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Abstract

In this paper, we study the performance of two adaptive robot control algorithms, namely the
adaptive algorithm by Slotine and Li [20] and the proposed Indirect Adaptive Fuzzy Control
algorithm. In Slotine and Li’s method, the algorithm consists of a PD feedback and a full dynamics
feedforward part, with the unknown manipulator and payload parameters being estimated on-line.
This agorithm depends heavily on the particular structure of manipulator dynamics and needed three
simplifying properties to derive the adaptive law. The proposed Indirect Adaptive Fuzzy Controller
(IAFC) uses a fuzzy system as an approximator for the robot dynamics. The adaptive law updates
the unknown dynamics online. The estimated dynamics are then used in the control law. The
predominant concern of the two algorithms is to reduce the tracking errors. In particular, they
require no feedback of joint accelerations. Theoretical results and simulation studies on a SEIKO D-
TRAN 3000 series robot manipulator show that both methods are robust and stable. The IAFC

outperforms the adaptive controller of [20] in mass variation.



1. INTRODUCTION

The motivation to make robot manipulators capable of handling large loads in the presence of
uncertainty on the mass properties of the load or its exact position in the end-effector has spurred
much research on adaptive robot control. The equations to model robot dynamics are highly
nonlinear and coupled and the derivation is difficult for large degrees of freedom. Furthermore, the
system’s parameters are variable and modeling errors exist due to unknown static friction forces at
the joints and uncertainty in the link parameters. At high speed, Coriolis and centrifugal forces must
be taken into account since they introduce additional nonlinearities. The inertia load at each joint
varies significantly with the position of the arm. Parametric uncertainties will be present due to
imprecise knowledge of the manipulator mass properties, unknown loads, uncertainty in the load
position of the end-effector, and inaccuracies in the torque constants of the actuators [1]. Structural
uncertainties arise from the presence of high-frequency unmodeled dynamics, resonant modes,
actuator dynamics, flexibilities in the links, or finite sampling rates. Additive disturbances are present
in the form of coulomb friction, gravitationa forces, measurement noise, backlash, or actuator
saturation [2]. In the presence of such uncertainties, linear feedback controllers, for example, PD or

PID controllers, cannot provide consistent performance.

Over the years, different approaches have been considered in designing control systems for dealing
with uncertainties in robotics systems [3]-[33]. In [3]-[7], ignoring the dynamic complexity,
linearizing time-varying models about the reference trgjectories and assuming that during the
adaptation process, the elements of the linearized system remain constant. However, for fast motion
of robots, this assumption is not valid. The controllers of [8] must use unbounded feedback gains for
the convergence of the tracking error to zero. The control algorithms of [9]-[10] do not yield zero
tracking error. Craig [11], Khosla and Kanade [12] and Atkeson [13] exploited and extensively used
the known structure of the system dynamics. However, the requirement to estimate the joint
accelerations makes the agorithms computationally heavy. The discontinuous control law [14]
causes the trgectory to chatter along the dliding surface. An, Atkeson and Hollerbach [15]
demonstrated the importance of accurate modeling in force and trgjectory control to avoid
performance degradation or instability in the case of revolute manipulators when utilizing robust,
model-based non-adaptive control algorithms. Karam [16] showed an interesting adaptive controller

which has an explicit relationship between the process parameters and the PID controller’s gains.



Authors of [17] and [18] further extended the control scheme in [16]. But, alinear ARMA model is
used and the non-linear dynamics is supposed to be compensated using feedforward (or feedback)
compensation. However, the fundamental problem still exists as the dynamics model suffers from
inaccuracy due to unknown payloads. In 1987, Spong [19] proposed an aternative formulation for
the adaptive inverse dynamics control law which overcomes the assumption of boundedness of the
inverse estimated inertia matrix. But Spong’s algorithm assumes an inverse dynamics model with a
priori estimated values of robot dynamics and off-line computations. Slotine and Li [20] developed
an adaptive version of the diding control agorithm which consists of a PD feedback law and a full
dynamics feedforward compensation law, with the unknown manipulator and payload parameters
being estimated on-line. However, this method makes extensive use of the equations of motion to

model the robot dynamics.

