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Use of Adaptive Fuzzy Systems in Parameter Tuning
of Sliding-Mode Controllers

Kemalettin ErbaturMember, IEEEand Okyay KaynakSenior Member, IEEE

Abstract—Soft computing methodologies, when used in com- It has useful invariance properties in the face of uncertainties
bination with sliding-mode control (SMC) systems, aim to alle- in the plant model. For single-input systems in controller
viate implementation difficulties of SMCs or to intelligently tune canonical form, the theory of VSS is well developed. Motion

the controller parameters. In this paper, it is proposed to combine . -
adaptive fuzzy systems with SMCs to solve the chattering problem control, especially robotics, has been an area that has attracted

of sliding-mode control for robotic applications. In the design of Particular attention and many publications have appeared in
the controller, special attention is paid to chattering elimination the literature [4]-[7]. Also, a humber of works are reported

without a degradation of the tracking performance. Furthermore,  on the discrete time implementation and stability analysis of
the a priori knowledge required about the system dynamics for de- sliding-mode controllers [8]-[13]. Reference [13] suggests that

sign is kept to a minimum. The paper starts with a consideration of th fi fi tabilit iderati be still valid
basic principles of sliding-mode and fuzzy controllers. Implemen- 1€ continuous time stability consiaerations can be sull vall

tation difficulties and most popular solutions are then overviewed. for discrete-time systems, provided that the sampling period is
Next, the design of a SMC reported in the literature is outlined and chosen short enough.

guidelines for the selection of controller parameters for the best A pure SMC suffers from the following drawbacks in prac-
tracking performance without chattering are presented. A novel - icq| applications. Firstly, high frequency oscillations of the con-

approach based on the introduction of a “chattering variable” is . .
developed. This variable, as a measure of chattering, is used as antroller output, termed as chattering, introduce a problem. The

input to an adaptive fuzzy system responsible for ringing minimiza- igh speed (i_dea”y at infinit.e .frequency) switching necessary
tion. On-line tuning of parameters by fuzzy rules is carried out for ~ for the establishment of a sliding mode causes the oscillations.

the SMC and experimental results are presented. Conclusions are A thorough explanation of the problem and what may cause itis

presented lastly. given in a recent publication [2]. In practical implementations,
Index Terms—Adaptive fuzzy systems, manipulator trajectory ~Chattering is highly undesirable because it may excite unmod-
control, sliding-mode control (SMC). eled high frequency plant dynamics and this can result in un-

foreseen instabilities. The second drawback is that, a SMC is ex-
tremely vulnerable to measurement noise. The input depends on
the sign of a measured variable which is very close to zero, and
OBOTIC manipulator trajectory control is a challenginghis is where measurement noise enters the scheme with adverse
problem due to the coupled and nonlinear system dgffects. Thirdly the SMC may employ unnecessarily large con-
namics involved. An additional difficulty arises due to the fadrol signals to overcome the parametric uncertainties. Another
that system parameters may vary with time. In the face of thegary important problem is difficulty in the calculation of the
difficulties, the use of sliding-mode control (SMC) [1], [2] hasso-called equivalent control. A thorough and accurate knowl-
often been proposed as a robust control strategy. edge of the plant dynamics is necessary for this purpose [14].
The primary characteristic of a variable-structure system To overcome these problems, many modifications to the orig-
(VSS) is that the control signal is discontinuous, switchingial sliding-control law have been suggested [15]. The most
on one or more manifolds in state space. The structure of tp@pular modification is the boundary layer approach, which is,
feedback system is altered as the state crosses each disbasaically, the application of a high gain feedback when the mo-
tinuity surface. When certain conditions are met, all motiorf#on of the system reachesvicinity of a sliding manifold [3],
in the neighborhood of the manifold are directed toward tH&4]. This approach is based on the idea of the equivalence of the
manifold and, thus, a sliding motion on a predefined subspa@h gain systems and the systems with sliding modes [16]. An-
of the state-space is established in which the system state@iier variation of the scheme is called “provident control.” Prov-
peatedly crosses the switching surface [3]. This mode is a gdggnt control combines variable structure control and variable

candidate for tracking control of uncertain nonlinear systenfgfucture adaptation and performs hysteretic switching between
the structures so as to avoid a sliding mode [17]. The computa-

tion of the equivalent control plays a vital role in both method-
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by experience [18]-[20]. Therefore, they are good candidatas SMC

for alleviating the problems associated with SMCs discussetrne control is applicable for systems represented in the fol-
above.

