
g
-0.8} a 002
0
-1 1 . .
0 0.5 1 15 2 -0.02; 5 - s >
time(s) . time(s) .
Fig. 7 Direct current 1, versus time Fig. 11 Position error versus time with uncertainties
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0.015
0.01
0.005
<
-
0
-0.005
-0.01 L L L
0.5 1 1.5 2
time(s)

Fig. 12 1, versus time with uncertainties

0.4
0.3
0.2
0.1

0

L)

-0.1

-0.2

-0.3

-0.4 . .
0 0.5 1
time(s)

15 2

Fig. 13 1, versus time with uncertainties

30

20

10

u (A)

0

-10

-20

-30
0

0.5 1 15 2
time(s)

Fig. 14 U, versus time with uncertainties

The performance of the proposed scheme is
shown in Fig. 5~Fig. 9 with nominal values. It can
be seen that tracking is performed with high
accuracy, as shown in Fig. 5 and Fig. 6. Indeed, the
permanent position error is close to 0.015 degree. It
is shown in Fig. 7 that the variations of the direct
current are slight. Fig. 8 and Fig. 9 show the applied
current and voltage in a phase of the motor. In the
case of uncertainties including parameter

perturbations: R=0.8R,, L=1.3L,, J=1.4J,,

ky =0.8k,, , F=06F, and external
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disturbance, i.e., the load torque T, =2 Nm, the

simulation results are shown in Fig. 10~Fig. 14. The
proposed controller can efficiently correct the
undesirable deviations due to the uncertainties and
manages to accomplish the trajectory tracking with
high accuracy, as shown in Fig. 10. It is observed in
Fig. 11 that the performance is slightly degraded.
The direct current is slight in spite of uncertainties
shown in Fig. 12. The demanded current and voltage
are described in Fig. 13 and Fig. 14. Other
simulation results also show the robustness of the
proposed controller with respect to uncertainties.

5 Conclusions

Based on geometric homogeneity and fast terminal
sliding mode, a high-order sliding mode control
design algorithm is proposed for uncertain nonlinear
systems. According to the above simulations and
analysis, several conclusions can be drawn: (1)
designing a controller for the nominal system is
simple using geometric homogeneity; in fact, the
controller defines a trajectory to be tracked; and (2)
the fast terminal sliding mode concept is used to
design another controller for rejecting uncertainties
instead of the conventional sliding mode control
design principle. As a result, a continuous law is
obtained, so chattering effect can be reduced
without increasing the relative degree of the system.
While in the conventional context, increasing the
degree or dynamic sliding mode may be a solution
to obtain continuous law; and (3) the system state
stays on the sliding manifold from initial instant;
therefore the global robustness is guaranteed; and
(4) the knowledge of the boundaries of uncertainties
is not required, so it is more suitable to practical
applications.

References:

[1] V.I. Utkin, Variable Structure Systems with
Sliding Modes. IEEE Transactions on
Automatic Control, Vol.22, No. 2, 1977, pp.
212-222.

V.I. Utkin, J. Guldner and J. Shi, Sliding Mode
in Control in Electromechanical Systems,
Taylor & Francis, 1999.

V.l. Utkin, J. Shi, Integral sliding mode in
systems operating under uncertainty conditions,
Proceedings of the IEEE conference on
decision and control CDC’96, Kobe, Japan,
1996, pp. 4591-4596.

[2]

[3]

Volume 13, 2014



WSEAS TRANSACTIONS on SYSTEMS

[4] H. Sira-Ramirez, On the Dynamical Sliding
Mode Control of Nonlinear  Systems,
International Journal of Control, Vol. 57, No.
5, 1993. pp. 1039-1061.

J.J. Slotine and W. Li, Applied Nonlinear

Control, Prentice-Hall, 1991.

K. Furuta and Y. Pan, Variable Structure

Control with Sliding Sector, Automatica, Vol.

36, No. 2, 2000, pp. 211-228.

S.V. Emelyanov, S.K. Korovin and L.V.

Levantovsky, Higher Order Sliding Regimes in

the Binary Control Systems, Soviet Physics,

Doklady No. 31, 1986, pp. 291-293.

S.V. Emeryanov, S.K. Korovin and A. Levant,

High-order Sliding Modes in Control Systems,

Computational Mathematics and Modeling,

Vol. 7, No.3, 1996, pp. 294-318.