In [23], the authors apply the hyperstability concept to provide local asymptotic tracking. In [24], a
Lyapunov MRAC scheme is implemented under the assumption that elements of the closed-loop
system matrix are sufficiently close to those of the reference model. Decentralized adaptive control
using high-gain adaptation algorithm is treated in [25]. An adaptive scheme for small perturbations
around a known nominal trgjectory is considered in [26]. A perturbation method is applied to a
linearised mode! in [27]. Learning theory is applied in [28], and hybrid adaptive control schemes of
manipulators are considered in [29,30]. Another interesting approach has been suggested in [31]-
[35] where the theory of variable structure systems is used. This approach takes into account input
signa saturation since the input is switched between its minimum and maximum vaues. Undesirable
chattering of the input signal can be overcome by using a continuous rather than a discontinuous
control law [10,33]. Such an approach ensures that both position and velocity errors go to zero
asymptotically. Unfortunately, these existing schemes again require the mathematical representation
of the plant to be known and are unable to capture and incorporate the approximate, qualitative

aspects of human knowledge, which can be an important source of information.

During the past decade, intelligent control methodologies have gradually been devised to solve a
number of complicated problems, in particular, control of robot manipulators which conventional
control methodologies find it difficult or impossible to handle. In the event that the solution seems
feasible, the cost of implementation is usually too high. These methods often use biologically
motivated techniques and processes, and are generally referred to as neural networks or some kind

of learning schemes [36]-[39]. Unlike general conventional schemes which are based on complete



control theory and algorithmic structure, they are in genera hardly evaluated experimentaly.
Therefore, it is imperative to make efforts in bridging the gap between the conventiona control
schemes and the intelligent ones [40]. Recently, analysis-based intelligent control has attracted
enormous research interests [41,42]. Ideas behind those schemes are to strengthen their theoretical
basis, but at the price of expensive implementation by using massive networks and extensive rule-
tables. These lead to difficulties in real-time implementation due to practical limitations such as long
computation time and excessive memory space usage. On the other hand, the heuristic nature of
intelligent control such as fuzzy logic often offers much benefits for control systems. An important
advantage of using fuzzy logic control is that fuzzy theories can capture the approximate, qualitative
aspects of human knowledge and reasoning without the need for precise mathematical
representations of the plant to be known. Apparently, such control strategy provides arather feasible

aternative for a plant like arobot manipulator which is extremely complex.

The trend in robot control design is to lift the limits of performance while decreasing the required a
priori knowledge of the robot’s dynamics. In this paper, an indirect adaptive fuzzy robot control
algorithm which consists of a fuzzy controller and an adaptive law to update the controller
parameters on-line is developed. This controller assumes that the robot dynamics are completely

unknown and no information on the uncertainty is available except the boundary of the dynamics.

The advantages of the proposed Indirect Adaptive Fuzzy Controller (IAFC) over Slotine's method

are:

1. Fuzzy control is a model-free approach. It does not require the exact mathematical model of
the robot dynamics.

2. Fuzzy control provides nonlinear controllers which are well justified due to the Universal

Approximation Theorem, see [21] for details. These fuzzy controllers are general enough to
perform any nonlinear control actions.
3. The fuzzy system, a rule-based algorithm, can incorporate linguistic fuzzy information from

human experts to speed up adaptation.

The paper is organized as follows : Section 2 outlines a systematic procedure of developing the
|AFC to achieve the control objectives. Simulation results of an industrial SCARA robot, SEIKO D-

TRAN 3000 series robot are presented in Section 3. Section 4 contains concluding remarks.



2. INDIRECT ADAPTIVE FUZZY ROBOT CONTROLLER

2.1 Control Objectives

The control objectives are to determine afeedback control signal t =t (q /f ) and an adaptive law for
adjusting the parameter vector f such that :

1. The closed-loop system must be globally stable in the sense that all variables q(t), f (t)
and t (g/f ) must be uniformly bounded; that is, o(t) £ M, <¥, [f (t) £ M, <¥ and
|t(q/f )| £ M, <¥ fordl t3 0where My, M and M; are parameters specified by the
designer.

2. The tracking error, e = q,-q should be as small as possible under the constraints in

the previous objective where q,, and q are the desired and actua angular positions

respectively.

In the sequel, we will show how to achieve these objectives.