) lowing form:
Fuzzy control systems, as tools against the problems of un- ~
certainty and vagueness, incorporate human experience into the <1 = /1 (z1, z2) 1)

task of controlling a plant. When employed in robotic trajec- &5 = fo(z1, z2) + B(x1, z2)u + B(z1, z2)dg(t). (2)

tory control, they mainly play one of two roles in the controlle[n this state-space description € R, z, € R™, u € R™

structure. One of them is to compute the control signal by fuzzy 2 X '

rules. The other is to tune, adapt or schedule the parameter7%q’.k(B) — dy represents the disturbance. We also have
) . ' X ﬁne information that the components of the control input and the

other control mechanisms to accomplish better performancedlgrivative ofz, are bounded with known bounds. The aim is to

face of uncertainties and different operating points. . . .
A method to combine adaptive fuzzy systems with SM Jive the states of the system into the Satefined by

to solve the chattering problem of SMCs is proposed in this S ={x: ¢(t) — so(z) = s(z, t) = 0}. ?3)

paper. In _the sggges_ted approach, a special attention s H—algjre,a: is the state vector obtained by augmentingand,.
to c_:hatterlng elimination W|_thout system performance degr&?{3 function(¢) is the time dependent part of the sliding func-
dation. Furthermore, the prior knowledge necessary about vectors(z, ¢) and contains reference inputs to be applied to

system dynamics for controller design is kept to a minimum. the controlled plant. On the other ha denotes the state
The second section outlines the design of a SMC method Eee'pendent parrt) 09‘(3.: #). Specifically ad(z)

ported in the literature and its application to the control of a
direct drive SCARA-type two degrees of freedom robotic arm. sq = G121 + G222 (4)
The third section presents a novel approach based on the\{iere the matrix?, is of ranksm.

troduction of a “chattering variable,” a measure of chattering, The derivation of the control involves the selection of a Lya-

and using it as an input to an adaptive fuzzy system responsigigov function’(s) and a desired form fo, the derivative of
for the chattering or ringing elimination. On-line tuning of SMGne Lyapunov function.

parameters by fuzzy rules is carried out. The objective is to sat-The selected Lyapunov function is
isfy a designer prescribed performance criterion based on the T
tradeoff between the performance degradation and ringing elim- V=s's/2 ()
ination. The proposed method is tested on a direct-drive SCARAerefore,
robot, and experimental results are presented. . -

The conclusions are presented in the fourth section. V=ss (6)

It is desired that
II. SMC

o T
A number of approaches based on SMC methodology are pro- V=-s"Ds @)
posed in the literature for trajectory control of robotic manipulgynere p is positive definite. Thus, the derivative of the Lya-

tors. An important problem in this context is chattering, that igy,noy function will be negative definite and this will ensure sta-
oscillatory motion about the sliding surface. In this section, E}ﬂlity. The last two equations together lead to

SMC approach, which eliminates chattering with suitable con- - )

troller parameters is considered. However, the determination of s (Ds+35) =0. (8)

this suitable set of parameters is one of the difficulties met in if§ solution for the equation above is

implementation. In the next section, a fuzzy adaptation scheme .

is devised for the on-line adaptation of the parameters of this (Ds +5) =0. ©)

controller. The expression for the derivative for the sliding function is
The SMC approach [21], [22] outlined in this section is ap- .

plicable to nonlinear plants which are linear with respect to the 5=¢ =G = Go(fo+ But Bdy). (10)

control input. The controller is developed by combining the varAnd, therefore, wheDs + $) = 0, we have that

able structure systems theory and Lyapunov design methods. If, _ —dy + (G2B) "V [p — Gafo — GLA1] +(G2B) "' Ds.

