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Abstract — Time delays and external
disturbances are unavoidable in many practical
control applications,  e.g., in robotics,
manufacturing, and process control and it is often a
source of instability or oscillations, see, e.g., [1,2]
and the references therein. Therefore, the design of
control and observation schemes has been an
interesting problem for dynamical systems to
compensate for time delays [3] and to estimate
external disturbances [4]. To enhance robustness,
the sliding mode control methodology has been
recognised as an effective strategy for uncertain
systems, see, e.g., and references therein. In this
context, there have been considerable efforts
devoted to the problem of sliding mode control
design for uncertain systems with matched
disturbances, see, e.g., [5,6] and references therein.
However, when the matching conditions for
disturbances are not satisfied, their effects can be
only partially rejected in the sliding mode.
Therefore, the control design for this case remains a
challenging problem.

For a class of linear systems with time-varying
delay and unmatched disturbances, a sliding-mode
control strategy was developed in and sufficient
conditions were derived in terms of linear matrix
inequalities (LMIs) to guarantee that the state
trajectories of the system converge towards a ball
with a pre-specified convergence rate. By using the
invariant ellipsoid method, another sliding mode
control design algorithm was proposed for a class
of linear quasi-Lipschitz disturbed system to
minimise the effects of unmatched disturbances to
system motions in the sliding mode . Later, by
combining the predictor-based sliding mode control
with the invariant ellipsoid method, an improved
result was reported to take into account also time
delay in the control input [10]. Recently, a
disturbance observer-based sliding mode control
was presented in where mismatched uncertainties
were considered.

Keywords — Quasi-Sliding, Model Control, Time-
Delay Systems, Lyapunov Functionals.

I. INTRODUCTION

Owing to advantages of digital technology,
there has been increasing attention paid to the
discrete-time sliding mode control. In [12], the
quasi-sliding mode control and the associated quasi-
sliding mode band (QSMB) and reaching law were

introduced for single input discrete systems.
Another quasi-sliding mode control design
algorithm was reported in [11], adopting a different
reaching law. A discrete-time sliding mode
controller was synthesised to drive the system state
trajectories into a small bounded region for a class
of linear multi-input systems with matching
perturbations [13]. A robust quasi-sliding mode
control strategy was proposed in [61] for uncertain
systems using multirate output feedback. In , a
predictor-based sliding mode control law was used
to deal with discrete-time uncertain systems subject
also to an input delay. In , a sufficient condition for
the existence of stable sliding surfaces, depending
on the lower and upper delay bounds, was derived in
terms of LMIs. Recently, some improved results for
this problem have been reported in [7,8,9].

In the framework of discrete-time sliding mode
control, the problem of compensation for time-
varying delay and rejection of the unmatched
disturbance effects has not received much attention
and so it will be addressed in this chapter. Here, by
using the L-K method, in combination with the
reciprocally convex approach, sufficient conditions
for the existence of a stable sliding surface are
derived in terms of LMIs. Moreover, these
conditions guarantee that the effects of interval
time-varying delay and unmatched disturbances are
mitigated, and the induced sliding dynamics are
exponentially convergent within a ball with a radius
to be minimised. A robust discrete-time quasi-
sliding mode is then synthesised to drive the state
trajectories of the closed-loop system towards the
prescribed sliding surface and remain in this ball
after a finite time.

The paper is organized as follows. After the
introduction, presents the system definition and
some preliminaries. The main results are included.
The effectiveness of the proposed control approach
is illustrated through numerical examples. Finally,
concludes of the paper

Il. PROBLEM STATEMENT AND PRELIMINARIES

Consider a class of linear discrete-time uncertain
systems described in the following form
x(k + 1) = Ax(k) + Adx(k — 7(k)) + Bu(k) + Do(k),

x(k) = o(k), k € Z[-—M,0],
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where x(k) € Rn and u(k) € Rm are, respectively,
the system state vector and the control input.
Matrices A,Ad,B and D are constant, with
appropriate dimensions, where rank(B) = m < n. The
initial function of system, o(k),k € Z[—tM,0], has its
norm given by