2.2 TheManipulator Dynamics

The manipulator can be modelled as a set of n rigid bodies connected in a seria chain with friction
acting at the joints. The vector equation describing the n x 1 vectors of joint forces or torques

supplied by the actuatorsis given by
t = M(a)a+Q(q9) (3.1)

where q = [0, G2, . . ., Oo]" isthe n x 1 vector of joint positions, the matrix, M(g) isan n x n
symmetric positive definite manipulator mass matrix and the vector Q(q,q) represents forces or
torques arising from centrifugal, Coriolis, gravitational and frictional forces. Since M(q) is positive
definite and isinvertable, it follows from Eq. (3.1) that



q==F(@.0)+G@} (32
where

F(a,0)=- M*(6)Q(q,6) and G(a) = M *(q)

Note that G(q) isasoannx n symmetric positive definite matrix.
Define E=(g,e,,...e,) axd E=(¢,¢&,...6) where € =q,-¢, i=12...,nand g, and
q, aretheith component of ¢, and q respectively. If F(g,q) and G(q) are known, we can use the

well-known computed torque control law

t =G (a)- F(0,)+ G, + K E+K,E] (33)
and applying it to Eq. (3.2) yields

E+K,E+K,E=0 (3.4)

where K, and K, are n x n diagonal gain matrices whose entries are constants.

2.3 Certainty Equivalent Controller

Since the nonlinear functions F(g,q) and G(qg) are unknown, we replace F(qg,q) and G(q) by the

fuzzy logic systems F(q,g/ ) and G(q/ f ) which assume the following form:

x0Lp
ex
_1y§0 peﬁg%
f=—% G0 (35)
éM ~ X
'go_ @S ‘Z‘Ua

where f(x) isthe fuzzy logic system with Gaussian membership function, centre average defuzzifier

and product-inferencerule, and y', x' and s are adjustable parameters, see [21] for details.



Then, the resulting control law is:
t,=GNa/f)- F(aa/f)+G, + K, E+K,E (36)
which is called certainty equivaent controller in the adaptive control literature. With t in Eq. (3.2

being substituted by t_ as defined in Eq. (3.6) and after some manipulations, the closed-loop error

dynamics becomes :

E=-K,E- K,E+[F(qa/f)- F(qq]+[S(a/f)- G(q]t, (3.7)
The error dynamics can be expressed in the following state-space form:

% = AX +B(F(qa/f)- F(a.8)+(6(a/f)- Ga)t,] (3.8)

where X =(e,€,e,...,&,)" and

éo0 1 0 0O ..u é0 0 --u
é u é ~a
K Ko 0 P sl 0 oy
A=e0 0 O 1 -4, B=a0 0 -
€9 o0 K, K, ..U &g 1 .0
é P2 vz u é u

with K, and K, chosen such that A is a stable matrix. There exists a unique 2n x 2n positive definite

symmetric P matrix which satisfies the Lyapunov equation [20] :

ATP+PA=-Q (3.9)

where Q is an arbitrary 2n x 2n positive definite matrix. Let the Lyapunov function candidate be

1
Ve =5 XTPX (3.10)



Differentiating Eg. (3.10) with respect to time and using Eq. (3.9) leads to
V,= 1X7PX + < XTPX
2 2

- . % XTQx+ X"PH (F(g.a/f)- Fa.)+(Elf)- c@)t.] (3.11)

24  Supervisory Control

In order for the system to be bounded, we require that Ve must be bounded. But from Eqg. (3.11), it
is very difficult to design t _ such that  V, £ 0 when V, >V which is specified by the designer. By
appending another control term called supervisory control, t ; to t ., we can solve the problem. The

final control law is
t=t +t, (3.12)
The purpose of the supervisory control law, t_ isto force V,£0 whenever V, >V.

Concerning the proposed final control law, we have the following lemma:

Lemma l: Consider the manipulator dynamics given by Eq. (3.2) and the proposed IAFC whose
control law is given by Eq. (3.12). For a prescribed V, we can always guarantee that

the closed-loop system is Bounded-1nput-Bounded-Output (BIBO) stable.
Proof: See Appendix.

Lemma2: A system with asmaller value of the Lyapunov function, V, would have smaller steady-

state errors.

Proof : As shown in [20], the Lyapunov function, V, , a scalar quantity reflects the mechanical
energy of the system and the magnitude of the error vector, X, at al times. Using this fact,

the result follows readily.