possesses the desirable properties of the sliding mode systems - ~

while avoiding unnecessary discontinuity of the control and, teq (11)

thus, eliminates chattering, when the controller parameters are ) ) o

set suitably. Implementation results [22] that have already ap-FOF robotic manipulators, the matri# is the same as the

peared in the literature indicate that the approach results in gdg¥€"s€ of the positive definite mampulator inertia matrix and

trajectory performance when the parameters are well tuned. {13 has the rankn. Therefore, the existence of the inverse of the

seen during these studies that the tuning of the controller for 11X G25 is guaranteed. From (10) and (11) above, it can be

control problem at hand can be a difficult and demanding tas oted that when the part of the control input in (11) designated

The organization of the section is as follows. Firstly, the SM Y Ueq IS ap'ﬁllsd to thessyshtem, the ?grlvatlve C?f“the .sl|fl|ng
algorithm is briefed. Next, the direct drive manipulator used gnc;tlol'r) 5 Vé”l\/lcet Z€r0. | uc _F;lhcon;tao IS t?”?? (;,\qua ent
test bed is described and the application of the SMC to this ol in erminology. Thus, the control input i

nipulator is detailed. U = Ueq + (GoB) ' Ds. (12)
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-

Fig. 1. The direct drive manipulator.

Itis shown in [21] and [22] that the above equation can be put TABLE |
into the recursive form DYNAMICS PARAMETERS OF THEROBOT ARM
u(t) = u(ti) + (G2B)71(D3 + 5)|t=t* (13) Motor 1 Rotor Inertia | 0.267 Arm 1 Length 0.359
t=t-T (14 At Inertia 0334 Arm 2 Length 0.24

where(G2Bz) ™1 (Ds + $)|,—, is the updating term arifi is a

very smalltime interval corresponding to the sampling interval ir
digitalimplementation. On the sliding manifole(t~) becomes  Motor 2 Stator Inertia | 0.040 Arm 2 CG Distance | 0.102
the same as the equivalent control. Since the control is bounde

Motor 2 Rotor Inertia | 0.0075 Arm 1 CG Distance 0.136

Arm 2 Inertia 0.063 Axis 1 Friction 4.90
the saturation function is added to the control law above
1 Motor 1 Mass 73.0 Axis 2 Friction 1.67
u(t) = sat (u(t*) +(G2B) (Ds+ é)|t=t7) . (15)
Arm 1 Mass 9.78 Torque Limit 1 245.0

The saturation function introduces some limits on the appli
cable reference state inputs and the tolerable parameter vaMotor 2 Mass 3.0 Torque Limit 2 39.2
ations in plant dynamics. The controller in (15), unlike many
other SMCs uses minimum knowledge about the plant. As wil;
be seen in its application to the direct drive manipulator de-
scribed in the next section, only an approximate informatigsuter. Clanguage servoroutines are compiledinthis environment

Arm 2 Mass 4.45

about the input gain suffices. and downloaded onto the DSP. This approach enables the imple-
_ mentation of complicated intelligent control algorithms with rea-
B. The Manipulator sonable sampling periods. In the case of simple algorithms, the

The performance of the control algorithm presented abov€ of samplingtimes inthe range of 50-1@80s possible.
is checked by experimental investigations on a direct drive two The NSK torque motors used on base and elbow joints pro-
degrees of freedom SCARA-type arm [23] shown in Fig. 1. vide position signals with a resolution of 153 600 pulses/r.

The dynamical equations of this manipulator are given by the L
C. Application of the Control Scheme to the Control of the

following:
Robot Arm
Hi+W(g, @)+ F = (16) Consider the dynamical equations of the manipulator as given
In this expression is the vector of joint angleg, andgs. Also, Lﬂe(lsfi;;r;d select the angular positions and their derivatives as

u is the torque vector applied to the jointsis the inertia matrix,
W is the vector of centripetal and Coriolis forces, didtands
for Coulomb friction. The mass, length, and inertia parameters
of the arm and the direct drive motors givenin Table | in standatthe following state equations are then obtained:
kg-m-s units.