- =max{||¢(k)| : k € Z[—7ar, 0]},

|8

The delay 1(k) is time-varying delay in the
whole process and satisfying

0 <wm < 1(k) <M,

where Tm and ™™ satisfying tm < ™™, are known
positive integers representing, respectively, the
minimum and maximum delay bounds. The
unmatched external disturbance w(k) € Rp is
assumed to be bounded, i.e., for any k > 0,

w' (k)w(k) <w?, Vk>0

where op is a positive scalar.
It can be shown that if B is a full-column rank
matrix, i.e., rank(B) = m, there exists a non-
singular transformation matrix T which can always

0

1B =

By
be chosen such that ,
where B2 € Rmxm is a non-singular matrix
[71]. With z(k) = Tx(Kk),
system can be transformed into the
following regular form:

z(k + 1) = Az(k) + Adz(k — t(k)) + Bu(k) + Do(k))

where
:T‘/‘llﬁ_1 = All 2 Ed — TAdT_] A’J’H ."1(”'2
Ay Ay Ao A
0| _ D,
=TB = D=TD=
BQ DQ
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Now, by partitioning z(k) = [z1(k) z2(K)]T ,
where z1(k) € Rn—m and z2(k) € Rm, the dynamics
of system

can be described by

z(k4+1) =

o

ol

(Auzi(k) + Aquzi(t — 7(R))) + Drw(k),

1

z(k+1) =

(Anzi(k) + A (t — 7(K))) + Bou(k) + Dywo(k))

The main purpose is first to derive sufficient
conditions for the existence of a stable sliding
surface such that in the induced sliding dynamics,
the effects of time-varying delay and unmatched
disturbances can be mitigated. These conditions also
guarantee that all the state trajectories are
exponentially convergent to a ball whose radius can
be minimised. Finally, a discrete-time quasi-sliding
mode controller is proposed to drive the system state
trajectories to the quasi-sliding mode.

111.ROBUST QUASI-SLIDING MODE CONTROL
DESIGN

A. Sliding function design

The sliding function for system is proposed as
follows,

s(k)=Cz(k)=[-C  TJz(k) = —Czl(k) + z2(k),

where C € Rmx(n—m) is a constant matrix to be
designed. In the induced sliding mode, we have s(k)
= 0 so that z2(k) = Cz1(k). The reduced-order
sliding motion can thus be obtained as

z1(k + 1) = [Al1l + A12C]z1(k) + [Ad11l +
Ad12C]zl1(k — t(k)) + D1w(k).

Note that the sliding surface design is now
equivalent to the stabilisation problem for system
(A11,A12,Ad11,Ad12) where (A11,A12) and
(Ad11,Ad12) are assumed to be controllable.
Reduced-order system will be stabilised by choosing
an appropriate matrix C. Due to the presence of the
unmatched disturbances o(k), in general, the
asymptotic convergence of state trajectories of
system cannot be achieved. In that case, instead of
investigating asymptotic stability of the system, we
consider the system state convergence within the
neighborhood of the equilibrium point. However,
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the shape of such a neighborhood is, in general, very
complex and hard to determine exactly. Hence, the
estimation of outer or inner bounding simple convex
shapes as balls or ellipsoids or boxes will be
considered. This is formalised in term of the
existence problem, which must be solved to
determine the switching surface.

In the following, for the sake of simplicity, we
denote el = [In-m O(m—m)x8(n—m)], ei =
[0(n—m)x(i—1)(n—m) In—m O(n—m)*(9—i)(n—m)], i
= 23,..,8, 9 = [0(n—m)x8(n—m) In—m] as entry
matrices. The following notations are specifically
used in our development. For given integers tm,T™M
satisfying 0 < tm < t™™, any scalar A, nonsingular
matrix K € R(n—m)x(n—m),F = K—1, matrices X,G,
and symmetric positive definite  matrices
P,Qj,Rj,Sj,j = 1,2 of appropriate dimensions, we
denote the following vectors.