Now, we state the main theorem concerning the performance of IAFC.

Theorem 1 : Using the proposed IAFC with the control law given by Eq. (3.12), steady-state
tracking errors of the closed-loop system are guaranteed to be smaller than those of
the Slotine and Li’s method.

Proof : Suppose that the Lyapunov function for the Slotine and Li’s method assumes a specific
value, V,, when the controller is designed. It follows from Lemma 1 that using the IAFC,

we can aways choose V., so that V,, <V,,. That the IAFC will achieve smaller steady-

state errors than the Slotine and Li’s method follows readily on using Lemma 2.

2.5 Adaptive Law

In this section, we show how to determine an adaptive law to update the fuzzy logic system of Eq.

(3.5) using the Lyapunov theory. We define

= agmin, ;,, [sp, . [F(@a/T )~ F(g0) (3.13)

£, = agmin, . [sup ,16(a/ 1 ,)- G (314)

where W and W are constraint sets for g: and qq , which are specified by the designer, respectively.
Werequiref; andf4to be bounded such that

W, ={f :If JE M,,s!* s] (3.15)

W, ={f I JE M,,s! 3 s} (3.16)

Define the minimum approximation error as



w=(F@a/t})- Fad)+(6@/f))- c@)t, (3.17)
Then, the error dynamics becomes

X = AX - BG(a)t, +B{(F(aalt ) Fqa/f’)

{G(art,)- Garty)) to+w (3.18)

We will approximate F(q,q/ f ) and é(q/f ,) using Taylor series expansions around ¢ and f g, i.€.
we have

. L AF(q,q/f )0
F@,q/f,)- F@.q/f;)=d]S——27+0(d, )
& T 5

é f(qq/f,)U
édhﬂl(qq fl)a

é Tt a
& Ta(aa/f )l 2
=52 qf,, g+odd[) (3.19)
¢ o . 0
Sqr M@ alf )l
e Tt a
(0]
G(alf,)- é(q/f;)=dggmﬁ O(d,[*)
g 1]
P CCT L
e’ Mu ol
) ngza%wéz(q/fgz)_ 2
: ggg Mo gt o)
o 6.0/ )Y
Smg TR
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é T ﬂgll(q/f gll) T 1.[g12(q/f gl2) T 1.[gln(q/f gln) l;'

ad ,——————— e e L A" gin/
g oL f " g12 T o gin (T 3
& T0u(a/fgn) o 10(a/fen) o T8(A/F )
= g Ay SR R H+ O(ld ) (3.20)
ng M dTnz ﬂgnz(Q/f 9”2) dTnn ﬂgnn(q/f gnn) E
é ’ ﬂf gnl ’ ﬂf gn2 ’ ﬂf gnn Q

and O(|d, ) , O(|d [ ) are higher order terms. Substituting Egs. (3.19) and (3.20) into Eq. (3.18),

the error dynamics becomes

(22 q/f. )0 &_ g6 (q/f )0 u
X = AX - BG(q)t, +Bv+81§dfl—ﬂ1(qq ”):*gdgl—ﬂ i gl)itct9+...+
7] ﬂfgl 2 0

f,/fnoae G/anU
Bgdmﬂ (@4 f)f gdgn—ﬂ 1(]? ) t.u (3.21)
on 2 d

where

v=w+0(d, F)+0(d,F )t

é0u é0u é0u
éu éot’J &l
SOU 201’1 SOU
&0 a0y a0y
=[B, B - B ad B =aq . B=g0 .0 BiZauq
é'u é é'u
&0y &:( &0g
0H E0H &1H

Now, consider the Lyapunov candidate of the form

11



1 1 1 1 1
V= E XTPX +2—gld:1dfl+...+zd¥ndfn + £d£1d91+"'+ >a d;ndgn (3.22)

where g,,9,,...9, ad a,,a,,...a, are positive adaptive gains. The time derivative of V along the
trajectory of Eq. (3.25) is

