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A Total Chattering-Free Sliding Mode Control
for Sampled-Data Systems
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Abstract—The discrete-time equivalent control, obtained
from s;.; = 0, is a chattering-free sliding mode control in theory;
however, it involves two practical problems in implementation,
they are the numerical accessibility problem and the physical
admissibility problem. The numerical accessibility problem is
due to the unknown external disturbances, which appears in
the equivalent control. The physical admissibility problem
arises in the reaching phase, in which the control law is to drive
the current state to the sliding surface in one sampling period.
In this paper, a one-step delay estimator for the disturbance is
employed to approximate the equivalent control with an O(T%)
accuracy, where T is the sampling period. This leads to an O(7°)
boundary layer in the vicinity of the sliding surface. On the
other hand, the control admissibility issue is solved by
extending the reaching phase, leading to s;., = 0, with a positive
on-line tuning parameter A.

1. INTRODUCTION

A sampled-data control system has its innate limitation on
the switching frequency when implementing variable
structure control laws. Continuous-time variable structure
control with limited switching frequency leads to a serious
chattering problem. Design of discrete-time sliding mode
control becomes essential to sampled-data systems. It was
pointed out in [1] that the system, when discrete variable
structure control is employed, can at best achieve
quasi-sliding motion, in which sliding mode is attained only
at the sampling instants. In between consecutive sampling
instants, the state trajectory will deviate from the sliding
surface leading to minute errors with magnitude subject to
the sampling period, 7. In [2], a switching type of
discrete-time sliding mode control law

u,;s, <0

was proposed to yield a system trajectory converging to the
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discrete-time sliding surface, s;=0 [2]. The upper and the
lower limits of the switching control, u; and u,”, were to
satisfy the reaching condition | sy, |<| sy |. It was ascertained
later in [3] that u;" and u;~ will converge to an identical value
as discrete-time sliding mode is achieved and maintained.
The ascertainment suggested that the switching behavior in
u(k) will degenerate into a continuous form. In other words, a
continuous control is an ultimate solution to the problem of
discrete-time sliding mode. Furuta’s result gave a similar
implication [4]. The proposed discrete-time control law took
the form of state feedback with a continuous gain and a
switching gain. The continuous gain was to maintain the state
on the sliding surface, while the switching gain was a
function of the sliding vector s; to steer the state into a sliding
region. It is seen that the magnitude of the switching gain dies
away as discrete-time sliding mode occurs. The control law is
then left with the continuous part, leading the system into a
chattering-free sliding motion.

The nonswitching type of discrete-time sliding mode
control was first proposed by Drakunov and Utkin in the
context of discrete equivalent control, u,°/, which brings the
state to the sliding surface in one step (s;.;=0) [5]. Such a
control law gives a definite solution to the discrete-time
sliding mode problem. Although ;" is usually not
numerically accessible (due to unknown disturbances) and
not physically admissible (due to a far apart current state
from the sliding surface), it provides us with an implication
that a chattering-free sliding mode control law does exist
theoretically. The latter endeavor of much research yielded
useful results in accordance with this standpoint. Bartolini et.
al. proposed a smooth, self-adaptive mechanism to tune up
the discrete control law to approach the equivalent control
[6]. Corradini and Orlando made use of time-delay control to
estimate the effects of unknown system perturbations and
came up with a dwindling control activity, which became
chattering-free asymptotically [7]. In [8], the system state is
driven by Gao’s method and finally crosses the sliding
hyperplane in every successive sampling period. This results
a zigzag motion about the sliding hyperplane [8]. A further
improvement without switching control signal was proposed
by Bartoszewicz [9]. In [9], the system state remains in a
certain band around the sliding hyperplane, but not to pass
through the hyperplane in each successive control step. It
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provides tremendous progress than [8] and will be used to
evaluate the performance with our approach in this paper.

Chattering control was the original method to acquire
robustness in a continuous-time variable structure system.
For discrete-time systems, however, many recent research
results have indicated that a chattering-free control strategy
can also render robustness with a priori knowledge of the
unknown disturbances. To scrutinize the proposed control
formats and the simulation results of the above references
[2,4,6,7], one can observe that chattering can still occur in
the reaching phase of the total control motion in spite of the
chattering-free performance in the sliding phase. Such a
provisional chattering phenomenon is still undesirable in
many systems that require smoothness in the control actions.