ATMS320C30floating point DSP based systemis usedto con- Ty =2 (18)
trol the arm [23]. The user interface is on a general purpose com- fy =G = J N z)[u(t) — Wz, z2) — F). (29)

g=x1 and ¢ = x». a7
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From (19), it follows that the fuzzy adaptation scheme by which controller parameters are
_1 tuned in real time.
B =J" (). (20) The controller parameters which affect the system response

The design of the sliding surface can be carried out as followase the entries of th€’, D, and K matrices. Adaptation of
From (3), with the selection of state variables as in (17), vibese parameters is carried out in [24] with fixed fuzzy rules.
obtain During these studies it is observed that the most effective adap-

tation in chattering minimization is the one for thé parame-
s =¢(t) — sala, ) (21) ters, wherea&” and D adaptations play a secondary role.

The performance and robustness of the controller is affected
by the selection of the gain matri. High gain can easily cause
P(t) = G1qa + Gaqu (22) chattering whereas small values of the galg, lead to the
degradation of the tracking performance. In [24], a fuzzy adap-

whereqy is the desired position vector. Hence, with the defini-__: . . . .
tion in (4), it can be noted thatis a function of position and fation algorithm is used which balances the chattering and error

velocity errors. With the definition of position error as In the system and tgnes the gain parameter in such a way to get
the best tracking without chattering.
e ()= i —q (23) In this paper yet another novel approach is developed for the
e ¢ on-line tuning of K parameters using a measure of chattering.
the following expression can be obtained for the sliding fund-"€ method presented in this paper employs adaptive fuzzy sys-
tion s tems represented as three-layer neural networks trained with
back-propagation. The organization of the section is as follows.
sz, £) = <31 ) — Gie + Gob. (24) First, the so called “fuzzy identifiers” [25]-[27], which are used
52 in the on-line tuning method, are introduced. Next, the appli-
cation of the fuzzy identifiers for the SMC parameter tuning is
presented. Experimental results constitute the final parts of the
Gl = <c(1)1 0 ) =C, Gy = <(1) (1)> (25) Paper.

C22

The time dependent part of the sliding function is chosen as

The matrices?; andGs used in this design are

whereci; andes» are positive constants. Here, the introductioft- Fuzzy Identifiers

of the matrixC is solely for notational simplicity. The fuzzy systems which are used in this chapter are of the
From (20) and (25) we obtain that following form:
G2B)™t = J(q). 26 M n _zIN 2
G ety St

Hence, the following control rule is obtained from (13) with a Pt i o;

nominal inertia term/,, hov) ==+ NG (29)
l Vi Y

w((k + DT) = u(kT) + KJo(Ds + Doz, (27) ; [Hl a} exp <— < " ) )]

Here,K is a diagonal gain matrix with positive entries used fO{.
tuning andD is chosen diagonal as well. The diagonal terms

the nominal inertia matrix,, are calculated from an EuIer—La—Gaussian membership functions. Hefd, is the number of
grange model of the robot given in [23] with both joints at th?ules v is the vector of input variable@’ stands for the
zero position. The off diagonal terms are taken to be zero ('5n '

d t 10 introd ) t ina t i th Ptput constant of rulé, »n is the number of input variables,
order not to INtroduce INCorrect coupling terms In the case giq theth input variablep! is the center of the membership

modeling errors. Thus, with the diagonal selection of the contr nction forv; for rule I, o! represents the width, ang the
parameter matrices above, an independent joint control mec gfght of thié member,shzip function. Gaussian, membership

nism 15 construpted. L . functions are differentiable. This feature is exploited in the
".1 dl_screte t'me.’ 'the appr_OX|mat|on below is used for tht?rclck—propagation algorithm presented below. The function in
derivative of the sliding function (29) can be represented with a three-layer feed-forward neural
ET) — s((k—1)T) network structure which is shown in Fig. 2 [25].
T ’ In Fig. 2, 1 stands for the membership functions described
In this expression] is the control cycle time. above. Triangles represent gains.
With the motivation that systems of the form (29) are uni-

ll. ADAPTIVE FUzzy SYSTEMS IN TUNING SMC PARAMETERS  Versal approximators [27], a back-propagation training algo-

