Available online at www.sciencedirect.com

ScienceDirect ?v{'(\;lgliﬂml\é

PRACTICE 22 THEORY

E;

I

.‘ TN s
ELSEVIER Simulation Modelling Practice and Theory 15 (2007) 801-816

www.elsevier.com/locate/simpat

Robust fuzzy tracking control for robotic manipulators

H.F. Ho ?, Y.K. Wong **, A.B. Rad ®

& The Hong Kong Polytechnic University, Department of Electrical Engineering, Hung Hom, Kowloon, Hong Kong
® Swinburne University of Technology, Faculty of Engineering and Industrial Sciences, Hawthorn, Victoria, 3122, Australia

Received 13 January 2006; received in revised form 22 February 2007; accepted 12 April 2007
Available online 30 April 2007

Abstract

In this paper, a stable adaptive fuzzy-based tracking control is developed for robot systems with parameter uncertainties
and external disturbance. First, a fuzzy logic system is introduced to approximate the unknown robotic dynamics by using
adaptive algorithm. Next, the effect of system uncertainties and external disturbance is removed by employing an integral
sliding mode control algorithm. Consequently, a hybrid fuzzy adaptive robust controller is developed such that the result-
ing closed-loop robot system is stable and the trajectory tracking performance is guaranteed. The proposed controller is
appropriate for the robust tracking of robotic systems with system uncertainties. The validity of the control scheme is
shown by computer simulation of a two-link robotic manipulator.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the recent decades, the tracking control of robot manipulators has received a great of attention. Tracking
control is needed to make each joint track a desired trajectory as close as possible. Many control algorithm
such as computer torque method [1,2], optimal control [3,4], adaptive control [5,6], variable structure control
(VSC) [7-9], neural networks (NNs) [10-12] and fuzzy system [3,4,13-17] have been proposed to deal with this
robotic control problem. In [1,2], a computer torque control is developed on the basis of the feedback linear-
ization. However, these designs are possible only the dynamics of the robotic dynamic are well known. The
adaptive control schemes can be employed to deal with the unknown robotic dynamics. In these approaches,
the linear parameterizations must be assumed, i.e. the unknown parameters must be of linear structure. More-
over, the unknown parameters are assumed to be constant or slowly varying. However, as the robotic dynamic
systems are nonlinear, highly coupled, and time varying, the linear parameterization property may not be
applicable. Also the implementation also requires a precise knowledge of the structure of the dynamic model.

Generally, uncertainties may not be known in practical robotic systems such as changing payload, nonlin-
ear friction, unknown disturbance, and the high-frequency part of the dynamics. Therefore, it is necessary to
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consider these effects containing both structured uncertainties (parametric) and unstructured uncertainties
(un-modeled dynamics). Variable structure control (VSC) is one of the robust control strategies to compensate
these uncertainties in robotic dynamics. In these robust control design approaches [8,9], a fixed control law
based on a priori bound of uncertainty is designed to compensate the effects of system uncertainties. However,
the assumptions in these approaches may be restrictive and difficult to be evaluated. On the other hand, exten-
sive approaches have been developed to deal with the adaptive control and robust control of robotics system
with uncertainties.

Fuzzy control is a technique of incorporating expert knowledge in designing a controller. Past research of
universal approximation theorem [18] shown that any nonlinear function over a compact set can be approx-
imated by a fuzzy system with arbitrary accuracy. There has been significant research work on the adaptive
fuzzy control of nonlinear systems [19-22]. In order to eliminate the effect of the modeling errors and distur-
bance in the system, robust compensators have been developed by H™ control [22] and sliding mode control
[20] methods. However, the sliding mode control inherits a discontinuous control action and the undesirable
chattering problem will exist in practical application.

