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Abstract—In light of the remarkable benefits and numerous
applications of the Takagi—Sugeno (T-S) fuzzy system modeling
method and the sliding mode control (SMC) technique, this paper
aims to study the design of robust controllers for a set of second-
order systems using a combination of these two approaches. The
combined scheme is shown to have the merits of both approaches.
It alleviates not only the online computational burden by using
the T-S fuzzy system model to approximate the original nonlinear
one (since most of the system parameters of the T-S model can be
computed offline) but also preserves the advantages of rapid re-
sponse and robustness characteristic of the classic SMC schemes.
Moreover, the combined scheme does not need to online compute
any nonlinear term of the original dynamics, and the increase in
the number of fuzzy rules does not create extra online computa-
tional burdens for the scheme. The proposed analytical results are
also applied to the control of a two-link robot manipulator and
compared with the results using classic SMC design. Simulation
results demonstrate the benefits of the proposed scheme.

Index Terms—Robot manipulators, robust control, sliding-
mode control (SMC), Takagi—-Sugeno (T-S) fuzzy system model.

I. INTRODUCTION

UE to the efficiency and merits of solving complex non-

linear system identification and various control problems,
fuzzy set theory and fuzzy system modeling have recently
attracted considerable attention in both academic research and
practical applications [3], [26], [27]. Among the existing fuzzy
system modeling approaches, the so-called T-S fuzzy system
model proposed by Takagi—Sugeno [26] has turned out to be
one of the most popular modeling themes in the favor of its
conceptual simplicity. The basic idea of the T-S approach is
first to decompose a nonlinear system into several linear models
according to different cases in which the associated linear mod-
els best fit the nonlinear one and, then, to aggregate each indi-
vidual linear model into a single nonlinear one in terms of each
model’s membership functions. Although the concept is simple,
the T-S fuzzy system model has been theoretically justified
as a universal approximator [26], [27], which makes the T-S
fuzzy system model become particularly useful, particularly
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when the nonlinear model is complicated [5], [9]-[11], [13],
[14], [24]-[28], [30], [32]. Although a nonlinear control system
can be well approximated by a suitably selected T-S fuzzy
model, it creates additional model uncertainties between them.
Therefore, a robust control scheme should be considered to
efficiently compensate for such effects.

To compensate for the uncertainties and/or disturbances, sev-
eral control system designs and analyses have been proposed.
For instance, a class of control strategies is presented in terms
of linear matrix inequality and parallel distributed compensa-
tion (PDC) technique [10], [27], [28]. Another robust control
scheme, which is the use of the sliding mode control (SMC)
technique, was recently proposed [11], [13], [19], [30], [32]
in light of its remarkable advantages, including rapid response
and robustness to model uncertainties and external disturbances
[12], [16]. Due to these advantages, the SMC scheme has been
widely employed to control a variety of systems [1], [2], [4],
[61-[8], [11]-[13], [15], [16], [18]-[21], [23], [24], [29], [301,
[32]. For instance, Lin applied the terminal SMC approach to
robot manipulators [20]. Yu et al. employed the PDC technique
to derive a class of T-S fuzzy model-based SMC stabilizers
[30]. In addition to the use of the PDC approach and the
T-S fuzzy model-based SMC scheme, Hwang [11] also pro-
posed an updating law to reduce the effect of uncertainties on
system performance. In [32], Zheng et al. successfully used a
combination of the T-S fuzzy modeling method and the SMC
technique to study both the stabilization and the output tracking
problems for a class of uncertain nonlinear systems, which
need not be in triangular and parametric strict-feedback form.
Lin et al. [19] further employed a similar approach to inves-
tigate the stabilization of uncertain fuzzy time-delay systems.
It is noted that those two papers ([19] and [32]) impose an
assumption that the control matrices B; in each T-S fuzzy
local model are identical. In [13], Khoo et al. adopted the PDC
approach and the fuzzy extreme subsystem concept to deal with
the reference trajectory tracking problem. In this paper, we
will present a T-S fuzzy model-based SMC scheme that does
not assume the control matrices B; of each T-S local linear
model to be identical. After the construction of the T-S fuzzy
model, the upper bounds of the difference between the original
and T-S models over each subregion will be offline computed.
As a result, the proposed combined scheme not only greatly
alleviates the online computational burden but it also preserves
the same advantages of rapid response and robustness as those
by using the classic SMC schemes. Moreover, it will be shown
that the increase in the number of fuzzy rules does not create
extra online computational burden to the scheme.

