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Abstract:  This paper presents a sliding mode (SMD based identifier to deal with the parameter identification
problem for a class of parameter uncertain nonlinear dynamic systems with input nonlinearity. A sliding mode
controller (SMO) is used to ensure the global reaching condition of the sliding mode for the nonlinear system;
an identifier is designed to identify the uncertain parameter of the nonlinear system. A numerical example is

studied to show the feasibility of the SM controller and the asymptotical convergence of the identifier.
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INTRODUCTION

Since publication of Utkin’s paper ( Utkin,
1977) on variable structure system (VSS) and
sliding mode control, significant interest on them
has been generated in the control research realm.
One of the most intriguing aspects of sliding
mode is the discontinucus nature of the control
action, with primary function of each of the
feedback channels being to switch between two
different system structures in such a way that a
new type of system motion Ccalled sliding mode)
exists in a manifold. In the ideal sliding modes
the stability of the closed system is dependent on
a reduced order system that is determined by the
nominal system and the choice of sliding surface.
The ability to specify performance coupled with
inherent robustness has attracted significant in-
terest in sliding modes as offering a possible solu-
tion for dealing with the control problem of non-
linear systems.

It is well known that the sliding mode con-
trol system has two features: the high-gain fea-
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ture near the switching surface, and the theoreti-
cally infinite switching feature that leads to the
sliding mode. Based on the first feature, many
kinds of SM control methods (Gao et al. » 1993;
Luet al., 1999; Furuta et al.,» 2000; Hu et
al. » 20000 have been studied for the case of un-
certain system with linear input which is indeed
linearizable. Howevers in practices due to physi-
cal limitations, there do exist nonlinearities in the
control input and their effect cannot be ignored in
analysis and synthesis. Therefore it is necessary
to develop robust control methods to deal with
the control problem of the nonlinear dynamic
systems with nonlinear input. Hsu (1998) pre-
sented a variable structure control approach for
uncertain linear system with nonlinear input,
then he (1997) extended this method to uncer-
tain linear large-scale systems. On the other
hand> the chattering control property of variable
structure control makes it possible to establish an
SM identifier or SM state estimator ( Misawa,
1988; Choi et al. » 1999). Because the switch-

ing control input reflects the effect of system un-
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certainty, an SM identifier can be established.
We know that while a system is in sliding mode,
its behavior is completely detemined by the
switching surface. Therefore, if there exist some
operations such that the information from the
switching control input is achievable, then the
unknown parameters can be accurately identi-
fied. Xu (1993) developed an SM identification
method for a class of uncertain affine nonlinear
dynamic systems, and then use this method to
develop a self-tuning SM controller (Xu, 1998).

In this paper, an SM identification method is
considered for a class of parameter uncertain non-
linear system with nonlinear input. The rest of
this paper is organized as follows: in Section 2, a
general parameter uncertain dynamic nonlinear
system with nonlinear input is described; then a
SM controller is designed for this system in Sec-
tion 3; based on this SMC, an identifier design
algorithm is proposed in Section 43 finally, a nu-
merical example is given to illustrate the results
presented in this paper.

SYSTEM DESCRIPTION

Consider an SISO high-order nonlinear sys-
tem with nonlinear input described by the follow-
ing state equation:

1
2>

i‘i:xi+1 (i=1s25sn—1)
i‘,l:f(x,p, t)+b(.1’9 Z)@(u)

where 2" =[x 235 ***» 2, 1€ R" is the measur-
able state vector, u € R is the control input, b
Cxs 1) is a known nonlinear function with 6Cx»
1)740. PT = EPI’ D2 P,,P:l is the unknown
parameter vector in parameter space P {p; €
[;Dimin, pimaxj, 1 =152, 7, Yo @Cuw) is a
nonlinear continuous function. fCax» ps ) is a
smooth nonlinear function vector, and f» @ sat-
isfy the following assumptions.

Assumption 1:

f(x,p, t):aT(p)S(x, Z)
aT:[ap oS R ) am]

ET:[SL’EZ’ eee, Em:l

where & = & (x, t) are known nonlinear func-
tions and linear indepemdent. «; = a;( p) are the
combinations of p; m denotes the dimension of
a.

3

Assumption 2:
4)

where h is a positive and non-zero constant. @
() is measurable and ®(0) =0.

As the boundary of p are given, the bound-
ary of a(p) can also be obtained and the follow-
ing assumption can be introduced.

Assumption 3:

aie[aimin, aim] VPGP

In the following, we will omit the elements
of some functions for simplicity.

u( D) =hu?

SLIDING MODE CONTROL

In order to force the states of the closed-loop
-+, x, ] to track a desired
trajectory Iglr =[ X1dr Xage T Xyd 1, where
. i =15""5n—1> we define the

system IT: [Il’ X2

Z(i+1d— Lid
error vector as

E:de_I:[eséy"'76(71_1):|Ts (5)
where e = xy — x1.-
The switching surface S is selected as
S=C'E (6

where CT"=L¢y5 ¢ys %5 ¢, J is the coefficient of
the Hurwitz polynomial and ¢, =1.