In this paper, a novel control algorithm is developed by combining the fuzzy approach with the integral
sliding mode control method. The proposed method combines the adaptive fuzzy algorithm and robust con-
trol technique to guarantee a robust tracking performance for uncertain robotic system. In the proposed algo-
rithm, the adaptive fuzzy systems are used to cancel the nonlinear robot dynamics, which do not need to have
a linear parameterized structure as in the case of conventional adaptive control scheme’s assumption. More-
over, by combining the integral variable structure control (IVSC) [23] with uncertainties bound estimation, the
proposed control scheme becomes a new robust fuzzy control algorithm of robot manipulators. It is proved
that the closed-loop system is globally stable in the Lyapunov sense if all the signals are bounded and the sys-
tem output can track the desired reference output asymptotically with modeling uncertainties and
disturbances.

This paper is organized as follows. A description of fuzzy system is included in Section 2. In Section 3, the
robot dynamics, its property and control design is described. A robust fuzzy control with bound estimation is
developed in Section 4. Simulation results for the proposed control algorithm are included in Section 5.
Finally, the paper is concluded in Section 6.

2. Functional approximation using fuzzy logic system

The fuzzy logic system [13] consists of four parts, the fuzzifier, the knowledge base, the inference engine and
the defuzzifier. The fuzzy knowledge base comprises a collection of fuzzy IF-THEN rules in the following
form.

RV :IF x; is 4, and --- and x,is 4’ Then yis B’ (1)
The fuzzy logic system performs a mapping from U= U, x ---x U, C R" to V' C R, where x =[x, ---, x,]' €
Uand y € V' C R are the input and output of the fuzzy logic system, respectively. Af and B’ denote the linguistic
variables of the input and output of the fuzzy set in U and V, respectively. The variable i=1,...,n and n
denotes the number of input for the fuzzy logic system and /=1, ... m, m denotes the number of the fuzzy
IF-THEN rules. Based on the fuzzy IF-Then rules in the knowledge base and the compositional rules of the
inference engine, the fuzzy inference engine performs a mapping from fuzzy sets in U to fuzzy sets in V. The
defuzzifier maps fuzzy sets in U to a crisp point in V. In general, there are many different choices for the design
of fuzzy system if the mapping is static. More detailed information of these fuzzy systems can be found in [18].
The fuzzy logic systems with singleton fuzzifier, product inference engine, center average defuzzifier are in
the following form:

y(x) (2)
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where i (x;) is the membership function of the linguistic variable x; , and ! represents a crisp value at which
the membership function ug for output fuzzy set reaches its maximum. As a usual practice, we assume that
uz (') = 1. By introducing the concept of fuzzy basis function vector or the antecedent function vector. (2)
can be rewritten as

¥(x) = 07E(x) ()
o Ty
i >N A @

where 0 =[y', ..., »"]" € R™ is called the parameter vector and &(x) = [£!(x), ..., &"(x)]" € R™ is called the
fuzzy basis function vector. One of the most important advantages of fuzzy logic system is that the fuzzy logic
system has the capability to approximate nonlinear mappings. More precisely, the universal approximation
theorem is quoted as follows.

Theorem 2.1 [18]. For any given real continuous function f(x) on a compact set U € R" and arbitrary ¢ > 0.
There exists a fuzzy logic system f*(x|0) is in the form of (3), such that

sup f*(x|0) — /()] <& (5)
xe
Based on this result, the function f(x) can be expressed as

f)=0"¢(x)+¢e YxeUCR" (6)
0%is the optimal parameters of fuzzy logic system

0 = aremin (sup 07¢(x) — 109 ) ™)

XE€Qy

Q and Q. denote the sets of suitable bounds on 0 and x, respectively. The fuzzy logic system described above is for
single-output system. However, it is straightforward to show that a multi-output system can always be approxi-
mated by a group of single-output approximation systems.

3. Robot manipulator dynamics and control

A robotic manipulator is defined as an open kinematics chain of rigid links. According to the Lagrangian
formulation, the dynamic equation of an n-joint robotic manipulator with revolute joints can be formulated as
dynamical model [25,26]:

M(q)g+Clq,9)g+Glg) =< (8)

where ¢, ¢, € R" is the vectors of joint position, velocities and accelerations; M(q) € R"*" is the matrix of the
moment inertia; C(g, )¢ € R is the vector of centripetal and Coriolis forces; G(g) € R" is the vector of grav-
itational force; and 7 € R" is the vector of applied joint torques. In general, a robotic manipulator is always
presented of uncertainties such as frictions and disturbances. Then, (8) can be rewritten as

M(q)g+Clq,9)g+G(q) + D=1 )

where D is the uncertainties of the dynamics, including frictions F,(¢) and disturbance 74. Several fundamental
properties of the robot model (9) have been obtained as follows:

Property 1. The inertia matrix M(q) is a positive definite symmetric matrix, e.g. non-singular and bounded by
Munin [|X]17 < XTM(@)x < myay||X||* VX € R", where myin, and myay are minimum and maximum eigenvalues of M.