0278-0046/$25.00 © 2008 IEEE
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The organization of this paper is as follows. Problem formu-
lation and the main goal of this paper are given in Section II. It
is followed by the description of the T-S fuzzy system model
and the design of T-S fuzzy model-based SMC controllers. In
Section IV, the obtained analytical results are applied to a two-
link robot arm to demonstrate the benefits of the design. Finally,
Section V gives the conclusion.

II. PROBLEM STATEMENT

Consider a set of nonlinear differential equations as given by

5(1 = X9 (1)

%o =f(x) + G(x)(u+d). ()

Here, x; € R", x5 € R™, and x := (x7,x%)” € IR*" denote
the system state, u € R" is the control input, d € IR" denotes
the possible model uncertainties and external disturbances,
f(x) € R™ and G(x) € R™ " are the smooth functions, and
()T denotes the transpose of a vector or a matrix.

The main goal of this paper is to synthesize a control law
such that the system state will approach the desired trajectory
even in the presence of external disturbances and/or model un-
certainties, i.e., to design u such that x; (t) — x4(t) as t — oo,
where x4(t) is the desired trajectory.

III. CONTROLLER DESIGN

Although considerable research has explored the problem
described earlier (e.g., [9], [12], [16], [21], and [27]), in
this paper, we will combine the T-S fuzzy approach and the
SMC technique due to their remarkable advantages. First, it is
known that a nonlinear model can be well approximated by
a suitably selected T-S fuzzy system model, and most of the
T-S fuzzy system model parameters can be off-line computed
[26], [27]. Therefore, the T-S approach can alleviate much of
the online computational burden and promote the opportuni-
ties for controller implementation, particularly for a compli-
cated nonlinear system. Next, the SMC schemes are known to
have the advantages of rapid response and robustness. Thus,
the uncertainties resulting from the differences between the
T-S fuzzy system and original nonlinear models might be
easily compensated by a suitable SMC control law. Due to these
remarkable benefits of the two aforementioned approaches, in
the following, we will organize a class of T-S fuzzy model-
based SMC controllers.

A. T=S Fuzzy System Model Description

It is known that a T-S fuzzy system model is generally
described by a set of fuzzy implications according to the
specific structure of the nonlinear systems (1) and (2). Suppose
that there are p rules with the corresponding linear models, as
described by

5(1 =X (3)

X2:Alx+Blu, ’L:].,,p (4)
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Then, the T-S fuzzy system model can be constructed in the
following forms to approximate the original nonlinear system:

X1 = Xp &)
p
X = Z a;(x)(A;x + B;u) (6)
i=1

where a;(x) > 0 forall 7, and Y ?_, o;(x) = 1. Following the
T-S fuzzy system model representation as in (5) and (6), we
can rewrite systems (1) and (2) as

X, =Xy (N
P p

ko= ) ai(x)Ax+Af+ <Zai(X)Bi+AG> (u+d) (®)
i=1 i=1

where Af = Af(x) := f(x) — Y0 oy(x)Ax, and AG =
AG(x) := G(x) — X7 a;(x)B;. To facilitate the design, we
may further rewrite systems (7) and (8) in the following forms:

5(1 = X9 (9)
P p
k2 = ) oi(x)Ax + Af + (Z @; (X)Bf)
=1 =1
(I +AG)(u+4d) (10)

where AG = (30, a;(x)B;)"' - AG. In addition, we
impose the following assumption for the existence of
(> a;(x)B;) .