Suppose a is the adjustable parameter vector
of the SM identifier and ag is a time-varying pa-
rameter vector which is calculated in terms of the
adjustable parameter and its bounds:

lf Ezi(t)<aim

Qjimin
&Z»O(t):\&i(t) if aimg&i(t)gaim(7)
Laimax lf glz( t ) >aimax

Theorem 1: Consider the nonlinear system
Egs. (1) and (2D subjected to Assumptions 1 —
3. If the sliding surface is chosen as Eq. (6) and

u is given by

u= (x> Isgn(SH)s  @lax,22>0 (8)

the reaching condition

S5<0 9
is satisfied. Where ¢(x 1) is selected by
o) =5 o=@ +
[o7Md €10+ e (10
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where € is a small positive constant, | & | =
Cl&] - 1&,11" and
n—1
v = Ty + ECZ‘(JC(Z‘ﬂ)d — zip) (D
i-1
dT = [dlsdza "'ydm:ls dz‘ = | Qimax — Aimin |
a2

Proof From Egs. (4) and (8), the following
equation can be obtained

u®Cud) = ¢l tIsgn( SHOP(u) =

|—§Z|gp(x, DO =hu’=

heCas £ )?
then
SbdCud=h|Sbh| Cxs ) 13>
From Eqgs. (60, (12) and (13), we get

SS =SCv—aTe—bP(ud)=
SCo—as &+ (ay—a)t6—bDd(u))<
1Sol16 ' Co—ag&] +
Sollo Hd el —nlSbleCa, ) (14D

Substituting Eq. (10) into Eq. (14), the
reaching condition Eq. (9) is satisfied.

For the control law Eq. (8, chattering phe-
nomenon may occur in the closed-loop system
due to the function sgn( Sh). To reduce the ef-
fect of chattering, the discontinuous function sgn
(Sh) can be replaced by a proper continucus

function (Chern et al.» 1991).

i
|Sh| + 6

where & is selected as a function of the error e»
1.e.

sans(Sh) = (15

5=3+ 8 lel 16>

where 0y 8 are positive constants.

DESIGN OF SM-BASED IDENTIFIER

Based on the above SMC, an identification

algorithm could be given by the the following
theorem.
Theorem 2  Suppose the closed-loop nonlinear
system Eq. (1) and Eq. (2) is in sliding surfaces
then the adjustable parameters can be made to
converge to their real value asymptotically by
constructing the identifier as follows

& (1) = I'Gw (17>
(;((0) = %(aimjnJr aimax) 1 = 1’2""’71

(18>
w=v—a&—bdluy) (19

where u,, is equivalent control input, I'=I"" >0.
Proof When the closed-loop system (1) and
(2) is in the sliding surface, we have

S=0, u=u, 20>
From Eq. (6) and Eq. (200, we obtain
SCu=u,)=v—a &= bdCu, D=0 Q1)
therefore, the following relationship is obtained

w=v—a &— bdCu,,) = Ca —a)'e
22>

In order to prove the convergence of the i-
dentification algorithm, the following Lyapunov
function is introduced

1
2

Substituting Eq. (17) and Eq. (22) into the time
derivative of V', we get

V=-(a—a)T"a
= —(a—a)'&w=— <0 (24)

since £ is linearly independent, it is obvious that
w=0 if and only if a()=a.

Usually there does not exist a general method
to check the linear independence of nonlinear
function vector &. What we can say is that, if
the system can be linearized about an operating
point Cx.»> a.)> then based on the linearization,
the local identifiability can be checked around the
neighbourhood of Cx,» a,) (Srewal et al.
1976).

V=_(a—a) T '(a—ad=0 (23

NUMERICAL EXAMPLE

In this section, the SMC and SM-based i-
dentifier are applied tc a parameter uncertain
nonlinear dynamic system with nonlinear input to
illustrate the obtained results above. Consider the
following second-order nonlinear system with @
Cu) of the form Eq. (2) and ;s a, being un-
known parameters.

X1 — X
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izzalmwmqmzn@(u)

PCuw))=Ch+ |sin(5w)|Du h=0.6

where the real value of unknown parameters are
a;=0.5 a,=1

and their boundaries are

alm:4.5
A min — —-1.5

azm:7.5
Aorin — —-1.5

Let the desired eigenvalue be selected as A =
2, the sliding surface is selected as

S=¢+2e

The control objective is to make x tracking
x,;» here a step function with amplitude equal to
1 adopted as the desired trajectory xiq. Then e
=z~ x;=1—2,CV =0 and the control
law of the closed-loop system can be calculated
according to the method presented

Sb
8o+ 0l el

gp(x,t):

1.5

X,

0.5

4 6
T'(sec)

Fig.1 'liracking performance of state x,

A
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Fig.3 Identification result of o
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1 - x5 -
0.6 [ _sz_a101+—|zxz|_azoxl(1_x2)‘ +
x3
6 m +9l (1 —2,)] [+ e

where € is a small positive constant.
By selecting I" as a 2 X 2 identity matrix,
then the identifier can be constructed as

&1:1+|x2|w a1(0)215
ézle(l_xz)w &2(0):30
2
- x
w= —2x2—a11+4|212|—

arx1(1— 250 — &)

When the closed system is not in the sliding
surfaces w7 u,. Howevers the controller can
bring the system to the sliding surface, and make
u = uy. Therefore; u can be used to replace u,,
in the above equation.

The simulation results are given in Figs. 1-5.
Fig. 1 shows the tracking performance and Fig. 2
shows the phase plane between e and ¢ under the

0.5

0.8 i

Fig.2 Phase plane between ¢ and ¢

4 6
T {sec)

Fig.4 Identification result of a,
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I I*"

Fig.5 'The control input of the closed system

proposed SMC. Fig. 3 and 4 show the identifica-
tion results of the unknown parameters a and a;
respectively. The control input of the closed sys-
tem is shown in Fig. 5. The simulation results
showed that the proposed SMC and SM-based i-
dentifier work well for the parameter uncertain
nonlinear dynamic system with nonlinear input.

CONCLUSIONS

A novel SM-based identification method has
been developed to deal with the parameter identi-
fication problem of parameter uncertain nonlinear
dynamic system with nonlinear input. With the
proposed control method, the global stability of
SMC for the closed-loop system is guaranteed.
The convergence of the parameters identifier is
attained by Lyapunov theory. The validity of the
proposed algorithm is confirmed through a nu-

merical simulation example.
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