In this paper, we will focus on the sampled-data systems to
develop a total chattering-free discrete-time sliding mode
control. We will carry on with Drakunov and Utkin’s method
to mend the deficiency of the incomplete chattering-free
behavior. As was mentioned above, ¥ is usually not
numerically accessible due to the unknown disturbances.
Furthermore, if the current state is far from the sliding
surface, the magnitude of u,° can be too large to be
physically admissible. These implementation problems will
be studied judiciously throughout this paper. Morgan et. al.
[10] pointed out that disturbances with certain smoothness
can be estimated through the discrete-time system dynamic
equation. Similar idea can also be seen in [7]. Thus, u;” can
be estimated with the accuracy of the disturbance estimation.
Suet. al. [11] proposed a modified equivalent control law to
maintain the state in an O(7%) boundary layer of the sliding
surface ,denoted >.. A chattering-free sliding motion in the
boundary layer was observed. However, the control
admissibility problem, which occurs in the reaching mode, is
still unsolved yet. The attempt to drive the initial state to the
sliding surface in one single sampling period requires a
gigantic control magnitude. A natural conjecture to reduce
the control magnitude is to prolong the reaching mode so as
to render a ‘soft landing’ on X.. Therefore, instead of using
s1+1=0 to yield u;*%, one can simply extend the reaching phase
by using s;.,=0, where 4 is a positive integer, to compute the
equivalent control. In this paper, an on-line tuning parameter
h(k) is introduced. The tuning mechanism is operated
according to the distance of >, from the current state. As the
state is sufficiently close to 2., the A (k) parameter is set to one
and the discrete-time sliding mode is attained.

The other parts of this paper are organized as follows.
Section II is the problem formulation. Section III and IV
represent the control concept, algorithm, and the simulation
result. Final section is the conclusion.

II. PROBLEM FORMULATION

In a sampled-data system, each of the control variables
retains only one degree of freedom within the sampling

period kT < t <(k+1)T, leading to shrinkage in the control
signal space from (2, )" to R", m being the number of

control inputs. Therefore, a sampled-data controller will
inherently be less capable than a continuous one [1]. In the
context of sliding mode control, a sampled-data control law
can at best achieve sliding mode in discrete time. Whereas in
between consecutive sampling instants, the state will deviate
from the sliding surface, forming a boundary layer in the
vicinity of the sliding hyperplane [11].
A. An O(T’) boundary layer in sliding mode
Consider a linear time-invariant system with a prescribed
sliding surface 2
X=Ax+Bu, (D

2={ x| s(x)=Cx=0}, (2)
where the state x(JR", the control u[OR", and the sliding
vector sOR™; AOR™", BOR™", are constant matrices, and
COR™" is chosen properly in order to achieve the desired
sliding dynamics. The sampled-data system of (1) is

Xk+1 = (ka + Fuk (3)
where ®=¢'", I = [ITeMd/l] B, and T is the sampling period.
0

Assuming CT is nonsingular, the discrete equivalent

control can be obtained with s;,,=0 and becomes
w = —=(CT)™"' Cdxy, 4)

which is a nonswitching type of control with chattering-free.
With the equivalent control law (4) implemented through a
zero-order-hold process in a sampled data system, sliding
mode is attained only at each sampling instant, s|—.r= s(x(kT))
= 0, but not in continuous-time. During the sampling interval,
the system state strays away from the sliding surface. The
farthest deviation instant is about half of the sampling period,
which results in an O(7°) boundary layer in the vicinity of the
sliding surface, i.e. s(k7+)O(T"), where 0<7< T. The proof
is presented in section IV with a numerical example shown in
Fig.1.

B. The external disturbances problem
Now consider the case of linear time-invariant system with
external disturbances, which is described as
X =Ax+Bu+Df , Q)

where the unknown disturbance f{JR" is a bounded, smooth
function of time with [{f)|<fma» and DOR™ is a constant
matrix satisfying the matching condition rank[B, D]=rank[B]
[12]. The sampled-data system of (5) becomes

Xi+1 = Cka + Fuk + dka (6)
where 4, = ITef“ Df((k +1)T = A)dA is the lumped effect of
0

the disturbance f{¢) within the sampling period A7 < ¢ <(k+1)T.
The discrete equivalent control
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= ~(CTY " C(Pxit dy) (7)
can be applied conceptually to (5). Unfortunately, it cannot
be implemented physically without obeying the law of
causality.