Assumption 1: The matrices Y -_; a;(x)B; are nonsingular
for all possible states x.

It is noted that the control matrix G(x) is, in general, not
constant over its workspace. Thus, the local matrices B; given
in (3) and (4) are distinct. If these matrices B; are selected to
be identical, for example, B; = B for some B and for all ¢, as
those of [19] and [32], then G(x)u is written as B(I + AG)u.
However, in case the variation of the control matrix G(x) is
large enough (i.e., maxx ||[AG]| is close to or greater than
one), the control performance using single B is generally not
satisfactory. Thus, to better approximate the original nonlinear
model, in this paper, we allow the local matrices B; to be
distinct.

B. SMC Controller Design

The SMC design is known to consist of two main steps
([15], [16]). The first step is the selection of an appropriate
sliding surface, which should have the property that the desired
performance can be achieved while the system state remains
on the sliding surface. The next step is to organize a control law
that forces the system state to reach the sliding surface in a finite
amount of time and to make the sliding surface an invariant
manifold. For the first step, we let

Y

e=xX; —Xq
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and select the sliding surface as

s=eé+Ke=0 (12)

where K = diag{ki,...,k,} > 0. Itis obvious that the objec-
tive of the design (i.e., e — 0) can be achieved if the system
state remains on the sliding surface.

For the second step, it is noted in (9)—(12) that

s=e+ Ké
=X1 —Xq+ Ké

:—Xd—i—Ke—&—Zal VA;x + Af

i=1

(Zaz ) (I+AG)(u+d).

[15] and [16]),

13)

According to the SMC design procedure (e.g.,
we choose

u=u®+u"°

p -1 p
utd — (Z Oéi(X>Bz‘> . [_Z ai(x)Aix—i—jtd—Ké] . (15
=1 =1

It follows that

(14)

s—Af—l—(Zal ) (I + AG)(u™ + d)

(16)

+ (Z og(x)Bz-) AG - u®

In order to force the system state to reach the sliding surface in
a finite amount of time, we impose the following assumption,
where || - || denotes the Euclidean norm.

Assumption 2: There exist nonnegative functions p(x, t) and
o(x,t) such that

Af + <Z oy (x ) (I+AG) -d + AG - u]|| < p(x,t)
17)

NG (f: al(x)Bl> AG (f: al(x)Bl> B <o(x,t) <1
- - (18)

It is noted that, although the inequality given by (17) requires
the information of u®?, p(x,t) can be easily obtained after the
calculation of u®® since the upper bound of |Af|| and ||AG]|
can be estimated offline. Under Assumption 2, we choose

p(x, t +17 & -
re . g 1
u’ = 1 ) < El ) sgn(s) (19)

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 55, NO. 11, NOVEMBER 2008

where 7 is a positive constant. Since ||sgn(s)|| < 4/n, it follows
from (16), (19), and Assumption 2 that

(17)
sTs < p(x,t)|s|| +sT (Zaz > (I + AG)u"

(19)
< pltlisll - = s

- sgn(s)
plx, sl - 22011 (Zm e ||>
p(x1) +1
<p(x, 1)l — T—oxt) (sl = o=, )]sl))
<n-[lsll (20)

That is, the system state will reach the sliding surface in a finite
amount of time. From the discussions earlier, we hence have the
following result.

Theorem 1: Suppose that Assumptions 1 and 2 hold. Then,
the tracking performance for systems (1) and (2) with control
laws (14), (15), and (19) can be achieved.