. 1
V = - ExTQx- G(q) X"PBt _+ X"PBv
1 € if.(q,q/f .,)U
+_d¥1g f1+gleP81Ml;l
O, e i f1 9]
1 _€ 1G,(q/ f u
+—d &f gl+a1XTPBlMtcl;ﬂ-...
a, e i gl 0]
1 € 7 (qq/f )U
+Larg, +g,xpe, G u)
gn é ﬂf fn g
1 € 1G.(q/f_) U
+—dg, & gn+anXTPBthcﬂ (3.23)
a'n é ﬂf gn g
where
dflszl dglzfgl
and :
dfn:ffn dgn:fgn

If we choose the adaptive law as

. T(qalf )
fflz_glePBl - ﬂf =
f1

(3.24)

) ' ﬂfn(q,(q/ffn)
- _ T _nyrr o m7z
f,,=-9,X PB, T

TG, (al f o)

fo=-a,X
gl alx PBl ﬂf ” c

: & (alf (3.25)
f' :-anXTPBth

an ﬂf " c
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then from Eq. (3.23), we have
y 1 T T
VE- 5 XTQX+ XTPBY (3.26)

Using the Universa Approximation Theorem and neglecting higher order terms, V can be
approximated to be

C 1
VE- XX (3.27)

Our final question is how to constraint f; and f, within the sets W and W, respectively. Since
F(q,q/f) isbounded and G(q/ f ) is positive definite and if wekeep f , T W, and f o1 W, thent
and t ; will be also bounded and the error (X) is bounded due to the supervisory control law, t .. But,
from the adaptive law of Eq. (3.26) and Eq. (3.27), we cannot keep f (T W, and f ;T W,. We
solve the problem by using the parameter projection algorithm of [22]. The idea is that if the
parameter vectors W and W, are within the constraint sets or on the boundaries of the constraint sets
but moving toward their interiors, we can use the simple adaptive law of Eq. (3.26) and Eq. (3.27).

Otherwise, we use the parameter projection algorithm to modify the adaptive law of Eq.(3.26) and
Eq. (3.27) asfollows:

ﬂfl(q’q/f fl) + T f flf 1f-1 ﬂﬂ(q,é]/f fl)

foa=-g,X"P g, X'P
R T I T
o : o (3.28)
: ff.(aa/f ) fof T T (aalf )
fo=-0,X"PB,————+0,X"PB,——3— :
fn gn n ﬂf - gn n If ntZ ﬂf o
: 1G,(a/f ) fof o 16/ )
f,=-a,X"PB——>—t_+a,X"PB—— ot
gl 1 Bl ﬂf o 1 Bl If gllz ﬂf o
. . (3.29)
. G, (a/f ) f f1 9G.(q/f )
f =-a X'PB—%"t +a X'PB. T — £t
gn n n ﬂf . c n n If . I2 ﬂf . c

such that the parameter vectors will remain inside the constraint sets.
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3. Simulation Results

The Indirect Adaptive Fuzzy Controller (IFAC) in Section 2 was simulated to study the stability,
robustness and feasibility aspects of this control algorithm. An industrial SCARA robot, SEIKO TT-
3000, whose dynamic model has been identified using least square method and verified
experimentally in [43], was used in the smulation study.

3.1 Overview of the SEIKO TT-3000 SCARA Raobot
The SEIKO D-TRAN 3000 series robot is a 4-axis, closed-loop DC servo SCARA (Selectively
Compliance Assembly Robot Arm) manipulator. Each of the four axes provides a different motion

and contributes to one degree of freedom of the robot arm, as depicted in Figure 4.1. The main
characteristics of the TT-3000 SCARA robot are its high precision, repeatability and speed.

14
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Z-AXIS
(JOINT 1)

Figure 4.1 : The SEIKO D-Tran TT-3000 SCARA robot arm

The basic SCARA geometry is realised by arranging two revolute joints (T1 and T2 Axes) and one
prismatic joint (Z-Axis) in such a way that all axes of motion are parallel. The Z-Axis provides the
vertical stroke of the manipulator while both the T1 and T2-Axes provide the plane rotation. The
SCARA characterises the mechanical features of a structure offering high stiffness to vertical loads
and compliance to horizontal loads. In such a configuration, the gravitational load, Coriolis and
centrifugal forces do not stress the structure as much as they would if the axes are horizontal. This
advantage is very important for manipulators used in high speeds and high precision tasks. A third
revolute joint (A-Axis) of the TT-3000 at the end-effector only serves to provide additiona
flexibility to the manipulator task programmability.
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3.2 Dynamic Modd of the SEIKO TT-3000 SCARA Robot
The dynamics of an nth joint robot arm is generally expressed in the form of :