(k) = 21 (k + 1) = 2 (k), p(k) = [T (k) FT T (k) FT)"

E(k) = [Z'{ (R)FT 27 (k= 1) FT 2T (k — (k) FT

k=1 k—Tm—1
2 (k= 7a)F" AFT D () F"
s=h—T, s=k—7(k)
k—r(k)—1 T
S T ()FT yT (k)F wf(k)} |
s=k—Tps
) k-1 ] ) k—7Tm—1 T
(k) = [:{ (WFT 3" s FT N (s)F’] .
s=k—Tm s=k—Tyy
Constants
77?1.(7_171 + ]-) (7_;’\1’ - Tm)(TJ‘u’ + Tm + 1)
'Ta = 1Tb -
2 2
- 1—a o 1—«
= o — O:Tm‘i‘] QX2 = (}IT’”-H _ 057';‘\1-4-1 !
(1—a)?
g = ;
alat®m — (14 7 )a + 7]
1—a)?
oy — (1-a)

alattme — o 4 (1 —a) (T — T)]
And Matrices

G=CKI=¢ + el B.=7,8 + (ry — ) R,

Ar = Iflllh' + "IIQG -K ﬂn—m -"'L:fllK T AdlEG U(u—m)xlln—ml -K Dl]

T 1
I = e +eg, [y = {({ r,’;} My = {E’: (e1 7(;2)7} .
Hl = [F({ {Fg —E;g]’t‘ F-::‘ (F.;g —E|)T}T.
Iy = ey = €5, 015 = (Tar = T Jer — € — 1.

Now, we are ready to present the first
theorem that gives sufficient conditions for
the existence of a stable sliding surface as
follows.

Theorem For system with given positive
integers Tm and t™ for the delay, where 0 <
tm < t™, and disturbance bound wp > 0, if
there exist scalars A and o, where o > 1, a
nonsingular matrix K = F —1, matrices X,G
and symmetric

positive-definite matrices P,Qj,Rj,Sj,j = 1,2,
of appropriate dimensions such that the
following inequalities hold

2(a) <0, )

where
Qo) =1 P, - 76! Pey + €1 Quey +a7™ €l (- Q1) ey - 7™ el ey

R
‘HchHg—ﬂlngﬁlﬂgi—ﬂgH{ :
* Hz

I+ e:ﬁ_r[rnS] 1,56y

3 A Y |
then the state trajectories of the sliding dynamics

are exponentially convergent within a ball B(0,r)
with radius

Wp

Nnin(FTPF)

Moreover, the design matrix C can be obtained explicitly as

C=GF.
Proof. Let us recall y(k) = z1(k + 1) — z1(k)
=[All + A12C — I]z1(k) + [Ad11 +

Ad12C]z1(k—1(k))+D1w(k). Consider the
following Lyapunov-Krasovskii functional

V (K) = VL(K) + V2(K) + V3(K) + V4(K),

where
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Vi(k) = 2T (k) FT PF 2 k),

k=1

k-1

Z ot k+1 T TQ f‘vl + Z o s—k+1 T TQQFZ[(V"‘)
s=k—Tpm s=k—7ps

-1 -1 —Tm=1 k-1
ZZE“AHT Hﬂ +Z ZQLALT Jﬁ}
§=—Tm U=h+s 8=—Thf v=h+s

-1 -1 k-1

Z Z Z a’” .H—l T T‘;lll“j( )
§=—Tm =8 v=k+u

—Tm=1 =1 k-

Z Z A+] ] F bJFU[ )
s=—Tp u=s v=k+u

By taking the forward difference of V1(k)
along the solutions of system, we have

V(K] = 2 (k4 DF PFy(k +1) =72 (K)FTPE (k) + (o™ - 1)V,

where z1(k + 1) = y(k) + z1(K). Therefore,
AV1(k) can be obtained of the form

Aumzﬁmﬂﬁ?n aeﬁ%km @ -1)¥,

The forward differences of V2(k) and V3(k)
along the solutions of system are obtained

as

A(K)= 4 (F" Q2 (k) + 072 (k=) F' (O - Q)P (k- )
Lo (k- F QP a(k-my) 4 (07 - 1)V,
:ETUf} eleel+o (Qg (e +a” IQQm B+ -1
(5.14)
AVy(k) = (A)Rpk)— Z a**pT (s )Ry
pls) — i_ a*FpT(8)Rap(s) + (o' — )5
and o
AV(k) =p"( }:(ﬁ*T (5)+ (07" = 1)V
s=k—Tm
k—Tm—1
Zask'f‘ ZOSAT Rgﬂ)
s=k—1yy s=k—T(k

For tm < t(k) <tM,k € Z+ and tm < rM

we have

By using Lemma 1,the following estimation
can be obtained as

k-1 k-1
i F(s
=), (s Ripls) < o Lok P21 Rix
Fay(k) = Fa(k - 7)

Yicir, Fals)
Fa(k) = Fz(k-1,)

<oy (k)T Ry I ).

