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Observer with Multiple Sliding Modes for a Class of Nonlinear
Uncertain Systems

K. C. Veluvolu! ¥ | Y. C. Soh! *, W. Cao!, and Z. Y. Liu?

Abstract—Sliding mode observer design for a class of
nonlinear uncertain systems is systematically developed in
this paper. The observer is designed under less conservative
conditions than existing sliding mode observers that are based
on equivalent control concept. A methodology to select suitable
transformation is formulated, and it divides the original system
into three interconnected subsystems. Multiple sliding modes
are then introduced to compensate for multiple disturbance
terms in the subsystems by appending them to constant gain
observer. The conditions for asymptotic stability of estima-
tion error dynamics have been derived based on Lipschitz
assumptions for nonlinear functions by standard Lyapunov
analysis. Finally, simulation results are given to demonstrate
the effectiveness of the proposed method.

I. INTRODUCTION

Over the last decade, state estimation of nonlinear sys-
tems has been an active field of research [1], [2], [3],
[4], [5], [6], [7]. The sliding mode approach is a well
established method for handling disturbances and modelling
uncertainties through sliding surface design and the equiva-
lent control concept [4], [8], [9], [10]. Indeed, sliding mode
observer (SMO) has been developed to robustly estimate
the system states in the presence of uncertainties. In [5]
the SMO design for linear systems is presented while [11]
derived sliding mode observer by appending a switching
term to a constant gain observer.

The equivalent control method for designing observer
was adopted in [9] and was later extended to SISO nonlinear
systems in [12]. Based on the idea in [13], an SMO
was designed for general class of systems in [6] based
on equivalent control method. However, one is required
to filter the discontinuous estimation signal of the SMO
to approximate the equivalent control [6]. In order to
estimate the equivalent control, [6] imposed conservative
assumptions on the structure of the system, i.e., the other
parallel subsystem states appear only in the last equation
of each subsystem. In this paper, we consider more general
class of nonlinear systems than those considered in [6]. We
remove the involutive conditions for disturbance vectors and
design the observer based on a structural assumption in the
transformed space. We introduce multiple sliding modes in
order to handle multiple disturbances.
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II. PRELIMINARIES

Here we consider nonlinear systems that can be repre-
sented by the form

x =f(x) + G(x,u) + ZZL pi(x)d;(x, u,t)
y1 = hi(x) 0

Yo = he (X)

in which x € M, a C° connected manifold of dimension
n, £(x), G(x,u), P(x) = [p1(x), -, Ppm(x)] are smooth
vector fields on M, and h;(x),i = 1,---,c are smooth
functions from M to R. The disturbance vector is repre-
sented as d(x,t) = [dy,--,dy,]. The function d;(x,u,t)
denotes uncertainties and disturbances in the system, we
assume d;(x,u,t) to be bounded.

A. Nonlinear Transformation

By selecting r; — 1 terms, (where 7; stands for relative
degree of y; output) instead of r; terms in the traditional
nonlinear transformation, we can avoid the disturbance
inguts in the transformed space that normally appear in the
r} differentiation. A class of transformed subsystems that
is not observable w.r.t. the unknown inputs is then obtained,
and this is desired. The selection procedure is itemized as
follows:

Step: 1 Assume there are s outputs that have relative
degree > 2. The outputs are re-arranged such that the first
s outputs have 7; > 2. We set

T
6= Wit Lehsx) - P70 | @

forall j=1,---,s.

Step: 2 From the above step, let [ = Z;Zl(rj - 1)+
(¢ —s). If | < n, we choose all the outputs with relative
degree r; = 2 and some of the remaining outputs with the
relative degree r; = 1. Suppose that we have a — s such
outputs ysy1,-- -, Ya, We represent them as

By = [ hss1(x) ha(x) " 3)

Step: 3 The remaining outputs are used to complete the
transformation via

Gu, = | hix) Lehi(x)

forte=a+1,---,cand j =1,---,q, where ¢ = c—a. The
selection of outputs and the value of k; are done such that
the transformation holds. That is, the outputs with relative
degree one are shared between steps 2 and 3 so as to form
n functions for the transformation.