Note that the T-S fuzzy model-based controllers, as pre-
sented earlier, have an important characteristic. They do not
need to online compute the nonlinear term f(x) and the inverse
dynamics of G(x), which is inevitable for the conventional
SMC schemes (e.g., [16]), as given in the following:

u=-G'(x)[f(x)+Ké—%4+ (A+n)-sgn(s)] (21

where 7 > 0, and A is an upper bound of ||G(x)d|. Instead,
for the T-S-type SMC controllers, the system parameters A;
i ,and o(x,t), as
stated in Assumption 2, of the T-S-type SMC controllers can
be off-line computed. Thus, the T-S-type approach may sig-
nificantly alleviate online computational burden for controller
computation and thus promote the opportunity for controller
implementation, particularly when the system dynamics is
complicated.

IV. APPLICATION TO ROBOT MANIPULATORS

Consider a two-link robot manipulator, as shown in Fig. 1.
The governing equations for this system have the following
form (e.g., [17], [20], [22], [28], and [31])

M(q)q+C(a,q)a+glq) =7+d (22)
where q = (q1,¢2)" € R%, 7= (11,7)7 € R? and d € R?
denote the generalized coordinates (radians), the control
torques (N-m) and possible external disturbances, respectively.
M (q) is the moment of inertia, C(q, q) contains the Coriolis
and the centripetal forces, and g(q) is the gravitational force.
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Fig. 1. Two-link robot manipulator.

Denote (-);; the (i,j)-entry of a matrix. These terms are
expressed as stated in the following [28]:

(M(Q))u =(m1 —|—m2)l1 (23)

(M(a))12 = (M(a))y; = malila(cica + s152) (24)

(M(q))yy =malila(crca + s152) (25)

(M(Q))Qz =mol; (26)

C(a,q) =malila(c152 — s1ca) (_O. _gz> 27
q1

_(—(ma + m2)11951) )%

sla) = (! e8)

where m4 and m (in kilograms) are link masses, /; and /5 (in
meters) are link lengths, g = 9.8 (m/s?) is the acceleration due
to gravity, and ¢; = cos(g;) and s; = sin(g;) for ¢ = 1,2. Let
x1 = (z1,22)" = (q1,92)T, xo=(23,24) " =(¢1,¢2)", u=7
and f(x) = (f1(x), f2(x))T. Itis not difficult to check that sys-
tem (22) can be transformed into the form of (1) and (2) with

f1(x) =m21112a1a3m§ — mglgalxi

+ (m1 +ma)gsi/(liaz) — magazsa/(l1az)
fa(x) =molilaarasz? + (my + mo)

: (lfala:% — gazs1/(l2az) + 952/(12a2))

x) = 1/ (l%a2) —a3/(l1l2a2)
Glx) = (‘a:’»/(lllzaz) (mq +m2)/(mgl§a2)>

where a; = (s1c2 — c182)/az, az = (my +mg — maa3),
and a3z =cico+s182.  Since  |as| = |cica + s182] =
| cos(x1 — x2)| < 1, we have ag > my > 0. By direct inspec-
tion, trace(G(x)) = (1/(13az2))+((m1 + m2)/(mal3az)) > 0
and  det(G(x)) = ((m1 + ma — maa?)/(mal3l3a3)) = (1/
(mal313a3)) > 0 since ay > 0. Those imply that G(x) is
always a positive definite matrix for all x. It follows that all the
matrices B;, obtained from G(x) at a specific operating point,
are positive definite. Thus, Y ¥, o;(x)B; is always a positive
definite matrix for any x. Assumption 1 is hence satisfied.
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Fig. 2. Selected operating points and the membership functions for the case
of ny =ngo =5.

(X145 X2, j41) (01ie1> X2,41)
Dy
(1 X2) (1415 X2)
Fig. 3. Four adjacent operating points being triggered at each time instant.