Property 2. M(q) —2C(q,§) is skew-symmetric matrix, i.e., x*(M — 2C)x = 0 Vx € R".

Property 3. The unknown disturbance t4 are assumed to be unknown but bounded, i.e. ||74]] < fa.
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Property 4. The friction in the dynamic equation (9) is in the form F,.(¢) = F,q + F.sgn(q) with F, the coefficient
matrix of viscous friction and F, a dynamic friction term. The friction is depended on the angular velocity and the
bound of the friction terms may be assumed to be in the form of |F,(q) + Fc(q)|| < B, 4|l + B.,» By B,, > 0.

In the following analysis, it will be assumed that the nonlinear dynamic model of the robot manipulator to
be controlled is well known and uncertainties are negligible. As a consequence, (8) can be rewritten as

§=F(g,q)+M ' (q) (10)
where F(q,§) is a n x 1 vector defined by

F(q,9) = -M"'(q)[C(q,4)q + G(q)] (11)
If F(q,4,4) and M~'(¢) are known, we can use the state feedback control law

T =M(q)[-F(q.4) + V] (12)
to linearize and decouple the robot dynamic system (8), where v’ is an external input vector v' = [v],.. ., u;}T,

such that the control law (12) apply to system (8) results in a closed-loop dynamics with § = v'. The objective
of control is to follow a given continuously differentiable and uniformly bounded trajectory in the joint space
g4 and the tracking error e = ¢ — g4 should be kept as small as possible.

Define a sliding surface in the space of the error state vector S = R" as

S](el) cie; + é; +k1f0te1dt
s=| |- s (1)
Sn(en) Cnéy + én + kn f(; [ df
where e; are the tracking error defined by ¢; = ¢; — qq4;, ¢; and ¢q4; are the joint and desired output trajectories
for each joint. The coefficients ¢; and k; should be chosen such that all the roots of the polynomial As) = s> +
¢is+k;(i=1, ..., n)arein the open left-half plane. The tracking problem of the robot manipulator in the joint

space implies that the error states should stay on the sliding surface S = 0 as the time goes to infinity. A suf-
ficient condition to achieve this behavior is to select the control strategy such that

d
3 a(si) < —nylsils ng =0 (14)

If the sliding condition (14) is satisfied, the system is controlled in such a way that the trajectories of the closed-
loop system moves towards the sliding surface and hit it. In order to satisfy the sliding reachability condition,
the external input vector v’ is defined as

Ga1 — c1er — kie; —n 4 sgn(s;)
v'(g,9) = : (15)
qdn - cnén - knen - 'M”Sgn(sn)
and sgn() is the usual sign function.

As described above, the plant uncertainties are neglected for the controller design. In order to eliminate the
influence due to the frictions and disturbance, the positive constant »,, are replaced by #; + 1, to guarantee
the existence of sliding condition. #} is the upper bound of uncertainties, i.e. |D;| < ;. Hence, differentiate (13)
with respect to time, the dynamics of the system (9) can be rewritten in term of S as follows:

81 kier +crér +é
S=|:|= : = F(q,q) + M (9)t+ D' +v(g.4) (16)

S‘n k"le"l + cnén + éﬂ
where

D' =M (q)(Fy(§) + 1a) (17)
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and
kier + cie1 — qa
v(g,q) = : (18)
knen + Cuén — Gan

If the dynamical model of the robot manipulator to be controlled and the bounded of uncertainties are known,
then we can use the control law (12) for the robotic dynamic. However, the dynamics of the robotic dynamic
are generally unknown in practice and there are system uncertainties. To solve these problems, the robust fuz-
zy control algorithm is proposed in Section 4.