C. The control admissibility problem
An admissible control u; in a practical system is usually
bounded, i.e.
| |€M, M>0. ®)
To check for the magnitude of the equivalent control law of
(7), rewrite 1" in Taylor’s series expansion
s =—(CTY'CLI+ TA +.. )xx + di]
=~(CT) [s¢ + O(T) + Cd, ©)
where 4 :LTeA‘Df((kH)T—A)cM 0 O(T) and CT = C[TI +
(T°4)/2+...]BOO(T). If the state is located in the
neighborhood of 2, or s;,00(T), then u;* O(1), and the
control admissibility constraint (8) may hold. On the contrary,
if the state is far away from Y, or s,0(1), then the

magnitude of u;” is a reciprocal function of T, u,[00(1/7),
and u;“! becomes too large to be admissible.

III. THE CHATTERING FREE CONTROLLER
To deal with the causality problem in 1, of (7), Su et. al
proposed the modified control law [11]
u = ~(CT) ' C(Pxt djo), (10)
where d,_, is the disturbance in the previous sampling

instant and can be computed by the past information
dk—l =Xi— (ka—l - I'uk_l. (1 1)
Substituting (10) into system (6) yields

Ser1 = Cxpny = C(di— dj-1)
=C[ " DUk +1)T = A= (kT = N}

(k+1)T -2 (12)
If the external disturbance f{¥) is a smooth function of time,
the resultant sliding motion is of O(T?) accuracy.

To deal with the control admissibility problem in (10), we
propose to extend the reaching phase to decrease the
magnitude of u;. A boundary layer, X7, containing > is
defined as

:CJ'OTeA/lDJ' ]}-(U)dﬂ'd/i DO(TZ).

kT—-A

(13)

As the state is located inside of 2.7, the control u; of (10) is
admissible and sliding mode is attained with O(T%) accuracy
[11]. If the state is outside of X7, a modified control law
ugq*(k) is obtained by solving s;.,=0 (where #>1) instead of
s+1=0. The integer % is an on-line tuning parameter, 4. It is
chosen such that ueq*(k)DO(l/hT) satisfies the admissibility

5, = {x‘ [en c@x+a, )| <m .

condition in (8). As the state is driven toward the vicinity of
21, the parameter 4, approaches to identity (4; — 1) and the
o) sliding mode is attained.

Let ¢t = kT be the current time with current state x;. The
sampled-data system with sampling period AT is

x(t +hT)‘ =T = Adx(t)‘ mr F Bdu(t)‘ =r T (t)‘t=kT » (14)

where d, (1), = [ e Df(t+hT-NdA . B, :[jO”eMdA]B,

0
and 4,= "™ The proposed control is

oy (k) = =(CBy)™' CAyx; = (CT) ' Cdjey. (15)

As soon as an appropriate ki, is given, 4,(h;), B4(h;) and

dy-1, can be computed subsequently to render ueq*(k). The

dynamics of the discrete-time sliding mode without the

higher order terms is approximated by substituting (14) into
Si+1 and becomes

Sgi1=[CP = CT(CB,)"' CAy] x + Cdy — Cd,
O[CU + TA) = (1/h)CI + h TA)|x,+ C(dy — Cdy-y)
O[(he = /Ay s+ O(T).
Since (h; — 1)/h; < 1, s; is stable in discrete time.
The on-line tuning parameter /4; is estimated at each
sampling interval such that ueq*(k) satisfies the constraint (8)
during the extended reaching phase. On the other hand, the

reaching condition of sliding mode can also be assured at
each sampling instant from a continuous-time perspective,

$(kT) = CAx(kT) +CBu,, (kT +CDf (kT

eq

(16)

OCAx(kTY- [C(I+ h,TA)x(kT))/(h T)- (Cd,_,)/T+ CDf (kT)

O-[Cx(kD)(TD) + O(T) = = s(kTY (D), (17)
where g, = jOT e D f (kT = ))JdA = Df (kT)T + O(T*) -
It yields
S8 OF h:Tszf:"T< 0. (18)

With equations (16) and (17), the proposed control (15) is
validated to drive the system state toward the sliding surface
gradually. We come to the following Lemma.

Lemma 1. The control law (15) with the on-line tuning
parameter /; is able to drive the linear system (5) with a
smooth exogenous disturbance f{f) toward the O(T7)
boundary layer X.rin (13).