. ep . . . rithm for this class of f systems is developed in [25] as in
An obvious difficulty in the implementation of the controlrlhe followinlg Hzzy sy I veloped in [25] as |

scheme descrlbe.d in Sgctlon Il'is thg selection of the control eeor a given input—output pa?, d) with v» € R™ andd €
parameters. In this section, fuzzy logic systems are employedéoa measure of the modeling error of the fuzzy mode(«)

design an adaptation scheme for the sliding mode algorithmdpthe form introduced above in (29) can be defined b
[21], [22]. A measure of chattering is introduced and this mea- ! u ve in (29) : y

sure together with the sliding variable function are the inputs to E= %(h(yp) —d)% (30)

is function characterizes a fuzzy system with center average
efuzzifier, product inference rule, singleton fuzzifier, and

skt ~ (28)
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Fig. 2. The three-layer feed-forward NN architecture.
In order to minimize this error, assuming that all #jeéerms previous chapter. The effects of the selection of gain parameter

are equal to 1, fuzzy system parameters are varied accordinddare already discussed above. Based on this discussion, a new
the back-propagation rules which are as follows: technique is developed for chattering minimization.

_ In this section, to compute the gain parameters, that is, the
—1 —1 dE —1 h l . . P
7 (k+ 1) =73(k)—« a7l = (k) —« z' (31) diagonal entries of the matrik in (27), fuzzy systems of the
Yol form (29) with three rules per robot joint are constructed. In
THE+1) =7} (k) — « oF the approach presented in this paper, the absolute values of the
’ oz k sliding variables are used as the inputs to the fuzzy systems.
- 2000 — 7! Thus, the expression for the %, k=1,2/isgivenb
:Eil(k) —a h—d (yl _ h)Zl (Uz - Yi (k)) p gaﬁﬁk g Yy
o (32) Zy,f exp(— < kal k) )
— k
ol(k+1) =ol(k) —a == W= g 5 (34)
ZHn Zexp( <|8k|—§,i>>
h—d  _ 2007 — wl(k))? - !
—ol(h) —a 2 g - 2R = g

(33) In this expression, parallel to the discussion in Section IlI-A,

' _ o . o 5, is the mean value of the Gaussian membership function de-
Herea is a step size. The variabieis defined in Fig. 2, as the scribing the fuzzy set fofs;| in rule  and s, stands for the

sum of rule truth values of the rules in the rule base /astands  variance of this membership functiogy, is the output constant
for the functionh(v?). of rule [ for robot joint &, and it represents the output value

o - ) ) for Ky in this rule. These parameters are set initially to obtain
g. Appl;catlon of Fuzzy Identifiers to On-Line Tuning of SMCSmaII values fot . when|sy| is small and large values when
arameters

|sk| is large, in order to avoid chattering. This fuzzy system,
In this section, gain parameter tuning via the use of fuzayithout adapting its parametess, o+ ands; via back-propa-

identifiers is presented for the SMC method discussed in thgation, performs to some extend in chattering minimization, if
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these parameters are set suitably. In order to end up with a st
able set of parameters many experiments based on trial and er
should be carried out. Next, itis presented how the fuzzy syste
parameters are adapted exploiting a measure of chattering.

The back-propagation rules described above are employed 1
the on-line adaptation of the fuzzy system parameters. The tet
d in (30) is, however, unknown to the designer. That is, the de
sired value of the parametéfy . for joint 4, for admissible chat-
tering (or ringing), cannot be known in advance. The goal of th
adaptation is, for a given admissible ringing level, to determin
a function which mapss; | values to values ak(;, in order to
maintain that level of ringing in the control input.