To derive an appropriate T-S fuzzy system model to approx-
imate the original nonlinear dynamics, a set of operating points
will be selected for the construction of the associated linear
models. These operating points are selected from the possible
workspace, so that the motion of the robot can be well approx-
imated by using a convex combination of the associated linear
models. For demonstration, we assume that m; =mgy =1
and [, =I5 = 1, and the angular positions z; and x5 are con-
strained tobe —7/2 < x; < 7/2, where i = 1, 2. The operating
points are chosen in the form of {x;; = (21,4, 22,;,0,0)T|i =
1,...,n; and j=1---,n9}, where {z11,...,21,n, and
{z21,...,%2.n,} are two selected partitions of [—7/2, 7/2]. In
this example, we employ the triangular membership functions
for both z; and x5, where the case of n; = ny = 5 is shown
in Fig. 2. Since the T-S-type controller uses only two premise
variables x; and zo, it therefore triggers at most four rules (i.e.,
at most four linear models) at each time instant, as shown in
Fig. 3, where Dij = {X ‘ T1,4 S I S T1,i4+1 and X2 j S T2 S
T, j+1}~ Thus, it does not create an extra online computational
burden if the partition for the regions of x; and x, is made
finer. However, since the maximum value of a function over a
smaller subregion is smaller than or equal to that of the same
function over the whole region, it follows that a finer partition
for the regions of x1 and x5 will result in a smaller magnitude
of o(x,t) and p(x,t), as stated in Assumption 2. Thus, the
control magnitude will be smaller so that the physical control
magnitude constraint is easier to fulfill for practical applications
if the partition of z; and x5 is made finer. To investigate the
effects of the partition, in the following, we consider two cases
of which one of the partitions is finer than the other.
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TABLE 1
ESTIMATED UPPER BOUNDS OF 0(x,t) AND || Af||oc IN THE REGION D;;, WHERE 4,5 = 1,...,4
D11,D44 | D12,D43 | D13, D42 | D14, Dy1 | Do1,Ds4 | Dag, D33 | Doz, D3a | Doy, D31
o(x,t) 0.4055 0.1302 0.1595 0.1244 0.1302 0.4055 0.125 0.1595
[[Af]] 0o 2.5629 2.3826 2.3818 1.8818 2.3899 4.4399 4.4399 2.4891
TABLE 1I
ESTIMATED UPPER BOUNDS OF 0 (x,t) AND || Af||oc IN THE REGION D;;, WHERE 4,5 = 1,...,8
Di1,Dss | Di2,Ds7 | Dig,Dse | Dia,Dss | Dis,Dsa | Dig,Dss | Di7,Ds2 | Dis,Ds1
o(x,t) 0.1294 0.07 0.0499 0.0645 0.0538 0.0645 0.0499 0.07
[[Af]]o 1.166 1.5069 1.7451 1.6475 1.3724 1.2165 1.2387 1.2706
Da1,Drs | Da22,D77 | D23, D7 | Da24,D75 | Das, D74 | Das, D73 | D27, D72 | Das, D71
o(x,t) 0.07 0.1294 0.07 0.0499 0.0645 0.0538 0.0645 0.0499
Af[oo | 15702 1017 13987 1.6568 1.6285 1357 1202 12057
D31,Des | D32,De7 | D33,Des | D34, Des | Dss,Dea | Dse,Des | D37,De2 | Dss,Ds1
o(x,t) 0.0499 0.07 0.1294 0.07 0.0499 0.0645 0.0538 0.0645
[|Af]] oo 1.6729 1.391 0.976 1.3336 1.5997 1.6146 1.3674 1.1816
Dy1,Dss | Da2,Ds7 | Dag,Dse | Daa, Dss | Das, Dsa | Dag, Dss | Dar,Ds2 | Das, Ds1
o(x,t) 0.0645 0.0499 0.07 0.1294 0.07 0.0499 0.0645 0.0538
[[Af]]0o 1.6114 1.6022 1.3157 0.976 1.3019 1.5798 1.6084 1.3816

A. Case forni =ns =5

In this case, we select the 25 operating points to be

{Xij = (l‘Lh X2 5, O, O)T|$1’7;, €2 5= —71'/27 —7T/4, 07 7T/4, 7T/2}
29)

According to the selected operating points and letting
f(x) = A(x)x, we have

(mq 4+ ma)gs:

() =72
_ __Mmagassz
(AN =~
3=
(A(X)) 3 mglllga1a3x3
(A(x))14 = _m2l§a1$4
_ (mq +mgy)gaszsy
(A(x))g; = Iy 1
(A, = LT M2)%
22 =

l2a2$2
(A(X>)23 = (m1 + m2)l%a1$3
(A(x))gq =malilaarazry.