G. Bartolini, A. Pisano and E. Usai, Second-

order Sliding Mode Control of Container

Cranes, Automatica, Vol. 38, No. 10, 2002, pp.

1783-1790.

[10] A. Levant, Sliding Order and Sliding Accuracy
in Sliding Mode Control, International Journal
of Control, Vol. 58, No. 6, 1993, pp. 924-941.

[11] G. Bartolini, A. Pisano, E. Punta and E. Usai, A
Survey of Applications of Second-order Sliding
Mode Control to Mechanical Systems,
International Journal of Control, Vol. 76, No.
9/10, 2003, pp. 875-892.

[12] A. Damiano, G.L. Gatto and I. Marongiu,
Second-order Sliding-mode Control of DC
Drives, IEEE Transactions on Industrial
Electronics,Vol. 51, No. 2, 2004, pp. 364-373.

[13] G. Bartolini, A. Levant, E. Usai and A. Pisano,
2-Sliding Mode with Adaptation, Proceedings
of the 7th Mediterranean Conference on
Control and Automation (MED99), Haifa,
Israel, 1999, pp. 28-30.

[14] A. Levant, Homogeneity approach to High-
order Sliding Mode Design, Automatica, Vol.
41, No. 5, 2005, pp. 823-830.

[15] A. Levant, Quasi-continuous High-order
Sliding-mode Controllers, IEEE Transactions
on Automatic Control, Vol. 50, No. 11, 2005,
pp. 1812-1816.

[16] A. Levant and Y. Pavlov, Generalized
Homogeneous Quasi-continuous Controllers,
International Journal of Robust and Nonlinear
Control, Vol. 18, No. 4-5, 2008, pp. 385-398.

[17] A. Levant and L. Alelishvili, Integral High-
order Sliding Modes, IEEE Transactions on
Automatic Control, Vol. 52, No. 7, 2007, pp.
1278-1282.

[18] S. Laghrouche, F. Plestan and A. Glumineau,
Higher Order Siding Mode Control Based on

5]
(6]

[7]

(8]

[9]

E-ISSN: 2224-2678

104

Weigiang Tang, Zhiyuan Rui, Jinghua Zhang

Integral Sliding Mode, Automatica, Vol. 43, No.
3, 2007, pp. 531-537.

[19] M. Defoort, T. Floguet, A. Kokosy and W.
Perruquetti, A Novel Higher Order Sliding
Mode Control Scheme. System & Control
Letters, Vol. 58, No. 2, 2009, pp. 102-108.

[20] M. Zak, Terminal Attractors in Neural
Networks, Neural Networks, Vol. 2, No. 4,
1989, pp. 259-274.

[21] X. Yu and Z. Man, Variable Structure Systems
with  Terminal Sliding Modes, Variable
Structure Systems: Towards the 21P" Century,
Springer-Verlag, 2002.

[22] S.H. Yu, X.H. Yu and Z.H. Man. Robust
Global Terminal Sliding Mode Control of SISO
Nonlinear Uncertain Systems. 39th IEEE
Conference on Decision and Control, DEC 12-
15, SYDNEY, AUSTRALIA, 2000.

[23] A. Levant, Principles of 2-Sliding Mode
Design, Automatica, Vol. 43, No. 4, 2007, pp.
576-586.

[24] A.F. Filippov, Differential Equations with

Discontinuous  Right-hand  Side,  Kluwer
Academic Publishers, 1988.
[25] S.P. Bhat and D.S. Burstein, Geometric

Homogeneity with Applications to Finite-time
Stability, Math. Control Signals Systems, Vol.
17, No. 2, 2005, pp. 101-127.

[26] R. Marino, S. Peresadas and P. Tomeit,
Nonlinear Adaptive Control of Permanent
Magnet Step Motors, Automatica, Vol. 31, No.
11, 1995, pp. 1595-1604.

Volume 13, 2014


http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=2Ccl1mGCgDGHd@O89ad&page=1&doc=1&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=2Ccl1mGCgDGHd@O89ad&page=1&doc=1&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=2Ccl1mGCgDGHd@O89ad&page=1&doc=1&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=2Ccl1mGCgDGHd@O89ad&page=1&doc=1&cacheurlFromRightClick=no