A measure of chattering or ringing in control signal is used tc
devise a critic scheme for the adaptation of fuzzy system parar
eters, as given below. The chattering variable for j&irt ., is Robot
defined as follows:

50
Iy (t) = Z Ok (l)|u(t — lT) — u(t — (l — 1)T)|. (35) Fig. 3. The structure of the critic algorithm.
1=0
In this e)(pressioﬂ1 is the Samp”ng period_ The term, (l) is is below the value OKkk This follows from the discussion of
described by the effects of the gain parameter on the ringing of the control
signal, presented in the beginning of this section and constitutes

Critic K,
Fuzzy Identifier

Critic Function

s

0, if (ux (I7) — (1 = T) the basis of parameter adaptation with the critic function.
(D) = (w0 =DT) —up (1 = 2)T)) 2 0 In the gain adaptation scheme presented above, the knowl-
1, if (ur(IT) — w((I — 1)T)) edge on the admissible error plays a secondary role and the role

(up (1= 1)T) — g (1 — 2)T)) < 0. _ofthe expert’s_knpwledge on_admissil_ale c_:hattering levelis dom-
(36) inant. An admissible chattering level is given to the fuzzy logic
system and the rest of the adaptation process is performed auto-
That is, py, (1) assumes the value 1 only if the differenceuin  matically. Introducing such a level of chattering is not a common
changes its sign from control cycle— 1 to control cyclel. practice in control applications. Therefore, many experimental
Only consecutive control input changes in opposite directioggidies have to be carried out by the control system designer
are accumulated in the variable. in order to acquire information on the effects of the admissible
The main structure of the tuning scheme is shown in Fig. 3. Bhattering level and to use this parameter in an adequate way.
the approach presented, the critic function is a fixed relation be-The structure developed above is similar to the Adaptive
tween the chattering variablé, and the differencé(v?) — d.  Neural Heuristic Critic Algorithm in [18], where two NNs
This value is used in the (31)—(33) to update fuzzy system pge employed in places of the critic function and the fuzzy
rameters. Specifically, introducing the admissible chattering pfentifier in Fig. 3. The NN used in place of the critic function
ringing levell’;, for joint £, the critic functiony, is selectedas  of Fig. 3 is called “Value NN” and the NN used in place of the
I, — Ty fuzzy identifier is called “Action NN” in [18]. The value NN

Tk T (37) approximates evaluation functions, mapping states to expected

_ k values, and the role of the action NN is to generate a plausible

and the expression action, mapping states to actions. Parameters of these two
Koo — K = h(@?) — d = 7 (38) NNs are updated by back-propagation in an error minimization

scheme where the error to be minimized is a function of
is used in the back-propagation rules (31)—(33). In (38);. reinforcement gathered from the external world.
stands for the specific gain value, which will assure the admis-The next section presents implementation results with the ap-
sible ringing levell';.. The admissible ringing level is a paramproach described above.
eter to be determined by the controller designer. To assign the
value of this parameter, the designer has to have some notiol€CofExperimental Results
how the parameter affects the controller performance and chata sampling period of 2 ms is used in the experiments. The

tering. This notion can be acquired by numerous experimenis,ning ratex in (31)~(33) used in the experiments is a func-
with different values of the parameter. Although,, cannotbe o of joint velocities. The learning rates for the two joints are
known in advance, the fuzzy identifier can be tuned with Va"é‘xpressed by

able information contained i,. It can be noted that parameter

change directions in the back-propagation laws are not changed g = Wy, k=1, 2. (39)

by introducing the critic function,.. This is since ringing values

abovel;, mean that the value dfy, is above the value & .  In this expressiong is a constant which has the value 0.003
Similarly, ringing values below’, mean that the value df;;  in the experiments, ang}, is the velocity of jointk. Weighting

Authorized licensed use limited to: IEEE Xplore. Downloaded on February 19, 2009 at 04:58 from IEEE Xplore. Restrictions apply.