A. The Simplified Chattering Free Controller
According to Euler’s method

5(0) i = BT +T) =x(kT))/T - (19)

The approximated state equation of (6) can be described as
Xi+1 = (1+ TA) X+ B u; + dk. (20)
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The simplified control, based on (20), becomes
u' (k) = ~(ChTB) "' C(I + hTA)x; — (CT) ' Cdy
=—[(CB)"'Cx,]/(h,T) ~(CB)" CAx, ~(CN)"'Cd,_,» (1)
where dy_=x;~Px;_,—[u’(k-1), and d_=0, for k=0, 1 ,...., n.

Substituting (20) into s;.+; = Cx;+1, We obtain
spi1= CPx; — (CTY(WT)(CB) ' CU+h TA)x; + Cldy — dir)

_ 2(h, =1) ~T(CAB)(CB)”
2h,

s, +C(d, -d,_) +G(T*),  (22)

where G(T?)=C[(T>4>)/2 +(T*4) /31 +..]x,
~(/h)CUT* A7) /314 (T* ) /41 +..1B(CB) ' Cx,

—C[(T*4)/2+(T° 4*) /3! +(T* 4*) /4! +..1B(CB) ' CAx, .(23)

During the reaching phase, /4, is estimated at each sampling
interval such that 2(/—1)>>-TCAB(CB)™" and the control
constraint (8) is satisfied. Then

Sen Ol(h= 1)/ 1s,+ C(d,= d,_)y+ G(T?)- (24)
and
$(KT) = CAx(kT) =[1f (B T)IC(U +h TA)x(kT)
—CB(CT)'Cd-, + CDAKT) = - s(kD)/(hT).  (25)

Hence, the continuous-time reaching condition holds as (18).

IV. NUMERICAL EXAMPLE

Given the linear time-invariant system

EHRHEH

where f{£)=0.5+5sin(0.1¢)—cos(?) is the unknown external
disturbance. Let s(x) = Cx=[1 1]x.

A. An O(T’) boundary layer in sliding mode

In order to verify the O(7%) dynamics during the sliding
surface purely, the equivalent control (4) is applied to (26) by
neglecting f{¢). The initial condition is given as x;(0)=2,
x2(0)=—1 and the sampled-data system of (26) is obtained

with the sampling period 7= 0.1second. Let
x(O)=Ci(Ovit+ Co(t), (27)
be the solution of x = Ax in (26). To differentiate (27) yields

(1) = G ()Y, +C, (U, = Ax(1)- (28)

(26)

Substituting (27) into (28) and comparing the coefficient
parts of both equations, we obtain

GO =COA+C ) (29)

and C, (1) =C, () - (30)

The given numerical example has repeated eigenvalues
A=A=1 with multiplicity 2. We can find two linearly
independent eigenvectors v; = [1,1]" and v, = [0,1]" with

these eigenvalues. Let Cy(1)=8e™' =fe' and Cy(r)=ae' +fte’ be
the solution of (30) and (29) respectively. Substituting them
into (27), the solution of x = Ax in (26) is
1 0
x(t) =(ae' + e’ )L} + ﬁe’[l} . (31)
The coefficients a and £ are decided by the initial condition

of the system. Let the solution of (26) without disturbance be
the form as following

1 0] [k,
H=ae'| |+ Blte'| |+e'| |1+ (32)
x(t) =ae 1] Bite i e _J} {Kj
where K and K, are arbitrary constants. Hence,
1] 1] [t 0
x(t)=ae | +B{te . +é' J +e[1}}- (33)

Substituting (32) into (26), we compare the coefficient parts
with (33) and obtain

B Oy =o-
2k, -k, | |1 [ B=

It implies K,=0 and K,=u(k). The solution of (26) between
the successive sampling instants can be described as

|:x1 (k):|:aeKT|:1:|+IB{KTeKT|:1:|+eKT|:O:|}+|:u(k):|. (35)
x, (k) I ! Lo

Subtracting x;(k) from x,(k) in (35), we obtain
a=e " [x, (k)1 +KT) - x,()KT —u(k)(1 + KT)] (36)

B=e " Tulk) +x, (k) = x,(k)]- (37

During the sampling interval, the discrete-time equivalent
control ;% is solved with s;.; = 0 and becomes

o — _(1=2D)e x (k) +(1+2T)e"x, (k)
¢ (1-¢" +2T¢")
The discrete-time sliding mode during the sampling instant is
s(1) = x, (k)1 -21)e" +x,(k)(1+27)e"

(34

and

(3%)

+ul(1-e" +2r1€"). (39)

The ideal discrete-time sliding mode is zero at each sampling
instant theoretically which implies s(k) = x;(k)+x,(k) =0. The
deviated state trajectory during the sampling interval can be
obtained by substituting (38) into (39) and becomes

(-e" +2r") .,

s(1) =2[x, (k) = x,(k)|[te" —————~Te"]- (40)
(1) =2[x, (k) —x, (F)][ (o +27¢) ]

The maximum deviation point during each sampling period
is obtained by differentiating (40) with respect to time; that is

ds(7) (Te")
dr (1-¢" +27e")

@r +1)] =0.