4. Adaptive fuzzy control of robot manipulator

In Section 3, the dynamic model of the robot manipulator is assumed to be known, then we can use the
control law in (12) to linearize and control the robot dynamic system (9). However, the robotic model is
unknown and the control law is unrealizable. In this paper, we propose to use a fuzzy logic system to approx-
imate the unknown system dynamics. Moreover, we employ the integral sliding mode control to compensate
both the structured and the unstructured uncertainties. In order to take into account the unknown uncertain-
ties bounds, an adaptive term # are provided to estimate these parameters online. If the robotic dynamic model
is unknown, this implies that the elements of the matrices F(q,q) and M(q) of (9) are also unknown:

F(q.4) = [fi(¢,9)] (19)
M(q) = [mi;(q)] (20)
where i,j =1, ..., n. We shall propose the fuzzy logic system, described in Section 2 to model the unknown

function f;(q, ) and m;{q), with fuzzy logic system £i(q,410;) and 7n;;(g|0;;) for n-link robotic system defined
as

iy (gl6,) = 0% &(q) (22)
Hence, the control law (12) can be defined as
T = M(q)[-F(g,9) + V] (23)
where M(q) and F(q, )
J}l(an|9ﬁ) 0;15(‘]"])
| iy || 0:Ee:9)
Flg.q) = R (24)
11 (ql0,,) 0, £(@)
R m3(q|0n, ) 0,.%(q)
M(q) = . = _ (25)
i, (q|9mn ) 0;’1 é(q)
where it = [1,(q|0n,), - - - 11 (q|0)]" and 0, = [0,y - -, O, ]

Theorem 4.1. Consider the control problem of the robotic system (9). If the control law (23) is used, the nonlinear
functions fi(q,q), miq) are estimated by (21) and (22), the parameters vector [0y, ..., 041", [On,, .-, 0" and
the uncertainties bound estimates p; are adjusted by the adaptive law (26)—(28), the closed-loop system signals will
be bounded and the tracking error will converge to zero asymptotically:
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05, = 7,5:¢(4,4) (26)
Oml, VS 15(‘])'@ (27)
Pr =, 18] (28)
ij=1,..,n
Proof. Define the optimal parameters vector 9,», Hm/ of fuzzy systems
0;, = arg min | sup |i(¢,410;) — fi(4,9)| (29)
Gf, EQ[I 4 qE
0,, = arg min (sup |7 (q|0m,;) — m;j(q)|> (30)
g i GQ,,,I] geR"

where Q, and @, are constraint sets for 0y, 0,, defined as
Q= {0 € R'|05] < My}, @y = {00 € B[O, | < M} (31)

where My, and M, are pre-specified parameters for estimated parameters bound. Assume that the fuzzy
parameter vectors 0 and 0,,, never reach the boundaries. Define the minimum approximation error:

;= fi(a,4) = [1(4,10;) + (my(q) — mi(9l6},); (32)

and assume the approximation errors are upper bounded by |w/] < ®max. And define p; = p; — p;, where

= |D) + w;|,.x is the upper bounded of uncertainties. Then, we have

§=M"(q)t+F(g:9)+D +v(g,9)

M (q) + M (q|0n,) — M~ (q10,,)] x [M(q|0,,)(—F(,4105) + )] + F(q,4) + D' + v(q,§)
(@) = M (q10n,)] - M(q|60,) - (—F(g,4105) + ') + F(g,9) + v(g,9) — F(g,410;) + ' + D'
“q) = M (ql0n,))T + Flg,4) — Fq,410) + v(g,q) — (p+n)sgn(S) — v(g,q) + D/
(q) — M
(

—1

)
) -
- q 71 q|0m,’/)]f +F(qvq) - F(C],q|0/‘) - (j)+ W)Sgn(S) +D

q10,,.) = M (q10,)] + F(g,4107) — F(4,40;) — (p+ n)sgn(S) + D' +
6(q,9) + 0, é(@)r— (p+m)sgn(S) + D + o (33)