480 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 6, NO. 4, DECEMBER 2001

1.8 T T v T T T T 27
i 26 o 52
< _ £
- _ 5 25 Tos 8 5.1
[ —
£ 1 g g ° T=10
c @ oM
2 @ 23 49
3
o 2.2 4.8
g i 0 0.5 1 1.5 0 05 1 1.5 2
&
3 i
& 9.5
]
& 7 - 94 _ o 145
8 % T=20 :
3 9.3 3 14.4
] 292 2 143 I'=40
@ o
0.2 L ) ) L L ' L L . 9.1 14.2
' 02 04 06 08 1 12 14 16 18 2 0 141
Time [sec] 0o 05 1 15 2 0 05 1 15 2
Time [sec] Time [sec]

Fig. 4. Base reference position used in the experiments.

Fig. 6. Gain parameter&’, for T'; = 5, 10, 20, and 40, respectively, last 2
20 seconds.

sition curve, is 40 s. It can be observed that the curves, except
16k the one withl';, = 40, converge in a few iterations to their final
values. Forl';, = 40, that is for the curve labeled 4, no conver-
gence is observed. This is because of the high level of ringing
demanded by, = 40. Fig. 5 indicates that, if a few more iter-
ations were performed, these curve would also converge. How-
ever, the ringing level observed at the last run with = 40
has been large enough to stop experiments in order not to cause
some possible damage to the robotic manipulator. Fluctuations
in gain parameters after convergence are due to the fact that, not
directly the gains but the fuzzy systems yielding them as a func-
tion of joint sliding variables are trained by the algorithm pre-
sented. The gain parameters in the last iteration, that is the 20th
5 : 0 P % 2 " 3 2 oOneare shown in Fig. 6. In these figure, it can be observed how
Time [sec] the gains are adjusted by the fuzzy systems represented by (34),
as a function of joint sliding variables. In Fig. 6, “Base Gain 1,”
“Base Gain 2,” “Base Gain 3,” and “Base Gain 4” denote the
gain parameters for base with, = 5, 10, 20, and 40, respec-
the learning rate by joint velocities has the advantage that oviively. Fig. 7 indicates the effects of different ringing levélg
learning is avoided when the robot is stationary. on the control signals. As can be seen from this figure, the con-
Four different values for the admissible chattering valye trol effort increases with increasing valueslaf. The effects
are tested fok = 1, 2, namely for the base and elbow simultaef 'y, on the base position error are presented in Fig. 8. Error
neously. The reference trajectory is shown in Fig. 4. Step refelecreases with increasihg . Considering Fig. 8, it can be con-
ence inputs are avoided since they cause the manipulator systéuded that the control method presented can be employed to
to face mechanical shock. This would result in a shorter lifetimeecomplish a desired tradeoff level between chattering and per-
for the bearings. Step references have been used in some oftienance degradation.
publications of the authors [24], however, in such cases, onlyThe method described in this paper resembles to the boundary
very small step sizes are employed. To test the method witlager approach in that the value of the gain is decreased when
scenario similar to the industrial use, smooth references cdlie system trajectory in the phase plane approaches the sliding
ering a wider workspace are used. A similar reference curlime. Still, the value of the gain is large enough to be comparable
is used for the elbow joint. The experimental results for thigith the gain value when the states are far away from the sliding
joint, due to lack of space, are not shown in this paper. Howine. Further in contrast with the boundary layer approach, the
ever, the obtained results are similar to the ones presenteddomoothness of the control signal is achieved by the formulation
the base joint. The tested values for are 5, 10, 20, and 40. of the control law. The fuzzy system for gain determination is
Twenty consecutive runs are carried out with the reference texnployed for further minimizing the ringing.
jectories with each of th&, values mentioned. The gain pa- The method presented can be employed as an on-line tuning
rameters for the base are shown in Fig. 5. The total experimafgorithm which is continuouslgN. However, to test the perfor-
time, which corresponds to 20 iterations with the reference pmance of the system with the tuned controller parameters tuning

Base Gain Parameter

Fig. 5. Base gain parametel§ ; for 'y = 5, 10, 20, and 40, respectively.
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Fig. 10. Position error and control signals for the base joint with the reference
_ trajectory in Fig. 9.
Fig. 8. Base errors fdr; = 5, 10, 20, and 40, respectively, last 2 seconds.