Using the same argument, we also have

k—Tm—1

Z " (s)Rop(s) - 0" (5)Ryp(s)

l-w

R
— L

m Ram + TIERQT)Q],

1
amntl 1- Iﬁel

a’m — Qr(k)

om — (™ ,
b=t /.
Es:kf.—[k] F ~'1(5)

and

Thus, from Lemma 2, we have the

following
estimation i o T
s WY (ATl
> ot (s) Ropls) — a* " (s) Rap(s)
s=k—7(k) , ) 4=fAm + (ﬂgc)y](;t (M)-{-D]w :
< —ay h Ry X Th
T *  Ra| [me

Ry, X
* Rg

L& (k).

< —(12(5 ( )HI |:

Next, the difference of V4(k) along the
solutions of system is calculated as
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follows. Note that from the above notations with
AV, :yT(k)FT (1251 +78) Fy(k) + (Q*l -1V some simple computations, equation can be
L rewritten in the form of

Z Zu y" (k+v)FTS Fy(k +v) E(R) (DA + A THE(R) = 0

“tm—1 -1 Finally, we obtain

Z Za (k+v)FTSyFy(k +v).

oo AV (k) + (1 — a=1)V (k) = (1 — a=1)oT

Ey using Lemma 1, we (Kok) < ET K)Qa)4(k), VK € Z+.
ave

Z Za (k+0)F"S,Fy(k+1)

§=—Tp, V=8

Therefore, it follows from conditions and
of Theorem that

-1 -1 -1 -l
(ZZ”H) FSF(Z ZUHL) AV (1) + (1 = a=1)V (k) —

e .o (1= a-1)oT (Kok) <0
k-1 k-1
< -0y (Tmil(}i‘) Z 31(5)) FjS] (ﬁnm Z )
s=h=T s=h=Tn which yields
—yk
<~y (WIS ¢ K). V(k) <@+ V(0)e""Vk € Z*
Slmllarly, we also obtain
“Tm—l - From Lemma 3, we have
Z Z(}; (k+0)F"SyFy(k + )
$=-Ty 08 lim supV (k) <w,, keZ®
PR T k—ro0 .
<=y [(Ty = Tw)2 k) = bl T . .
S0y {(u; Tm) 1“1) Z 1(9) F5Fx Thus, by using the spectral properties of
s=k-iy symmetric  positive-definite matrix, we
k=T - obtain,
X | =m)alk) - Y. als) o L
shory Amin(F* PF) 1 2(B)|F < Tim supV (k)
T k=00 k—o0
k=Tm—1 k=r(k)-1
. . )
<oy |(ry-malh) - ). afs)- u(s)| FTSFx <@,
s=k—1(k) s=h-T)y
This means that limk—oo sup||z1(k)|| < r. Thus, the
k=T 1 k=r(k)-1 induced sliding dynamics are bounded within a ball
X | (=) (k) - Z 2(s) - Z 2(s) with radius r defined in . The proof is completed.
s=k-7(k) s=h—Ty
< —ayf ( )H Sylls€ (k). Remark 9 Note that the obtained conditions in
Theorem 22 are also not LMIs and the solution to
this problem can be found by using the method,
Moreover, for any scalar L and a non- presented in Remark 2.
singular matrix F, by using the descriptor
method, we always have the following Remark 10 As the radius of the ball B(O,r) in
equation r ==

jd
equation is” = Vs determined by where § =
Amin(FT PF), to find the possible smallest radius r,
one may proceed with a simple optimisation
process as suggested in to maximise 6 subject to 61

< FT PF, ie, to formulate the following
Wp

optimisation problem: minimise(\/g) subject to
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(a) FTPF =61

. ) and

Note that inequality FT PF > 4l is
equivalent to (K—1)T P(K—1) > 8I. Pre- and
post- multiplying this inequality by KT and
its transpose, respectively, we obtain

—P+30KTK<0.