=[x, (k) —x, (k)] [T +1 —

T:Tmzlx

(41)
Because the state strays away during the sampling interval,
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i.e. 2[x(k)—x(k)]e" #0 during the discrete-time sliding phase,
the farthest deviation instant is estimated to be
. =[(1-€")-Te"]/(1 =¢") D0.5T. (42)

Substituting (42) into (40), the estimated trend of the
deviated dynamics is

7
(1-2e +e) /
rer,, L% (K) —x, (K )][7( 21 ’]
[T?/(22Y)+3T°/41+.. ][ T (T/2)°
[L+37/2145T°31+.] 2 2!

Olx, (k- % (ONTHHY@RYF GI/4 .. ;0 AT?). (43)

Figure 1 shows that the farthest deviation instant is about half
of T'which results the O(7%) dynamic motion in the vicinity of
Y, i.e. s(kT+10O(T%), where 0<T7<T.

The 0(T2) Dlscrete-Tlme Slldlng Surface s(k)

s(T)

:[xz(k)-xl(k)]{ +.}

Y I I J'he §ystem state remams at weach

0.027777\7774———#———\————\———4———#——
The system state strays away |
ih discrete-time sliding mode,

0-01\
| | | | |
| | | | | |
NP /A AV S S S
\“ J\‘ | | |
| | é ™ | | |
N | - | | | | | |
| | | | \\ \ \ \
0.02 : : The:trend ofthe farthest dewatnon
002 - - mm gy TS bt
|
|

! ‘ lnsta‘nt is estlmated m (43) |

0 0.2 0.4 0 6 0 8 1 1.2 1.4 1.6 1.8
Sampling Period T = 0.1 sec

Fig. 1. An O(T*) boundary layer in the discrete-time sliding mode

B. The control admissibility problem

The same example with disturbance in (26) is used to
compare the performance of both control methods (10) and
(21). Given the control constraint M=15 and the sampling
period 7=0.01second, two simulations are shown in Fig. 2
and Fig. 3 with the initial conditions x;(0)=2, x,(0)=-1, and
x1(0)==3, x,(0)=—1, respectively.

The flexible parameter /4, is simply estimated as

h, = ceil {u(k)|/M} - (44)

The “ceil’ function rounds the elements of | u(k)| /M to the
nearest integers greater than or equal to | u(k) /M, i.e. hy is a
positive integer.

We observed that the total chattering free dynamics is
assured conformably during the reaching phase and the
sliding mode. However, the control admissibility problem is
solved by the proposed control scheme (21) only.

The discrete-time sliding surface s(k)

The on-line tuning parameter h(k)
8

- ﬁ&pogea E&h(roT (21)

| \
|
050k~ éa§5p5r8a55<i®
g
|
|
1
|

_ I
0

0 0.1 0.2 0.3 .3

x 10™ The comparison of s(k)

20 T T

broposed conﬁrol (21

0 R
20 S
40 Qsedfcgrltrgl 121)L |
\
V" ! 0 su siaid‘;;rci)aa'; 307 | i
| SuspohI0l | O o constranie
0 2 4 6 s % 0.1 02 03

Fig. 2. The comparison with initial condition x1(0)=2, x2(0)= -1

The discrete-time sliding surface s(k) The on-line tuning parameter h(k)

T T T 30
0
1 20
2
3 10
4 N
I .
5 Su's approach (10) 0
0 0.1 0.2 0.3 0.4 .4
x 10™ The comparison of s(k)
4 T T T 100
Su's approach|(10) 80 |
r 60 ,SgSgapgrQa,dl(J(D _ ‘;‘ L
o 40
20
20
0
4 20 I
0 2 4 6 8 0 0.1 0.2 0.3 0.4

Fig. 3. The comparison with initial condition x;(0)= -3, x2(0)= -1

C. The comparison with Bartoszewicz’s approach

According to [9], if the bound of the discrete-time lumped
effect of f{¢) is known, i.e.