hs longer. As another solution, in the case of longer sampling in-

is turnedorF and additional experiments are carried out wit ; T : .
. . . : tervals, higher admissible chattering values can be used in (37).
different reference trajectories. One of the reference trajectories

tested is shown in Fig. 9. Also in this case, good tracking perfor-
mance with admissible ringing in the control signal are obtained IV. CONGLUSIONS
as shown in Fig. 10, where the used valuelfas 10. The use soft computing methodologies in SMCs is getting
As a note of implementation, in the following, the effect omore and more popular. In some studies the control structure
longer sampling periods on the computation of the gain coeé$- derived using the conventional design techniques and the
ficient is discussed. If we fix the admissible chattering valueomputational intelligence is introduced in a complementary
and vary the sampling time, the following consideration will benanner for a variety of purposes. The use of adaptation or
useful. For longer sampling intervals, the change in the colearning by adaptive fuzzy systems, neural networks or by
trol signals is expected to be bigger from one control cycle gvolutionary computing complementary to SMCs are reported.
the other. As a result, we may end up with higher chatteririchey have the main objective of alleviating practical problems
variable values in (35). From (37), we can conclude that, tleacountered in the implementation of SMCs. In the use of
value of the critic function will be higher too. Considering thduzzy logic in combination with SMC, such applications are
back-propagation algorithm, this will lead to a new gain curvermed as being indirect.
which converges to a lower gain value in Fig. 5. As aremedy, theln this paper, a study of indirect methods in the fuzzy SMC of
number of iterations can be adjusted according to the samplimdpotic manipulators is presented. As a novel approach, a con-
period used in the specific system under control. In this wasol method based on on-line tuning of SMC parameters via the
the chattering variable can be computed over the same timeuse of fuzzy identifiers and a measure of chattering is presented.
terval, however, over fewer control periods, if the sampling timia this approach, in which chattering elimination is the main
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concern, a critic function based on chattering is employed t@o0] H. J. ZimmermannFuzzy Set Theory and Its ApplicationsNorwell,
train fuzzy systems. In the determination of the critic function, __ MA: Kluwer, 1991.

A. Sabanovic, N. Sabanovic, K. Jezernik, and K. Wada, “Chattering free

. . '[21]
the knOW|que .that:. Comro_"er gain and Chatt(:j'”ng char_lgg “[‘ sliding modes,” inProc. 3rd Workshop Variable Structure Systems and
the same direction, is exploited. A designer defined admissible  Lyapunov DesignNaples, ltaly, Sept. 1994, pp. 143-148.

ringing level is attained in the end of the on-line tuning processl22] K. Erbatur, O. Kaynak, and A. Sabanovic, “A study on robustness prop-

erty of sliding mode controllers,JEEE Trans. Ind. Electron.vol. 46,

The method eliminates the need for manual tuning, which is  ;,"1012_1018, Oct. 1999.
a time consuming task. The resulting control structure solveg3s] Direct Drive Manipulator R&D Package User Guidiategrated Motion
the chattering problem without degrading the trajectory trackin Inc., Berkeley, CA, 1992.

4] K. Erbatur, O. Kaynak, A. Sabanovic, and |. Rudas, “Fuzzy adaptive

Per_formance-_ EXperimental StUdie.‘S with the rr.1eth0d' Proposet ~ sjiding mode control of a direct drive robofRobot. Autonom. Systol.
indicate that it is successful in trajectory tracking, eliminating 19, pp. 215-227, Feh. 1996.
the need of plant dynamics information and alleviating the chatl25] L. X. Wang,Adaptive Fuzzy Systems and ControEnglewood Cliffs,

NJ: Prentice-Hall, 1994.

tering problem. The_ method is |mpleme_n_table and SUCC_ESSfUI IB6] L.X.WangandJ. M. Mendel, “Back-propagation fuzzy systems as non-
gain parameter tuning and, therefore, it is a good candidate for linear dynamic system identifiers,” Broc. IEEE Conf. Fuzzy Systems
motion control applications. San Diego, CA, 1992, pp. 1409-1418.
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