By using the Schur complement, we have

P K"
<0

1
* —SI

1VV.ROBUST QUASI-SLIDING MODE CONTROLLER
DESIGN

In discrete-time quasi-sliding mode control,
under the appropriate controller, the system
trajectory, starting from any initial state, will be
driven towards the sliding surface in finite time.
After reaching the sliding surface, the state
trajectories cross the sliding surface for the first
time, and repeat that again in successive sampling
periods, resulting in a zigzag motion along the
sliding surface. This motion will be bounded inside
a specified region, the so-called quasi-sliding mode
band (QSMB)[12]. In the previous section, under
appropriate conditions, in the sliding mode, the
state trajectories of the system are convergent
within a ball whose radius can be minimised. In the
following, the objective is to design a robust
discrete-time quasi-sliding mode controller to drive
the system dynamics towards the above ball in
finite time and maintain it there afterwards.

First, it is noted from that the external disturbance
o(k) is bounded, and SO IS the uncertain term d(k)
= C Dw(k). Without loss of generality, we have,
componentwise:
dm < d(k) < dM.

From a physical perspective, by assuming
the boundedness of z(k—t(k)), and hence

of vector a(k) = C AdetT(k)). We then
have, similarly:

am < a(k) < aM.

define
1 = 2" +aw do = n + du 5.28)
0= ———, g = ———
2 2
a; = w dy = M Fro
2 9 m

sliding function , in which the design matrix
c=[C1 c2 ..Cm|T is
obtained from (5.11), we have s(k) = [s1(K)

s2(K) ... sm(K)]T , where si(k) =

—Cizl(k) + z2i(k) and Ci is a row vector in
R1x(n—m).

Theorem 23 For given positive integers(scl%%nd ™
of the delay, satisfying 0 < tm < 1M, and a bound
op > 0 of the external disturbance, if there exist
scalars A and o, where a > 1, a feasible solution of
X,K,G,P and Qj,RjSj, j = 1,2, for matrix
inequalities , and , and with the sliding function
chosen as in for sliding motion , the state
trajectories of system are driven towards the
sliding surface in a finite time under the following
control law:

(k) = =(CB) | CAx(k) - (I - T, s(k) 4 0+ dy + (T, + 0y + ) o sgn(s{K)

(5.29)

where sgn(s(k)) =
[sgn(s1(k)),sgn(s2(k)),...,sgn(sm(K)]IT , T
is the sampling period, q = diag(ql, g2,...,
gqm) and & = [el,g2,...em]T , in which
positive scalars qi and €i, i = 1,2,....m, are
chosen such that 1-Tsqi > 0 for quasi-
sliding mode bands Ai(k) given by
Eilg

e 1 7T5q1'.

Proof. From the designed sliding function
s(k) = Cz(k), we have

I
|
|
_—
T
—
-+
:L_
=
=
|
=
ES
-+
=]
=
=
}
=
£

By substituting the control law into
equation , we obtain

As(k) =— qTss(k) — €Ts °
sgn(s(k))

+ [a(k) — a0 — al ° sgn(s(k))]
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+[d(k) — d0 — d1 - sgn(s(k))].

Now, we have to show that the proposed control
scheme satisfies the reaching condition and the
existence of the quasi-sliding mode is guaranteed.
This requires that the sign of the incremental
change As(k) = s(k + 1) — s(k) should be opposite
to the sign of s(k), componentwise.

It is easy to see that when s(k) > 0, we have

a(k) < ag +ay,

ff(.“ i: z‘lru } d1_
and when s(k) < 0,

a(k) = ag — ay,

d(k) = dy —d,.

Thus, by judging the sign of the four terms
constituting As(k) in , we can see that the sign of
the increment As(k) of is always opposite to the
sign of s(k), componentwise. Thus, if design
parameters qi > 0 and &i > 0 are chosen with 1 —
gqiTs > 0, i = 1,2,...,m, then a quasi-sliding mode
exists with quasi-sliding

A, — _gils
mode bands™"  1-4;7%[36]. This completes the
proof.

Remark 11 It is worth mentioning that in this
chapter, the quasi-sliding mode control law is
obtained from the sliding function , whereby the
design matrix C can be computed directly from
after the solution of conditions and the optimisation
process mentioned in Remark 2. This gives
designers a certain liberty in selecting the controller
parameters in for a desired QSMB as compared to
existing methods in the literature, where the QSMB
is determined subsequently from the design of a
quasi-sliding mode control law.