-1

EEEE

I
=

where 0, = 05 — 0,0, = 0, = Opyp = [P1h2 - -pa 11 = [Marflaz - Mai) -
Now cons1der the Lyapunov candidate

V= Z v, (34)

where

| T R S
v, = 2s,+ f@lelzzy vaﬁm,.ﬁrzypip,p,- (35)

=1 mij

where y,7,, and y, are design positive constants parameters. The time derivative of V" along the error trajec-
tory (33) is

. I opi, s 1o 1
V=88 + . eﬁeﬁz emle,_,+/ o

]
fi Jj=1 Vm,v,

1 o: 1
< (9,9) +Z% — (pi +ny,)sgn(s )+wz~+D§) y_eT(a*Z QrTm,Om,,Jr/ Pipi

N
Ji j= /mr/ Pi
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R .
= 5,0 é(q q) THTQ-FZS,G E(q,q)u; + Z m,/ Oy — Si(Di + 14,)5g0(s8;) + si00; + 85:D; +yfpiTpl~

pi

1
< q>+9,,+2 0%, (3,5t q)u,+em,,)+s,w,+sD il

Ji j= Vmy;

* A 1 ~TX~
+ [sil (P} = pi) — Isilng, + y—PiTPi

Pi

1~ . < —~ 1 1
<5 @) + 0+ 32 0L (v si0s )y + O, 45l sl + 50 = Ish (36)

i j=1 71mij
where éfl = éfl and ém,,, = 9,,,,/. Substitute (26)—(28) into (36), then we have
Vi < —ulsi <0 (37)

To complete the proof and establish asymptotic convergence of the tracking error, we need to prove that
s; — 0 as t — oo. Integrating both sides of (37), we have

/Ox Isi]dr < niA_(V(O) — ¥(0)) < (38)

Then, we have shown that s; € L;, from (37), we know that s; € L., because we have proved that all the vari-
ables on the right-hand side of (36) are bounded, we have $; € L,,. Using the Collary of Barbalet’s Lemma [24],
if 5;,8; € L, and s € L, for some p € [1,00]. We have s; — 0 as t — oo, thus e;, — 0 as ¢t —oo. [

Remark 1. Since the control (23) contains the sign function, direct application of such control signals to the
robotic system (8) may result in chattering caused by the signal discontinuity. To overcome this problem, the
control law is smooth out within a thin boundary layer @ [7] by replacing the sign function by a saturation
function defined as

() sen ()
sat| — | =

S

2> 1

(39)

The control law of (23) leads the output trajectory to move along the sliding surface and yields |s(7)| < @
From (13) and (39), it can be noted that the steady-state error due to the boundary layer can be removed
and there is no reaching phase problem. Consequently,

Is:(£)] = i=1,....n (40)

t
c,-e—i—é,——‘rk,-/e,-dt <¢
0

Taking the Laplace transform of both side of (40) yields

‘ (c,— +s5+ %) ei(s)

Eq. (41) can be rewritten as

& (41)

N

¢i ¢i ¢i
lei(s)] < |3 = < (42)
§2 4+ cis + k; (s + o) (s + o) [(s 4 o)l (s + o2)]
Consider ¢, is the minimum characteristic root of (s + a;1)(s + ;).
D, D,
lei(s)] < (43)

<
[ (s + o) lI(s + et) |~ (s + ojmin)
Take the inverse Laplace transform of both sides of (43) and to fine the extreme value

0] < @1 exp e (44)
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where exp is the exponential function and for all # > 0, we have

lim @; - ¢ - exp *min" =
1—00

Therefore, lim,_,..|e{t)| = 0.