T
L | @
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Our transformation matrix is thus given by

T

< T T T T T T

x = [of of - ol ol oL, - ol |
= P(x) 5

The transformed coordinates are repre-
ted S _ [ i i 7 ]T

sente as  X; = i xh Tn_1 | s

oyt w; w, w; oyl

Xawg = [ T1°  To? Tyls ] s X, =
w5 wj 5 ~ ~

{ 1’ g Ty, } , where X; = ¢, Xy, = @,

and x,, = ¢wj, for i = 1,---;s, for j = 1,---,¢q

T % o D P < T
Let x, = [x],--,xT], %y = {xwl, ,qu}, then
T
o _ [T T T
X = [Xz ’Xwo?xw]

System (1) can be transformed into the new coordinates
with the transformation in (5) as

_ [&I’(x)]x
ox
= [gf ce X,

T

%, %, - %, | ©
The system (1) can be transformed into the new coordinates
with the help of the above formulation so that we have three
classes of subsystems.

Class A: The coordinates under the transformation
¢, -, @, have the following structure. The disturbance in-
puts are completely decoupled in the subsystems described
below.

i = zh+Bi(xu)
x.fq;—2 = xiz—1+ﬁii—2(i,u)
T = (%) + 61 (Xu)
Yy = ] (7)

i (% _ 3(L§’1h71)G & (% o
where §;(%,u) = —5—G( (X),u) and «;(X) =
Ly 'hy(®7'(x)), for all j = 1,---,7; — 1 and for all
i =1,---,s. From the above, it is clear that the unknown
disturbance inputs do not appear and so the observer can
be designed for these subsystems by existing techniques.
Class B: For the subsystem under the transformation ¢, ,
the disturbance terms exist, and has the following structure

jj;'ﬂo = (pi(i7u>+7i(i>d)
y = i ®)

where ¢;(%,u) = Lehj(®@ 1K) + 24G(®71(%),w),

(%, d) = 3700 Lp,hy (@7 (X))do, for i =1, (a = s)
and 7 = s+ 1,---,a. The state of the above subsystems is
measurable in the form of output and so the observer design
problem can be handled with ease.

Class C: For the subsystems under the transformation

D5 Py, the following structure can be obtained

oy = @y (k) +67(%d)

iy = wy) by (Xu) + &7 (%,d)

b= o (X)) (RXu) + €7 (%, d)

Yo, = o )
where o, (%) = Lhi(@7N(R). p(%u)
= Zg@e'®)w).  ad  gY(xd) =
Z:;n:l LP1JL7éhJ((I.71(§())dU fOl" j = 17"‘,(]’ and
i=1,---,k;.

Assumption 1: There is atleast one output with relative
degree equal to one w.r.t. unknown inputs.
Assumption 2: The mapping ®(x) is a diffeomorphism.

Both the Jacobian matrix afl;(cx) and the inverse Jacobian
[Pt .
matrix % exist.
X

Assumption 3: The known functions f(x), G(x) and
pi(x) are bounded with respect to their arguments. The
inputs of the nonlinear system (1) are bounded for some
upper bounds. Further, the system (1) is Bounded-Input-
Bounded-States (BIBS) stable.

III. OBSERVER DESIGN IN TRANSFORMED SPACE

In this section, the observer designs for subsystems of
Class B and Class C are discussed. The subsystems under
Class A have the general form without disturbance inputs
and the existing design techniques can be used for the de-
sign of observer based on some structural assumptions that
ensure asymptotical convergence of the estimator similar to
those employed in [6].

We define the estimation residual or error e =
[ e1 eg en ]T ase = x—%. In the analysis of each
class of subsystems, the error dynamics will be represented
with their corresponding superscripts (or) subscripts.

A

A. Sliding Mode Observer design for Class B subsystems

For the transferred Class B subsystem the observer can
be designed as follows:

L Wo wo

€Ty = Qﬁi(i’ u) + liﬂﬂo (yj - i‘z )

+piwosign(y; — 77°) (10)

fori=1,---,(a—s),j=s+1,---,a. By proper selection
of sliding mode gain p; ,,,, we can ensure the asymptotic
convergence of the above estimator. The following Lemma
1 shows that the estimation error can converge asymptoti-
cally if we select the following sliding surface:

wo __ LwWo
e’ =1,

0= Y

Lemma 1: The subsystem described by (8) with sliding
mode estimator of the form (10) ensures that the sliding
surface e;"® = 0 can be reached and maintained provided
that the gain satisfies