Example

Consider a truck-trailer system for the case of
unmatched external disturbance

which was given in as follows

1361 0 0 -00384 00

olk+1)= {03461 1 0 2(k)+] 00384 0 0] z(k-7(k))

(.0086 ~0.05 1 0.0001 00

057 0

FIO0 | ulk)4 [=0.01] w(k),

0 00

where x(k) = [x1(k) x2(k) x3(k)]T is the system
state vector of the angle difference between the
trailer and the truck, the angle of the trailer, and the
vertical position of the rear end of the trailer,
respectively. The control input signal u(k) is the
steering angle. Here, the truck-trailer system is
assumed to be subject to an external disturbance
o(k) with an upper bound wp = 0.3. The control
objective is to minimise the effects of time-varying
delay and unmatched disturbances, while backing
the trailertruck along the horizontal line x3(k) = 0
in a safe and robust manner. Note that the proposed
approaches in are available for linear discrete-time
systems with time-varying delay and matched
disturbances. Therefore, it can not apply for this
case. For this, the sampling period is chosen as Ts
= 0.1 sec. Matrix T of the transformation z(k) =
Tx(k) can be obtained from a singular value
decomposition

of matrix B as:

From Theorem 22 and Remarks 9 and 10,
by choosing a = 1.15,A = 0.6 and solving
matrix inequalities and , we obtain the
following matrices

_ 09842 02487
= 106 - 003+ [-0.6807 0.0005], K =106 - 003+

02701 0.1449

Thus, the switching gain is calculated as C =
[-1.3105 2.2547]. As a result, the sliding function
is obtained as

sk) = [-13105 2.2547
1]z(K).
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Moreover, the possible smallest radius of the ball
which bounds the state trajectories of the reduced-
order system can be obtained as r = 0.01. With the
assumption of boundedness of the external
disturbance wp = 0.3, the average and variation
magnitude of the disturbance-related uncertainty
d(k) can be found as

d0 =0,d1 =0.0107.

Similarly, we have for the delay-related
uncertain term a(k) a0 = 0 and al = 0.0012.
By choosing q = 2 and ¢ = 0.016 for a
QSMB of A = 0.002, from Theorem 23, the
robust discrete-time quasi-sliding mode
controller is obtained in the
form
)= 1.11(14?3? 50T LS - D8 000l . 539

With an initial condition of the system of x(k) =
[0.2 0 —0.85]T, and the timevarying delay t(k) is a
random integer belonging to the interval , the state
responses of the reduced-order system via z(k) and
closed-loop system are shown in figures and
respectively. It can be seen in the inset of that after
reaching the sliding surface, the states trajectories
of the reduced-order system exponentially
converges within a ball with radius r < 0.01 in spite
of time-varying delay and unmatched external
disturbances. The responses of the control input
signal and the sliding surface are depicted
respectively to illustrate the steering process of the
truck-trailer system. These indicate that

n N p—
o 711
r nj
&
g0
a
t O nn
et
r 0
e L

N [
S N0q 18 19 19 20
D A

A * *

n 5 10 15 20

State responses of the reduced-order system
with unmatched disturbances the effects of
time-varying delay and unmatched bounded
disturbances have been  successfully
suppressed by using the proposed controller.
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Example

Now, consider the truck-trailer system in the
case of without external disturbances (i.e., o(k) =
0). The control objective is still the same. From
Theorem 22, by choosing a = 1.15A = 1.4 and
solving matrix inequalities, we obtain the following
matrices

, D726 03033
G= 106~ 03+ [-0.3920 - 00152, K = L0e - 003

03193 0.2134

Thus, the design matrix C is calculated as C
=[-0.8817 1.1819]. As a result, the sliding
surface is obtained as

s(k) = [-0.8817 1.1819

1]z(K).
n .
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Figure: State responses of the closed-loop
system with unmatched disturbance
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Figure : Steer angle u(k) of the truck-trailer
system with unmatched disturbances
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Sliding function s(k)L of the truck-trailer
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system with unmatched disturbances
Similarly, the bound of uncertainty a(k) is
determined as al = 7.9694x10—5. By using
the same controller parameters as in.
Theorem , the robust discrete-time quasi-
sliding mode controller is obtained of the
form

k= 1.*1( 08 - LIS LAFLL(F) - 06( )+ T 60ke - ﬂl]isgn{s{k}]l ‘

For the sake of demonstration the effectiveness of
the proposed control schemes in terms of
robustness to time-varying delay, the initial
conditions x(k) = [0.1 0 —0.1]T will be used. The
obtained conditions are still feasible with an
interval time-varying delay [tm t™™], where T™ <
16. The state responses of the closed-loop system
exponentially converge to the origin. The control
input signal and sliding surface are depicted in
figures. It can be seen clearly that the close-loop
control system is robustly stable with a large range
of time-varying delay. It is worth pointing out that
by comparing simulation results with Example

The proposed control scheme is more
effective for the truck-trailer

v?