M(a) +C(a.q)d +G(@) + Fg +F, =t (4.1)
where

M(q) isthenxninertiamatrix of the manipulator,

C(q,q) isthe nxn matrix of centrifugal and Coriolis terms,
G(g) isthe nx1 vector of gravity terms,

F, isthenx1 vector of viscous friction terms,

F. isthenxl vector of coulomb friction terms and

C

t isthenxl vector of input torque (generated by the joint motor)

The two revolute joints (T1 and T2-Axis) of the Seiko TT-3000 SCARA robot form atwo-link arm.
This two-link manipulator is a nonlinear system and there exists nonlinear coupling between the two
links. Therefore, this two-link arm is suitable to be used for studying the effectiveness of the
proposed IAFC.

The dynamic model of the TT-3000 SCARA robot arm has been developed by [43] with most of its
dynamic parameters determined and verified through extensive experiments. The model of the T1

and T2-Axis (Joints 2 and 3) are reproduced here:

€0.653+ 0.670cosq; 0.204 +0335cosa, ueq2
§.204 + 0335c0sq, 0204 e

e' 0335(2%(:13 +q3 )qusu eszqzu chzu é,u
+a a+ 0+e- 0= % q (4.2)
é 0335% sing, 1] eFvsqsu ecsu 3U

where

16



viscous coefficients for joint i are given by:

for angular motion in the - g, direction for joint i

i fu
R, =i . o o
v }fw for angular motion in the +q. direction for joint i

Coulomb friction terms for joint i are given by:

for angular motion in the - g direction for joint i

ify
Fa=1i,. o - L
@ %fm for angular motion in the +q, direction for joint i

fori=2and 3

and they are identified as :

éf,, U 1149036y éf, 0 & 72718y
€ U é a é: u é a
afvor g 6109504 4 afeor_ 681348
éf,, U €79495 ( éf, U & 428730
e u e u e u e u

The following initial conditions

q,=05rad, q,=0rad/sec

g, =1 rad, g, =0rad/sec

are chosen so as to cover a wider operating range for the fuzzy controller parameters which will be

used as fuzzy linguistic information to be incorporated into the system to speed up adaptation.

The desired trajectories having the following sinusoidal form are used for Joints 2 and 3 respectively:

Joint 2: 0,y =30°(1- cos(2pt))

Joint 3: Osy = 45" (1- cos(2pt))

In order to compare the proposed IAFC with Slotine and Li’s method, we introduce payload
variations as shown in Figure 5.2 and an externa disturbance given by the following equation:
t , =100sin(2pt)

17



Mass Profile of Joint 2 Vs Time
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Figure 4.2 : Mass profiles used in the simulation for the two-link SCARA robot

Using the dynamic model of the TT-3000 SCARA as atwo-link arm, the proposed IAFC is used to
track the desired trgjectory. The adaptive gains are found to be:

€000 0 0 Ou

&00 00 &5 00 €09 1 o o
Ke=¢0o so0f "vT&0 4sd Q=2 0 0 2000 0§
g0 o0 o 1f

0,=-90,= a,=a,=>5
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3.3 Resaultsand Discussions

Figure 4.3 shows the position tracking trajectories and the corresponding position tracking errors for
joint 2 using the Slotine and Li’s method. Figure 4.4 depicts those of joint 3. Desired position
trgectories are indicated in dashed lines and actua trajectories employing the Slotine and Li’s

method are indicated in solid lines. Figure 4.5 shows the corresponding control torques.

Figure 4.6 shows the position tracking trajectories and the corresponding position tracking errors for
joint 2 using the IAFC. Figure 4.7 depicts those of joint 3. Again, desired position trajectories are
indicated in dashed lines and actual trgectories after incorporating fuzzy descriptions using the IAFC

areindicated in solid lines. Figure 4.8 shows the corresponding control torques.

Comparing Figures 4.3 and 4.6, we observed that the transient response had improved after fuzzy
descriptions had been incorporated. Furthermore, the steady-state errors and the magnitude of the

control torgque have been significantly reduced after using IAFC.