— T

Piwe > SUP |L101():(7 ’LL) — ¥ (5&7 ’U,) - 71(5(7 d)‘ (12)
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and I, >0 foralli=1,---,(a—s).
Proof: With the help of error dynamics obtained from
(8) and (10), and by choosing the Lyapunov function V; =

£ (e;)?, the result can be proven readily. [ |
B. Sliding Mode Observer design for Class C subsystems

Subsystems described by (9) can be re-written in the
following form:

{ )L(w]’ - ij iw]‘ + I‘l'wj (i7 u) + £w]’ (5(’ d)

— Wi %
Yw; =T1° = ijij

13)

where for all ] = 1, ceeq. ij _ |: 0 z:)(kj—l)X(k?j—l) :|,
1x(k;)

Cu,=[1 0 0 | and
IJ’wj (X7 u) = |: 'ulJ IuQJ Qu; +'ukJJ i|
Z'U 1 vah (Q (X))dv
N Zv:l vath (‘I) (i))dv
ij (X7 d) = :
S L L by (87 ),

For the analysis of subsystem x,,;, structural assumptions
will be imposed in order to guarantee the convergence
properties of each subsystem. All subsystems converge to
the actual states one by one in a sequential fashion. The
convergence of X,,; subsystem depends on the convergence
of iz,iwo,iwl,'~,5<wj_1 subsystems. Once all the sub-
systems converged, the X,,; subsystem will converge to the
actual states asymptotically.
Assumption 4: The transferred system (13) satisfies:

Wi
(xl a$2 7XwJaXZ7Xwo7u)
w w;

w;j w;j
- A Ha (1’1 o a*xg vxw,axzaxwmu)
Koy (X7u) = .
w4 w4 wj wi; = ~ ~
/.ij X1, Ty 7...’xkj7ij,xz,xw0,u
where X, {xwl,xw27~--,xw]._1}. Xuw, Xz, Xy, are

regarded as inputs to the subsystem under consideration.
Then according to [2], the X,,; subsystem is uniformly
observable for all inputs X, X, Xy, and u.

The above assumption ensures uniform observability for any
input. The following Assumption is the key requirement in

the development of sliding mode observer.
Assumption 5: Each €, (X,d) of (14) in Class C sub-
systems of (9) has the followmg structure:

€., (%.d)
= Zoy,(R)duy (X, u,d) + -+ + Zl (R)du;_, (X, u,d)
+2Z1,, (R)dw, (%, u,d) (14)

where, Zfﬂj (x) are the distribution vectors defined by
=i e T ... . S0 e
Z,, (x) = [0 >x<T - % ]7if i # j and Z,,(x) =
[ ¥ ok * ] if ¢ = j with ‘x’ represents an element
that may be zero or finite, ‘*’ is a non-zero element.

From the above structure, it is clear that the output
is influenced by a single disturbance in the transformed

domain. This structure is instrumental for the development
of SMO for the case of multiple disturbance terms.

The main idea is to use a robust term for each output
that contains the disturbance measurement. Therefore, we
have multiple robust terms to compensate for multiple
disturbance inputs, i.e. we have multiple sliding modes in
a single subsystem.

Assumption 6: All the distribution vectors quj (%) of
€.,,(X,d) in (14) have the following structure:
Zzuj (i) = Zzuj (iwj)iwj7i27iw0) (15)

where X, = {Xuw,, Xuw,, *+,Xu,;_, } is as defined earlier.
Assumption 7: The distribution vector Z?, ,(X) and the
function p,,,, (X,u) are L1psch1tz1an w.r.t. the argument X

forallz—l -,jand 5 =1,-

1) Observer Design: Based on Assumptlons 4 -7, the
Class C subsystems can be represented in the following
form:

ij = Ay, Xu; + Ho, (%X, u +ZZI d~

i=1

(X, u,d)  (16)

For the subsystem (13) satisfying Assumptions 4 - 7, an
observer of the following form can be designed to estimate
the states:

55(wj = AU’J XwJ + l‘l’w (X u) + LwJ (wa w])
+ Z Z;,,(X)uy (1) (17)
i=1
where
wj wj w4 w 4 T
L,, = [ Ll by ) (18)
l;”ﬂ g7 l;fj 117 > 0, are properly chosen estimation
gains such that the e1genva1ues of Ay, —Ly,C,, are stable,
and there exists a positive symmetric matrix Qu, = 5]_ >
0 satisfying
(ij = Lo, ij)T Qu; + Qu; (Aw] - LwJ'ij) =-109