(45)

Remark 2. The above stability result is achieved under the assumption that all the parameter vectors are
within the constraint sets or on the boundaries of the constraint set but moving their interior (|0, = M,
|0;| < M,,,). To guarantee the parameters are bounded. The adaptive laws (26) and (27) can be modified

by using the projection algorithm [18]. The modified adaptive laws are given as follows:
For 0, we use

75:€(4,9) if (10| <My) or
0,  (165] = My, and 5:03,E(q,4) = 0)
- Pplyssic(q,q)] if (|05 = My,) and
s0,.¢(q,¢) < 0)

For 0,,., we use

ym,-jsié(q)uj if (|9mz/| < Mmi/‘) or
- (10w, = My, and s,0,, &(q)u; = 0)
") Pulymsié(@u] it (10, = M,,) and

sz-HZ,.,é(q)u,— <0)
where the projection operator, P[] and P, [*] are defined as

. . 0,07.¢(q,4)
Py [V/,-Sif(f]»‘I)] = Vj;-sié<qa q) — yﬁsiﬁi

2
A
44 ;
94,
+ vy,
—> Robot —()
qi-4i
T
L | Fuzzy Controller <
'Y
F.M,p
Initial value
. (0
7O Adaptive Law <
0,0
pi(0)

Fig. 1. Overall scheme of the adaptive control system.

(46)
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T .
gmi/' Hml-j C(q)uj

49
T (49)

Pmij [ﬂ))m,i,-sié((’I)uj] = ym,-jsif(('I)uj - Vm,ysi

Then, the overall adaptive fuzzy control scheme is shown in Fig. 1.

To summarize the above analysis, the step-by-step procedures for the adaptive fuzzy control of uncertain
robotic system is outlined as follows
Design Procedure:

Step 1. The design parameters My, M, are specified based on practical constrains.
Step 2. Specify the desired coefficients ¢y, - - -, ¢, k1, -+ -, k,, in (13).

O

Fig. 2. Two degrees of freedom robot manipulator.

0.8

e
>

NEGATIVE POSTIVE

degree of membership
<
b

0.2

position (rad), velocity (rad/sec)

Fig. 3. Membership function of input variables.
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Step 3.
Step 4.

Step 5.
Step 6.
Step 7.

Step 8.

H.F. Ho et al. | Simulation Modelling Practice and Theory 15 (2007) 801-816

Select the learning coefficientsy ., Vg and y,.

Define fuzzy sets A; for linguistic variable ¢, ¢ and the membership functions p,, is uniformly cover
the universe of discourse.

Construct the fuzzy rule bases for the fuzzy system [ (g q|0f,) and mlj(q|0m,j)

Construct the fuzzy systems F(g,q) = 0} .¢(g,¢) and M(q) =0} ,<(g) in (24) and (25).

Construct the control law (23) with the adaptlve law in (28), (46) and (47).

Obtain the control and apply to the robot dynamic, then compute the adaptive law (46), (47) and (28)
to adjust the parameter vector 0;,0,,, and the estimate bound p;.

2.2

mass profile of joint 1 (kg)

0 10 20 30 40 50 60
time (sec)

Fig. 4. Mass profile of joint 1.

S ES =

mass profile of joint 2 (kg)

0.6 . . . . .
0 10 20 30 40 50 60
time (sec)

Fig. 5. Mass profile of joint 2.
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a:

Joint 1 position (rad)
(=]

0 10 20 30 40 50 60

time (sec)

Joint 2 position (rad)

22
3 R R R R R
0 10 20 30 40 50 60
time (sec)
C 3

Joint 1 velocity (rad/sec)
j=]

0 10 20 30 40 50 60
time (sec)

Fig. 6. Simulation results of computed torque control: (a) desired position trajectory of joint 1 g, (solid line) and system output trajectory
¢ (dash line), (b) desired position trajectory of joint 2 ¢, (solid line) and system output trajectoryg,, (c) desired velocity trajectory of joint
1 ¢4, (solid line) and system output trajectory ¢, (dash line), (d) desired velocity trajectory of joint 2 Ga, (solid line) and system output
trajectory ¢, (dash line), (e) control torque t;, and (f) control torque 5.
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Fig. 6 (continued)
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a

Joint 1 position (rad)
! 15

2
-3
0 10 20 30 40 50 60
time (sec)
b -
24
~ 11
=l
£
=
2
Z o
)
=%
~
£
o -1
2
2
3
0 10 20 30 40 50 60
time (sec)
C

Joint 1 velocity (rad/sec)
(=]

0 10 20 % 20 50 60
time (sec)