The overall of associated 25 linear models can then be easily
obtained. Two of them are listed as follows:

A = (124777 62389 0 0

W=\ —124777 124777 0 0
1 -1

B = (_1 9 )

A — ( 83185 —4.1592 0 0

27\ 58821 11.7641 0 0

B, — [ 0-6667  —0.4714

27\ 04714 1.3333

where (A;;, B;;) denotes the linear model associated with
the operating point X;;. After determining the 25 linear

models, the T-S fuzzy system model can be easily deter-
mined when the angular positions of the robot are available.
Define the region D;; 1= {x|z1,; < 21 < 1,141, %2, < 23 <
x2,j+1,—1 < x3,24 < 1}. The upper bounds of o(x,t) and
| Af[|o := supxep,, [|f(x)]| over the region D;; can be off-line
computed, as given in Table I.

B. Caseforn; =no =9

There are 81 operating points for this case, which are selected
to be in the form of the following:

{Xij :(J:l)i,ac27j,070)T|$11i,x2,j :kﬂ'/& kj:O, il, ceey i4}
(30)

Following the same procedure as that of the previous case, the
associated 81 linear models can also be easily obtained. The
upper bounds of o (x, t) and ||Af|| over the region D;; can be
off-line calculated, as given in Table II. It is clear from these
two tables that the upper bounds for these uncertainties are
decreasing as the partitions of the workspace get finer.
Numerical simulation results are summarized in Table III
and Figs. 4-6. Among these, Table III shows the performances
under three different reference trajectories, while Figs. 4-6
display the time responses of the tracking errors, the control
efforts, and the sliding variables, respectively, for the first
reference trajectory described in Table III. In this paper, we use
the following three control schemes: One is the classic SMC
control design (21) (labeled as Classic SMC), and the other two
are the T-S model-based SMC control schemes (14), (15), and
(19) with the workspace being partitioned according to Cases A
and B (labeled by TS554+SMC and TS99+SMC). The control
parameters are set to be X' = I and = 1, and the sign function
is replaced with the saturation function sat(s/v), v = 0.005 for
all of the three control schemes. In addition, we assume that
the disturbance that includes viscous and Coulomb frictional
forces is adopted from [20] as d = (0.1sin(10t) + f,, x3 +
fcu,0.1cos(15t) + fo,xa + fo,)T, where f,, = —0.00148,
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TABLE III
PERFORMANCES OF THE THREE SMC SCHEMES WITH DIFFERENT REFERENCE TRAJECTORIES
Case 1 Case 2 Case 3
xo = [0.8,-0.4,1,1]7 xo = [-0.2,-1.1,-2,-2]T | %0 =[-0.2,—1.1,0.01,0.01]T

x4 = [0.1,-0.7,0,0]T

xq = [0.7,-0.8,0,0]T

xgq = [0.7,-0.8,0,0]7

T T

T T T T

[|ul|eo u’u ele | ||u]lso ul'u ele | ||u]leo u’u ele
Classic SMC | 21.57 859.24 1.04 23.75 2089 4.02 15.04 1787.2 0.64
TS55+SMC 47.01 8 02.65 0.40 48.04 21855 0.93 37.21 1861.7 0.49
TS99+SMC 30.04 759.71 0.52 33.52 2061.8 1.24 25.29 1829.8 0.51
s, T . T . . . T ] sk . . . . . 7
0.7F" b ) 1 )\ \¢——Classic SMC
06 & Classic SMC | : S
~ 05F : & . _ 1 > TS99+SMC .
& it N TS99+SMC ] @ Y
0.3+ ; TSE5+SMC
05F » :
0.2 N
0.1 . e
L L O 3 L . L N 1 1
0 0.5 1 0 0.5 1 1.5 2 25 3
time
(a)
oak/ N, | 12k 1
: * ¢« Classic SMC 17\ Y¢—— classic smc .
03F N b 08 k\ i
N " b \
[0) ———— TS99+SMC ~ * \e——— TS99+sMC
0.2 - @ 06} 3 1
o 04t e _
02} - \\ 4
0 0 Loy . i ] ;
0
0 0.5 1 15 2 25 3
time
(b)