Here ui(t) is a scalar-valued robust term given by the
sliding mode estimation. A similar design for robust term
was adopted in [4] and [7] for continuous and discrete-time
sliding mode observer design for SISO nonlinear systems.
It is given by

w; Pw; . w;
) = ——u= ; : 20
u'r‘ ( ) Zivl (X) sign (y ( xl ) ( )
forall ¢ = 1,---,j, where 2" (X) # 0 V x is the first
element in the column matrix correspondmg to disturbance

vector of dy, (X,u,d) in (14) of each subsystem in Class
C. uyi(t) corresponds to output y,, that only includes

dy,(X,u,d) in its measurement. Now, we can obtain the
error dynamics from (17) and (13) as

éwj = (ij - ij ij) ewj + I'ij (;&7 u) - :u‘wj (5(7 ’LL)
J

30 (2, Gur (1) —

i=1

Z,,,(®)dw, (%,u,d)) 1)
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where M,,, = (ij —ijij), and here u;’* is in-
troduced to increase the robustness of the system and to
handle the uncertainties. Clearly, multiple robust terms are
required to handle the multiple disturbances or unknown
inputs present in the system.

2) Convergence Analysis:

Lemma 2: For the subsystem (9) satisfying Assumptions
1-5 , the estimator (17), can ensure that x and e, are all
bounded provided that

—1

1
/\max(ij) < 5 (22)

J
ll“l‘j + Z ZZZJ bﬁ?]

for some Lipschitz constants [y , l%j and some upper bound
b J

Pi ~ .
Proof: Based on Assumption 7, Wy, (x,u), 22, (X)

P, (X, )’ <

are Lipschitzian such that H Ho, (X, 0) —
H < l"Z]_||e||. Since

ulle]l. and HZ% (%) —
217 (X) # 0, VX, then p;”(b) < b,, for some upper

bound b,,, and also we have |dw7( u,d)| < d,.
Therefore based on Assumption 7 we have

HZ [(fw (x,u,d) fu“’i] H < bl (CZ’ +b,,) for some
upper bound b7 . By choosing Lyapunov function candidate

w j

as V = e Qw ey, and differentiating w.r.t. time, and
using (21) and the above results, We can easily show
V< —llew, |I® + 2Amaz (Quy) 25y b7, (di + bp,)lew, |l
2 macllew, 1(Quy) [, + 30, 15, m] lew I As the
states in Class A and Class B subsystems converge
to actual states asymptotically, we have X, = %, and
X Xuwy- AlSO Xy, -+, Xy,_, subsystem states
converge to actual states in a sequential fashion. Based on

X’wo =

Assumptions 4 - 7, we eventually have |e]| = llew, || for
subsystem w; provided all the states up to w;_; subsystems
track the actual trajectories. Hence we finally have
V"< —lew, | * 2 mae (Quy) (I, + D1, Uz, be. ] llew, |
+ 2Xmaz(Qu;) blj(di + bp;)llew,||. The estimation
gain L,,; should be designed such that the condition (22)
is satisfied. Hence e,,, is bounded. Since x,,; is bounded,
fcwi is also bounded. |

Although the estimation error is bounded, the main
purpose of u”* in (17) is to improve estimation accuracy.
We adopted two steps to improve accuracy by sliding mode
estimation:

1) Define the following sliding surfaces,

wi __
€ =

(23)
for all # = 1,---7, and design the sliding mode
estimation as (20) to reach and maintain the sliding
mode.

2) Ensure the estimation error e,,; goes to zero in the
sliding surface of e} = 0 after all ey, -, ey,
convergence to zero sequentially.

The following Lemma 3 and Theorem 1 ensure the
asymptotical convergence of the estimator.

Lemma 3: For the subsystem (9) satisfying Assumptions
1-5 and the estimator (17), the sliding mode estimation
(20) ensures that the sliding surfaces (23) can be reached
and maintained provided the gain satisfies

pu, > sup [T ()] (24)

and [17 > 0, where Y(t) = ey” (t) — 2,7 (X) ij (X,u,d) +
7 (%) — i (%, ).