Fig. 7. Simulation results of adaptive fuzzy control: (a) desired position trajectory of joint 1 g, (solid line) and system output trajectoryq,

(dash line), (b) desired position trajectory of joint 2 g,, (solid line) and system output trajectory ¢, (c) desired velocity trajectory of joint 1

Gq, (solid line) and system output trajectory ¢, (dash line), (d) desired velocity trajectory of joint 2 ¢,, (solid line) and system output
trajectory ¢, (dash line), (e) control torque 7, and (f) control torque 7.
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d:

Joint 2 velocity (rad/sec)
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Fig. 7 (continued)
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5. Simulation example

To verify the theoretical results, simulations were carried out in two degrees of freedom robot manipulator
as shown in Fig. 2 described by [25,26]:

M(q)qg+C(q,4)q+G(g) =~ (50)
where
M( ) . (m1 =+ mz)l% + mzlg + 2myly 1 COS(C]Z) mzlg + 11 lomy COS(C]2>
4 I’I’lzlg + 1112m2 COS(QZ) mzlg
. —i’I’I2l1 12 Sin(qz)i]% — ZH’IQI1 12 Sin(qz)é]lqz
Clq,9) = . .
myly15 sin(q,)d;
malg cos(qy + q,) + (mi + ma)l1g cos(q,)
Glq) =
myl>g cos(q, +¢q,)

The parameters of the robot used for simulation are /; = 1 m, ,, =0.8 m, m; =m, =1 kgand g=9.8 m/s>. The
unknown nonlinearities fi(¢, ¢) and m;{q), i.j = 1,2 are estimated using three triangular fuzzy sets for g and g are
constructed as in Fig. 3. No prior knowledge is assumed in this simulation and the consequent parameters are
initialized to zero. Select M, = 40 and M,,, = 80. The controller parameters 7, = 50, Vm, = 0.5and y, =0.1.
The width of the boundary layer @; =0.1, 54, =0.01, i,j = 1,2 and the sliding surface coefficient ¢; = 1.2,
c1 = 0.8, ky = k, = 0.5. The desired reference trajectory are chosen as g4, = 1.0sin(z), g4, = 0.8 cos(t), respec-
tively. The initial conditions ¢;(0) = 0.5, ¢»(0) = —0.5, ¢1(0) = ¢,(0) = 0 and p,(0) = p,(0) = 0.2. In order to
verify the robustness of the controller in a pick and place environment, the mass profile were added as shown
in Figs. 4 and 5. For comparison, the conventional computed torque control © = M(q)(Ga + k.é + k,e)+
C(q,4)q + G(gq) under the same conditions is also demonstrated. The gains are chosen as k, = diag[50, 50],
k, = diag [20,20]. Fig. 6 shows the results with computed torque control. It can be seen the controller cannot
drive the joints to reach the desired positions and steady-state tracking error exist. Fig. 7 shows the results
for the proposed fuzzy controller. It is observed the tracking errors go to small values after some transient, which
is cause because of the initial choice of the consequent parameters. However, the tracking error decreases
quickly since of the on-line learning of fuzzy logic system, and the effect of uncertainties are successfully com-
pensated by the robust control term. The simulation results thus demonstrate the propose robust adaptive fuzzy
control can effectively control the rigid robot system with uncertainties.

6. Conclusions

In this paper, we have presented a robust fuzzy control algorithm for robotic manipulators. The method is
developed based on the fuzzy modeling technique with robust sliding mode control. The control scheme does
not require the robot dynamics to be exactly known. With the aid of fuzzy logic system has been used to imple-
ment an adaptive feedback control strategy with the boundary layer integral sliding control, which compen-
sate for unknown uncertainties with estimated bound. Both chattering and reaching phase problem can be
avoided. The design has been proved to guarantee the closed-loop stability in the sense of Lyapunov method.
Finally, the simulation results show that the proposed control algorithm is appropriate for practical control
design robotic manipulator with uncertainties.

Acknowledgement

The authors thank the anonymous reviewers for their constructive remarks and suggestions for improving
this paper.

References

[1] M.W. Spong, M. Vidyasagar, Robot Dynamics and Control, Wiley, New York, 1989.