The primary reason |AFC could outperform the Slotine and Li’s method is that the latter is based on
the exact mathematical model of the Seiko SCARA robot. When the robot undergoes the pick and
place operation, the mathematical model based upon which the controller was designed in Slotine
and Li’s method becomes invalid. However, using the proposed |AFC, human experiences have been
incorporated in the form of linguistic fuzzy information to deal with changes in the mathematical
model. Hence, despite that the mathematical model is no longer accurate as a result of the pick and
place operation, the IAFC is able to handle the uncertainties and outperform the Slotine and Li’s
method.
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Position Trajectory of Joint 2
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Figure 4.3 : Position trgjectories and position tracking errors at joint 2 (T1-Axis) of the SCARA

robot using Slotine and Li’s method
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Position Trajectory of Joint 3
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Figure 4.4 : Position trgjectories and position tracking errors at joint 3 (T2-Axis) of the SCARA

robot using Slotine and Li’s method
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Figure 4.5 : Control torque of the SCARA robot using Slotine and Li’s method
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Figure 4.6 : Position trgjectories and position tracking errors at joint 2 (T1-Axis) of the SCARA
robot using IAFC
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Figure 4.7 : Position trgjectories and position tracking errors at joint 3 (T2-Axis) of the SCARA
robot using IAFC
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Figure 4.8 : Control torgue of the SCARA robot using IAFC
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34 Summary

In general, the IAFC is able to obtain good tracking performance after initial adaptation. By
incorporating fuzzy information into the system, performance can be enhanced significantly even
when there are mass variations and external disturbance introduced. From the above derivation and
simulation results obtained, it is evident that the proposed IAFC is stable and robust and can track
any desired trgjectories. Furthermore, it does not require the exact mathematical model of the robot

under control, thanks to the capability of incorporating fuzzy information to speed up adaptation.

4. Conclusions

In this paper, we have developed an Indirect Adaptive Fuzzy Controller (IAFC) which does not
require an accurate mathematical model of the robot dynamics. The controller guarantees the global
stability of the resulting closed-loop system in the sense that al the signals are bounded. The IAFC is
employed to control an industrial SCARA robot to track a sine-wave trajectory with time-varying
mass profile. Simulation results show that the IAFC could perform successful tracking after initial

adaptation and it outperforms the algorithm of Slotine and Li’ s method.

26



Appendix : Proof of Lemma 1

Substituting Eq. (3.12) into EqQ. (3.2), after some manipulations, the error dynamics becomes

X = AX +B(F(a.a/)- F(g.8)+(6(a/f)- G@)t, - Gat,] (A1)
and we have
V, = - % XTQX + xTPB[(ﬁ(q,q/f)- F(g9)+(6(a/f)- G@)t, - (ot ]

£ -2 XX+ |XPB[(1F(@a/ D)1+ IF(a al) + 16/ Ot + 16,1 )

- XTPBG(q)t, (A.2)

By knowing the bounds of F(q,q) and G(q), we can design a supervisory control law, t , such that

theright hand side of Eq. (A.2) is nonpositive.

We can determine the bound functions F'(qq), G“(g and G(g) such that
|F(9,9)|£ F"(q,q) and G (q) £ G(q) £G"(q) forqT A", where F'(g,q) <¥, G“(g) <¥ and
G(q) >0forql A",

Writing ts(q)=[tsl(q) t,@) - tsn(q)]T

and G'@=[Gi@) Gi@) - G|,

theith row of t(q), t4(q)ischosen as

t4(@)=1"son(X"PB)G; @)||F(@.q/f )+ F @.a) +1G(a /f )t |+ |G @)l (A3
where sgn(X'PB)=1-1) if X'PB30(<0), fori=1,2 ..n
L] v, >V
and I =1 _
10, otherwise
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Consider the case when V, >V, we have

. 1 ~ . . ~
V, £ -5 XTQX+XTPB(IF @l D+ IF@al) +(16(a/ i+ 16,
-G(AG (a/ 1){IF(a.a/ ) +F(q.0) +16(al DI +1G @t )]

1
£-XTQXE0 (A.4)

This meansthat for aprescribed V , we can always guaranteethat V. £V <¥ . Since P is a positive
definite matrix, the boundedness of V, implies the boundedness of the error vector, X and the

boundedness of the joint position vector, . Hence, the system is Bounded-Input-Bounded-Output
(BIBO) stable.
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