diow S di < dypper (45)

where dj,,, and d,,,,.- are known constants. Let
Amean = (Aiow + dupper)/2. (46)

The control law proposed by Bartoszewicz is
=Pk = ~(CT) '[CPxy + Cdpean = Sulk 1)1, (47)

where S (k) is a known function defined in [9]. Let S,(k) be as
same as in [9] and

Sdk)=[(k ~k)/k 15(0) (48)
where k=0, 1, ..., k. The positive constant k" is chosen by the

designer in order to achieve good tradeoff between the
necessary arrival time during the reaching phase and the
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control magnitude required for the convergence rate.
The discrete-time sliding mode is obtained by applying (47)
into the sampled-data system

g1 = CDx+ CT ™2 (k) + Cd

= Cdy = Cdyean + Sk +1), (49)
which is the reaching law proposed by Bartoszewicz [9].
Finally,
g1 = Cdy = Cdpean (50)
for any k> k". Let d,,.=0. The constant &~ is chosen as same
as the approximated convergence characteristic in (16), i.e.
k=7 for the initial condition x,(0)=2, x,(0)=—1 and k =27 for
the initial condition x,(0)= =3, x,(0)= —1, respectively. The
same conditions are used here to compare the performance of
both control methods (21) and (47).

The comparison of control output

oFF-—-——>c — — — — —_ = - — = — — — S LI LUOT s LEAall |
\ \ \ | | |
L= /)
A== —— == _ _ Baltoszeicz's épprodch 147} A
1 1 1 1 1 1 1 1 1
0 0.02 004 006 008 01 012 0.14 016 018 0.2

The oomparison of of s(k) (a)
T

7*?5{0503;1 contiol (1), ~ ]
E— |

— 1 | |

°~5”*T******:”"’*fr:—::C**T**T***\***T***
0 i 1 ‘Bartoézewmt s approach (47)
1 1 1 1 1 1 1 1 1
0 0.02 0.04 006 008 01 0.12 0.14 016 018 0.2
0.1 : : The comparlson of s(k) (b) : : :
Bartoszewicz's a roaoh | L
w A/_p‘l e
0 e S T — ‘ (S — ! _
| | | | | | | | |
| | :\‘: propoged control (21) | |
-01 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20

Fig. 4. The comparison with initial condition x;(0)=2, x(0)= —

The comparison of control output

ot
proposéd contrdl (21)

'107777T777‘T”
_ e 4 S e e = -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
The comparison of of s(k) (a)
T T T T T
A== - —— 4 - = —
— | | | |
,,,,,, [ N R N
I Bartoszewicz's approach (47)
4 ———+———ﬂ‘tprOpoge—d—CQanQ‘l)—F———+———+————
1 1
0 0.1 0.2 0 3 0 4 O 5 0 6 0.7 0.8
0.1 The companson of s(k) (b) : : :
Bartoszewmz s a proach (47) \ \ [ |
| 3\4\ el 1 T
T \ 7 | | | | | |
0 [ (I 7\7{\} \ T 7 T T n
| | | | | |
| | | | proposed control (i1) |
-0.1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20

Fig. 5. The comparison with initial condition x;(0)= =3, x2(0)= -1

We observed that the characteristic of the control output and

the discrete-time sliding mode dynamics behaves similarly in
Fig. 4 and Fig. 5. However, the certain band around the
sliding hyperplane (49) by using (47) is less accuracy than
si1=C(dy—d,—)JO(T*) by using proposed approach (21).

If the change rate of the external disturbance is already
known, a modified reaching law proposed by Bartoszewicz is

k
Sk+l = Cdk _Cdmean +Sd (k +1) _z [S(l) _Sd (l)]
i=0

= Cdk - Cdk_l + Sd(k+1) (51)

Sik+1 0 Cdk - Cdk_l. (52)
This enhances the dynamic boundary layer around the sliding
hyperplane. However, the prior knowledge of the disturbance
change rate is unnecessary in our approach.

Finally,

V. CONCLUSION

Based on the former contribution of related research, a
total chattering-free sliding mode control for sampled-data
systems is proposed. The phenomenon of the deviated state
during the sampling period, which results in the dynamic
motion in O(T%) vicinity of 3, is described. The farthest
deviation instant is shown to be about half of 7. The
deficiencies related with the discrete-time equivalent control,
obtained from s;.,=0,are focused, summarized, and solved.
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