816 H.F. Ho et al. | Simulation Modelling Practice and Theory 15 (2007) 801-816

[2] J.J. Craig, Introduction to Robotics, second ed., Addison-Wisley, Reading, MA, 1989.
[3] A. Green, J.Z. Sasiadek, Dynamics and trajectory tracking control of a two-link robot manipulator, J. Vibr. Control 10 (10) (2004)
1415-1440.
[4] A. Green, J.Z. Sasiadek, Fuzzy and optimal control of a two-link flexible manipulator, in: Proceedings of the IEEE/ASME
International Conference on Advanced Intelligent Mechatronics , 2001, pp. 1169-1174.
5] R. Ortega, M.W. Spong, Adaptive motion control of rigid robots: a tutorial, Automatica 25 (1989) 877-888.
6] J.E. Slotine, W. Li, Composite adaptive control of robot manipulator, Automatica 25 (1989) 509-519.
] J.E. Slotine, W. Li, Applied Nonlinear Control, Prentice-Hall, Englewood Cliffs (NJ), 1991.
] C.Y. Su, T.P. Leung, A sliding mode controller with bound estimation for robot manipulators, IEEE Trans. Robotics Automat. 9
(1993) 208-214.
[9] Y. Stepanenko, C.Y. Su, Variable structure control of robust manipulators with nonlinear sliding manifolds, Int. J. Control 58 (1993)
285-300.
[10] Y.C. Chang, B.S. Chen, A nonlinear adaptive H> tracking control design in robotic systems via neural networks, IEEE Trans. Contr.
Syst. Technol. 5 (1997) 13-29.
[11] O. Barambones, V. Etxebarria, Robust neural control for robotic manipulators, Automatica 38 (2002) 235-242.
[12] S.S. Ge, C.C. Hang, L.C. Woon, Adaptive neural network control of robot manipulators in task space, IEEE Trans. Ind. Electron. 44
(1997) 746-752.
[13] F.C. Sun, Z.Q. Sun, G. Feng, An adaptive fuzzy controller based on sliding mode for robot manipulators, IEEE Trans. Syst. Man
Cybern. 29 (1999) 661-667.
[14] M.A. Llama, R. Kelly, V. Santibanez, Stable computed-torque control of robot manipulators via fuzzy self-tuning, IEEE Trans. Syst.
Man Cybern. 30 (2000) 143-150.
[15] B.K. Yoo, W.C. Ham, Adaptive control of robot manipulator using fuzzy compensator, IEEE Trans. Fuzzy Syst. 8 (2000) 186-198.
[16] E.A.M. Cruz, A.S. Morris, Fuzzy-GA-based trajectory planner for robot manipulators sharing a common workspace, IEEE Trans.
Robot. 22 (2006) 613-624.
[17] S. Labiod, M.S. Boucherit, T.M. Guerra, Adaptive fuzzy control of a class of MIMO nonlinear systems, Fuzzy Sets Syst. 151 (2005)
59-717.

[
[
[7
8

Fuzzy Syst. 4 (1996) 32-43.

[23] I.C. Baik, K.H. Kim, M.J. Youn, Robust nonlinear speed control of PM synchronous motor using boundary layer integral sliding
mode control technique, IEEE Trans. Contr. Syst. Technol. 8 (2000) 47-54.

[24] S. Sastry, M. Bodson, Adaptive Control: Stability, Convergence and Robustness, Prentice-Hall, Englewood Cliffs (NJ), 1989.

[25] L. Peng, P.Y. Woo, Neural-fuzzy control system for robotic manipulators, IEEE Contr. Syst. Mag. 22 (2002) 53-63.

[26] F.L. Lewis, S. Jagannathan, A. Yesildirek, Neural Network Control of Robot Manipulators and Nonlinear Systems, Taylor and
Francis, London, 1999.



	Robust fuzzy tracking control for robotic manipulators
	Introduction
	Functional approximation using fuzzy logic system
	Robot manipulator dynamics and control
	Adaptive fuzzy control of robot manipulator
	Simulation example
	Conclusions
	Acknowledgement
	References