Proof: It can be proven with ease by the dynamics
of equ of the error dynamics e, from (21) together with
Lyapunov function Vj, = 3 (e” )2. |

Now, we need to check the convergence of other state
variables. Since the estimator design (17) using the robust
term (20) ensures the sliding mode, we only need to
examine the the convergence of the dynamics e, during
the sliding mode.

In the sliding mode when e} = 0 and ¢}” = 0, x;‘“ =
7,7, the equivalent eontrol uy’ can be obtained from e’ of
(21) as: uty = — St 0 G G ()
for all 2 = 1,---,7 [9]. In the follow1ng analysis, the

superscript denotes the estimated x,,;-related variables in

A
ij,d =

the sliding mode, i.e., efuj =
~d _
X, — X,

substltutmg the above equivalent control into (21) we
have the estimation error dynamics in the sliding mode of

7 =0,

‘31,d eQ,d

I(t) (25)

t)+
l"/w (5:( ) - u/wj (5(7 'LL) +
I'(t) =

J
P i e | ek (1) Gow)—p"? (%))
i=1 ij (x) Z;Ui (5'() + "“i (5"&) +
17, (%) {Zl E ; - 1] duw,; (X,u,d). All the subsystems

Xz Xdy Xwy ', Xw;_, track the actual trajectories. Based
on the structural Assumptions 4 - 7 we can see that the

equilibrium point of error dynamics (25) is eﬁ,j =0, ie.,
~d :
Xy, = Koy

The feedback gain L, is designed such that

(A w; — L, Cy j) is a stable matrix. See Remark 1. The
following theorem further examines the condition for the
asymptotical stability of the estimator error.

Theorem 1: For the subsystem (9) satisfying Assump-
tions 1-7 and the estimator (17), the sliding mode gain (20)
ensures that the estimation error is asymptotically stable in
the sliding mode e?i = 0 provided the gain L, satisfies
(19), (22) and

)\maz(ij )

-1

< 3 [zu +Z[zz bu, + by, by [1+1 +l;l‘]]](26)

ly . U, 1

>z

for some Lipschitz constants lﬂj’ and some

upper bounds b,,., blZ ba, Jj .
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Proof: Since e¥*, % and d,,, are bounded, ugi < by,
for some upper bound b,,. Similar to the analysis in
Lemma 2 and from Assumption 7, 11,7, 2, are Lipschitz,

o [ G- wan) ||| -
hence we have ||Z;, (%) L;)i o T TR <
i i 5i =y | F () 5
by, 0o [14+6] el ||2, ) [ 38 — 1] du R @) <
by b1 x I, x die|, for some Lipschitz constants
A
lj, 11, and upper bound b.. Now, we choose a

J
_ T

Lyapunov function as V,” = (efuj) Qu,ef,, and

similar to the proof of Lemma 2 we can obtain in

the sliding surface of e}’ = 0, V" < —lled,; II> +

2ma (Quy) Uy + D01, |l bus + 05 b [140 + 1,4
X ||e;ij |I>. Hence condition (26) guaranteles the asymptotical
convergence of the robust estimator (17). |
Remark 1: Design of Gain L,,,- The methods of [14]
and [15] provide some insights about the distance to unob-
servability and the selection of the condition number that
gives better stability. In the design, we need to calculate
the Lipschitz constants and bounds for the function in the
transformed space. Then, we need to design the observer
such that the distance to unobservability of linear matrix
ij — ij ij is greater than the Lipschitz constants and
bounded functions (right hand side of inequalities in (22)
and (26)), together with the Lyapunov condition (19) in
order to achieve stability for each subsystem.

IV. OBSERVER IN THE ORIGINAL SPACE

We need to produce the estimation of the original
system. Under 1the Assumption 2, using (6), we have
oP(x)]~

ox
in the transformed space described by (10) and (17), by

means of inverse transformation,. we can obtain the ob-
server in the original space as x = f(X) + G(x,u) +

oP(x)] ! .
[7] Lirans, where Lygqns matrix stands for the

X. Similarly, for the combined observer

ox _
observer Eﬁf{ns together with feedback terms designed in the

transformed space. Ly, 4, s matrix constitutes the correction
terms from all the subsystems and is given as follows:
Lirans = [L1(y1 —hi(z)), -, Ls(ys — hs(z)), 11wy (Ys+1 *x;UU)JF
PLuwoSign(Ws+1—21°), , la,wo (Ya 71'?;075))+p(a75),w05ign(ya —
5’31(1,;0_3))7Lw1 (Yat1 — xqul) + Zzlulu}"ulf"vaq (Ye — Iiuq) +
Yo Zi, w]T where terms Ly (y1 — hi()), -+, Ls(ys —
hs(x)) correspond to feedback terms of Class A subsys-
tems.