-5
-10
-15
_ 20k
> 25
-30
-35
—40 - g
0 1 2 3 4 ] 6
time
(a)
0 1 2 3 7 5. 6
time
(b)

Fig. 5. Time history of the control inputs.

fv, = —0.000817, fo, = —0.395 if 23 >0, fo, = 0.435 if
x3 <0, fo, =—0.126 if 4 > 0, and fc, = 0.071 if 24 < 0.
As expected, it is observed from Fig. 4 that all of the three track-
ing errors converge to zero. Since the T-S-type SMC schemes
need an extra control effort to compensate for the model uncer-
tainties between the T-S and the original nonlinear models, the
convergence speed for the T-S-type SMC schemes is found in
Fig. 4 to be faster than that of the classic SMC scheme. On the
other hand, in (19), the control magnitude of the T-S-type SMC

Fig. 6. Time history of the sliding variables.

scheme depends on the size of p(x,t) and o(x,t), which, in
turn, depends on the partition of the workspace. The maximum
control magnitude for the three schemes is found in Fig. 5 and
Table III to be ([[ufoc)crassic < ([[allsc)Ts9e < ([[ulfloo)Tss5,
where ||u||» := sup, |[u(¢)||. Clearly, the finer the partition of
the workspace, the smaller the upper bounds ||f|, o(x,t)
and the maximum control magnitude of the T-S model-
based SMC scheme will be. Thus, the convergence speed of
the three schemes has the following relation: (Speed)rgss >
(Speed)Tsg9 > (Speed)ciassic» Which can be clearly observed
in Fig. 4. Although the T-S approaches need a larger maximum
control magnitude than the classic SMC design, they might
consume less energy and experience smaller error histories,
as shown in Table III. It is also worth noting from Fig. 5
that there are two jumps for all of the three control curves.
These jumps correspond to the time instants when the system
states reach the sliding surface, which can also be identified
in Fig. 6. Finally, when repeatedly computing the controllers
108 times, the T-S-type design (including the determination
of membership weightings) consumes less CPU time than the
classic SMC approach in the relation of (CPU)g ~ 4.766 s <
(CPU)lassic & 7.625 s. From these simulations, it is evident
that the proposed T-S-type approach not only alleviates the
online computational burden but also efficiently supports the
tracking control mission as that of the classic SMC design.
Moreover, the T-S model-based SMC schemes do not create
an extra online computational burden when the number of the
fuzzy rules increases.
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V. CONCLUSION

In this paper, we have employed the T-S fuzzy system
model approach and the SMC technique to construct a class
of robust controllers. The combined scheme is shown to have
the following three characteristics. First, the presented scheme
can greatly alleviate the online computational burden since it
uses the T-S fuzzy system model to approximate the nonlinear
model of which most of the system parameters can be obtained
offline. Second, the proposed scheme has the advantages of
rapid response and robustness as conventional SMC schemes
because it adopts the SMC schemes to compensate for the
external disturbances and the model uncertainties between the
nonlinear and T-S fuzzy system models. Finally, the increase in
the number of fuzzy rules by finer partitioning of the workspace
can reduce the control magnitude to fulfill the maximum control
magnitude constraint for practical applications without creating
extra online computational burden. The simulation results for
the control of robot manipulators clearly demonstrate the effi-
ciency and the benefits of the presented scheme.
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