> > > > 4

]

DPTTODO T OO —

L5 5 5 b

.ﬁ
n
a
a
V)

Figure : State responses of the closed-loop
system without external disturbances
system in the absence of external
disturbances.

V. CONCLUSION

In this chapter, the problem of robust discrete-
time quasi-sliding mode control design for a class
of linear discrete-time systems with time-varying
delay and unmatched disturbances has been
addressed. Based on the Lyapunov-Krasovskii
method, combined with the reciprocally convex
approach, sufficient conditions for the existence of
a stable sliding surface are derived in terms of
matrix inequalities. These conditions also guarantee
that the effects of time-varying delay and

unmatched disturbances are mitigated when the
system is in the sliding mode. Finally, a discrete-
time quasi-sliding mode controller is proposed to
satisfy the reaching condition. Numerical examples
are provided to illustrate the feasibility of the
proposed approach.

-~

[~ 1 1 e}

Figure : Steer angle u(k) of the truck-trailer system
without external disturbances

Figure : Sliding function s(k) of the truck-
trailer system without external disturbances

REFERENCES

[1] Richard J.P. Time-delay systems: an overview of some
recent advances and open problems. Automatica,
39[10]:1667-1694, 2003.

[2] Kharitonov V. L. Time-Delay Systems: Lyapunov
Functionals and Matrices. Birkhau“ser, New York, 2013.

[3] Natori K., Tsuji T., Ohnishi K., and Hace A. Time-delay
compensation by communication disturbance observer for
bilateral Teleoperation under timevarying delay. IEEE
Transactions on Industrial Electronics, 57[3]:1050-1062,

[4] Trinh H. and Ha Q.P. State and input simultaneous
estimation for a class of time-delay systems with
uncertainties. IEEE Transactions on Circuits and Systems
11, 54[6]:527-531, 2007.

[5] Xia Y. and Jia Y. Robust sliding-mode control for
uncertain time-delay systems: An LMI approach. |EEE
Transactions on Automatic Control, 48:1086— 1092, 2003.

[6] Han X, Fridman E., Spurgeon S.K., and Edwards C. On
the design of sliding mode static output feedback
controllers for systems with state delay. IEEE Transactions
on Industrial Electronics, 56[9]:3656-3664, 2009.

[71 XiaY., Fu M, Si P., and Wang M. Robust sliding mode
control for uncertain discrete-time systems with time delay.
IET Control Theory and Applications, 4[4]:613-624, 2010.

[8] Xi Z. and Hesketh T. Discrete time integral sliding mode
control for systems with matched and unmatched
uncertainties. IET Control Theory and Applications,
4[4]:889-896, 2010.

ISSN: 2231-2803

http://www.ijcttjournal.org

Page 15




[]

[10]

[11]

[12]

[13]

ISSN: 2231-2803

International Journal of Computer Trends and Technology (IJCTT) — Volume 55 Number 1 January 2018

Zhu F. Estimation and unknown input reconstruction via
both reduced-order and high-order sliding mode observers.
Journal of Process Control, 22[1]:296— 302, 2011.
Polyakov A. Minimization of disturbances effects in time
delay predictorbased sliding mode control systems. Journal
of the Franklin Institute, 39:1380-1396, 2012.
Bartoszewicz A. Discrete-time quasi-sliding-mode control
strategies. |IEEE Transactions on Industrial Electronics,
45[4]:633-637, 1998.

Gao W., Wang Y., and Homaifa A. Discrete-time variable
structurecontrol systems. IEEE Transactions on Industrial
Electronics, 42[2]:117-122,1996.

Cheng C.C., Lin M.H., and Hsiao J.H.Sliding mode
controllers design for linear discrete-time systems with
matching perturbations. Automatica, 36[8]:1205-1211,
2000.

http://www.ijcttjournal.org

Page 16