V. ILLUSTRATIVE EXAMPLE
We consider the following nonlinear system.

x2 —x1Uul 0 1 d

X = sinzy — 2x2x3 + ToU2 + 1 1 |: dl :| 27)
2x9 — 2a:§ ug 1 0 2

The output functions are y; = hi(x) = z1 and yp =

ha(x) = x3. u1, us are known inputs whereas d; and ds
are unknown inputs to the system, and they can be regarded
as the disturbances to the system.

Actual X, and Estimated X,

- - - Actual X,
— Estimated x
1.8 1H
1.6 .
1.4 4
/
1
1.2f .
!
1
1 L
0.8 : g i
%% 2 3 4 5
Time (Seconds)
Fig. 1. 1 and 21
Actual X, and Estimated X,
6 T
- - - Actual X,

— Estimated X, |

2 3
Time (Seconds)

Fig. 2. x2 and 22

A. Design of Proposed Observer

Both the outputs have relative degree equal to one and
both the subsystems under transformation belong to Class
C. For the subsystem under hq(x) we select k; = 1, and
therefore ko = 2. We may also choose k; = 2 and ky = 1.

Transformation exists for both cases.

The transformation for change of co-ordinates is selected
as o' = xz1; )? = w3; 75?=Lgha(x) = 279 — 223. The
transformation matrix together with Jacobian and inverse
Jacobian of transformation matrix can be formulated as

[ 21222333 ] 7 [Ma’f)} - [
[aé(z)}*l _ [
ox

System (27) under the new coordinates can be expressed
as follows:

O O
N OO
I

—

5 o
w
I

[N
[\
] O
w
=)
OTO
| I

zy? +2(21?)?

1-,71111 = B) — m11u1 (751 + d2
= e &)+ dy
Ty wy?(X,u) + [2 — 421?|dy + 2dy (28)
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Actual Xy and Estimated Xy
8 T T T

- - - Actual Xy
— Estimated x5 H

% 1 2 3 7 5
Time (Seconds)
Fig. 3. x3 and 23
where p72 (X, u) = ug and pg? (X, u) = 2[sin(z]*) —xy? +

2(x12)22)?) — dx?ad? + (282 + 2(212)? — 427 ug. In
the transformed co-ordinates the observer design is done
separately for two subsystems under Class C. Choose the
proper estimation gain [} and sliding mode gain p,,.
The sliding mode estimate for first equation of Class C
subsystem can be designed according to (17) as follows:

. wy AW2 2 AW2\2
b= IR v -7
+pwlsign(yw1 - ‘%1101) (29)

For the last two equations of x,,, subsystem, observer
can be designed according to (17). The system satisfies
Assumption 5. By choosing proper estimation gain L,,, =
[1%2,1%2]" and the sliding mode gain p,,,, the sliding mode
observer for the above subsystem can be designed according

to (17) as

LW ~wo wo (X w2

T _ 2 By 2 (%, u) [l } _ awa
] = DT R | [ T

1 . .
+ [ 2 — 4312 } P Sign(yw, — 777)
0 . ~wq
+ 2 Pwq Slgn(ywl — &y )

By means of inverse transformation, the observer can be
transformed back to original space as follows:

e

T2 —Z1u1
= Sil’l(il) — a123T2 + Touo
289 — 242 ug
0B (x)] !
+ |: ( )] Lt'rans (30)
Ox X=X

Where LtT‘anS = [l’fjl (ywl — 331) + Pwq Sign(yw1 - il)’ 171112 (yw2 -
£3)+ pun SIgN (Yo —23), 152 (Yup —33)+ (2 — 4872 ) pu, sign(yu, —
£3) + 2pw; sign(yw, —21)]7.

B. Simulation Results

The following values are chosen for simulation: u; = 0.8,
ug = 1.2. The initiaTl conditions for plant an% estimator are
xo=[1 2 3] and%,=[2 6 8] respectively.

)

The unknown input d; is selected to be a square wave of
amplitude 1.5 and period 27, whereas dy = 3 x cos(3mt).
For the case where both disturbances are present, the
following values are chosen for simulation. The estimation
gains are [} 1.2, I7? = 1.2, and [3* 1.4. The
sliding mode gains are chosen to be p,, = pw, = 4.5.
The maximum eigenvalue of Q,,, the solution of (19), is
1.58, hence the right hand side of inequalities in (22) and
(26) must be less than 0.63 in order to ensure convergence.
Fig. 1 - Fig. 3 show the tracking performance when both
disturbances are present. States which are measured quickly
track the actual trajectories, whereas the robust estimate
x9 converges to the actual trajectory after both x; and x3
converge in the sliding mode of e} = 0 and e]”> = 0. For
the last equation of subsystem in Class C, we have multiple
sliding modes where x5 overcomes the uncertainties in the
system and track the actual trajectory as shown in Fig. 2.

REFERENCES

[1] B. L. Walcott, M. J. Corless, and S. H. Zak, “Comparative study
of non-linear state-observation techniques,” International Journal of
Control, vol. 45, no. 6, pp. 2109-2132, 1987.

J. P. Gauthier and I. A. K. Kupka, “Observability and observers for
nonlinear systems,” SIAM Journal on Control and Optimization, vol.
32, no. 4, pp. 975-994, 1994.

E. A. Misawa and J. K Hedrick, ‘“Nonlinear observers- a state-of-the-
art survey,” Transactions of the ASME-Journal of Dynamic Systems,
Measurement, and Control, vol. 111, pp. 344-352, 1989.

W. Cao, Y. C. Soh, and K. C. Veluvolu, “An integrated nonlinear
observer with sliding mode estimation for a class of nonlinear
uncertain systems,” in Proceedings of the 42nd IEEE Conference
on Decision and Control, Hawaii, USA, 2003, pp. 5741-5746.

A. S. L. Zinober, (Ed.) Lecture Notes in Control and Information
sciences, variable structure and Lyapunov control, Springer-Verlag,
London, 1994.

Y. Xiong and M. Saif, “Sliding mode observer for nonlinear uncertain
systems,” IEEE Transactions on Automatic Control, vol. 46, no. 12,
pp. 2012-2017, 2001.

K. C. Veluvolu, Y. C. Soh, and W. Cao, “Discrete-time sliding
mode observers for a class of siso nonlinear uncertain systems,”
in Proceedings of the 16th IFAC World Congress, Prague, Czech
Republic, 2005, accepted.

J. J. E. Slotine and W. P. Li, Applied nonlinear control, Prentice-Hall
International, Englewood Cliffs, New Jersey, 1991.

V. 1. Utkin, Sliding modes in control and optimizations, Springer-
Verlag, Berlin, Germany, 1992.

K. D. Young, V. I. Utkin, and U. Ozguner, “A control engineer’s
guide to sliding mode control,” IEEE Transactions on Control System
Technology, vol. 7, no. 3, pp. 328-342, 1999.

G. B. Wang, S. S. Peng, and H. P. Huang, “A sliding observer for
nonlinear process control,” Chemical Engineering Science, vol. 52,
no. 5, pp. 787-805, 1997.

S. Drakunov and V. Utkin, “Sliding mode observers. tutorial,” in
Proceedings of the 34th IEEE Conference on Decision and Control,
New Orleans, LA, 1995, pp. 3376-3378.

J. P. Barbot, T. Boukhobza, and M. Djemai, “Sliding mode observer
for triangular input form,” in Proceedings of the 35th IEEE Confer-
ence on Decision and Control, Kobe, Japan, 1996, pp. 1489-1490.
R. Rajamani and Y. M. Cho, “Existence and design of observers for
nonlinear systems: relation to distance to unobservability,” Interna-
tional Journal of Control, vol. 69, no. 5, pp. 717-731, 1998.

A.J. Koshkouei and A. S. I. Zinober, “Sliding mode state observation
for non-linear systems,” International Journal of Control, vol. 77,
no. 2, pp. 118-127, 2004.

[2]

[3]

[4]

[5]

[8]
[9]
(10]

(11]

[12]

[13]

[14]

[15]

2450



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ArialNarrow-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-Oblique
    /Times-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


