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In this paper, we derive a fuzzy logic controllELC) for robotic systems.
The approach implements fuzzy partition to theestariables based on
Lyapunov synthesis. The resulting control law &bk and able to exploit
the dynamic variables of the system in a linguistanner. The presented
methodology enables the designer to systematidaliye the rule base of
the control. We further simplify the procedure lead to a
computationally efficient FLC. The methodology isdel free approach
and does not require any information about the eaysnonlinearities,
uncertainties, time varying parameters, etc. Heree present
experimental results of the following controlletsie conventional PD
controller and the proposed FLC. The two contrdlare tested and
compared with respect to ease of design, implertienta and
performance of the closed loop system.
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1. INTRODUCTION

Robots are familiar examples of trajectory-follogiimechanical systems. Their
nonlinearities and strong coupling of the robotaiyrcs present a challenging control
problem, [1]. Conventional methods of controllinghanlinear system are based on
models, especially in the field of robot controlai robotic control schemes can be
considered as special cases of model-based caailed computed torque, [2]. The
basic concept of computed torque is to linearib@@inear system, and then to apply
linear control theory. Practical implementatiortted computed torque and other model
based approaches can be found in [3] where theriexgetal results revealed that the
simple PD controller has outperformed the other ehdzhsed controllers. This is
mainly due to the fact that in many dynamic systdhes parameters may slowly
change or cannot be exactly predicted in advanedaldifferent operating conditions.
This is particularly true if a manipulator changfsspayload mass.

Adaptive control has been studied for many decadlekeal with constant or
slowly changing unknown parameters. Applicationglide manipulators, ship
steering, aircraft control and process control, Mthough the perfect knowledge of
the inertia parameters can be relaxed via adap®ehnique, its real practical
usefulness is not really clear and the obtainedrolders may be too complicated to be
easily implemented, [5]. Nevertheless, some expartmhave been presented in [6,7].
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Control engineers are now facing more and more t@mmpystems, and
mathematical models of these systems are diffitmltobtain. Thus, model free
approaches become important in control enginee@umnventional control has some
model-free approaches, such as PD and PID comtharnatively, fuzzy control is
also a model free approach; that is, it does ngire a mathematical model of the
system under control. When compared with other ineat modeling and control
techniques such as artificial neural networks [8f@%zy systems have the important
advantage of providing an insight on the linguisgtationship between the variables
of the system, [10].

Fuzzy controllers have demonstrated excellent toless in both simulations
and real-life applications, [11-13]. They are abdefunction well even when the
controlled system differs from the system modedusgthe designer. A customary for
this phenomenon is that fuzzy sets, with their gghanembership property, are less
sensitive to errors than crisp sets. Another extlan is that a design based on the
“computing with words” paradigm is inherently roljuthe designer forsakes some
mathematical rigor but gains a very general modetwremains valid even when the
system’s parameters and structure vary [10]. Thisell-demonstrated by the method
of fuzzy Lyapunov synthesis [11], which is followidthis paper.

Otherwise, FLCs consist of a number of parameteas are needed to be
selected and configured in prior, i.e. input mersbgr functions, fuzzificztion method,
output membership functions, rule base, premisesiexdive, inference method and
defuzzification. Optimal tuning of FLCs using gdnetlgorithms has attracted many
authors, [14-17]. In these papers, however, thexrda many parameters involved in
the development of FLCs. Furthermore, genetic @lyos cannot be used in real time
control applications. In another study similar toe tpresnt work, i.e. real-time
trajectory tracking control of two link robot usifgzzy systems [18], the controller
needs 26 parameters to be experimentally seleéisd, the FLC in [14] needs 45
parameters to be tuned.This beside the huge nuofbealculations involved in the
computation of the control signals.

In this research paper, a simple and computatipnefficient FLC is
introduced. The algorithm has been presented ihlgt $he second author. Here we re-
present it along with expermental verfication. Tdumtroller is stable in the sense of
Lyapunov theory of stability and few parametersrageded to be tuned. The approach
can be implemented to both tracking and stabiliziogtrol problems. However, in this
paper the emphasis is on the tracking control prablof robotic systems. The
performance of the proposed controller is expertaignverified and compared with
the conventional PD controller. As will be seerg tiwo controllers are model free
approaches, so that a fair comparison is made. $tobss is examined in the presence
of payload mass.

The rest of this paper is organized as followsti§e@ presents the dynamic
model, the parameters of the experimental manipulatilized in this work and the
control statement. The proposed control schemeti®duced in Section 3 and in
Section 4 we derive the fuzzy controller for thacking control problem. Section 5
describes the experimental setup, the examineectmjes and the criteria used in the
control performance evaluation. The experimentaulte are demonstrated and
discussed in Section 6. Section 7 offers our caticturemarks.
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2. ROBOT DYNAMICS AND THE CONTROL PROBLEM
FORMULATION

Consider the two-link planner robotic shown in Fig. The vector of generalized
coordinates is denoted kg = [6, 8,]" where 8, and 8, are the joint angles, and the

corresponding generalized forces (torques) vectogiven by 7 = [TlTZ]T. The

standard Euler-Lagrange dynamic equations for Ankrrgid robot in the absence of
gravity may be written as [20]:

M(@)8 +C6,0)0 =1 with 60R", rOR" (1)

where M (6) O R™ is the inertia matrix, andd, &, and & are the joint angles,

velocities, and accelerations, respectively. ThetoreC(6, 9)6? represents centrifugal
and Coriolis terms, and is the vector of applied torques.

Figure 1 Schematic diagram of a two-link manipulator.

The equations of motion of the arm are given by
Z-l = [r‘rhgl2 + r‘nz(glz + 6622 + ZElECZCZ) + (Il + IZ)] él +

, . . (2a)
[mZ(ECZ + 6160202) + |2] 02 - mZElECZSZ(HZ2 + 20162)

2

I, = [mz(gcz2 + €1€czcz) + Iz]él + (mzzcz2 + Iz) 92 -

. (2b)
m2€ 1€ [ 252 0102

where /; and/, are the links lengthan, and m, are the masses of the links; and
., are the location of the center of massgsand |, are the moment of inertia about
the center of masses of the two links. The shonidhaotations, = sin(6,) and

C, = cos(6,) has been used.

The physical properties of the links used in thigdg are given in Table 1.
These inertial parameters have been calculatethiplysmeasuring and weighting the
mechanical elements of the arms.
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Table 1 Parameters of the robot arm.

Parameter Link 1| Link 2

m mass (kg) 0.471 0.096

¢, position of c.g. (m) 0.154 | 0.1025
1 L

= Eméz inertia around c.g. (kg3n| 0.00093| 0.00033

The motion control problem of manipulators in jogpace can be stated in the
following terms. Assume that the joint positich and the joint velocity@ are
available for measurement. Let the desired joirsitiom 8, be a differential vector

function. We define a motion controller as a colgrowhich determines the actuator
torguesu in such a way that the following control aim béiaved:

!im o(t) =6,(t)

In this paper, we say that the control system ignasotically stable if the
control aim is guaranteed irrespective of the rabitial configuration, i.e.6(0) and
9(0). Throughout this work, we shall make the mild asgtion that the desired

trajectory &, (t) and its derivative (i.é4, (t)) are continuous and bounded. We also

assume that), (t) and its derivative are available for online cohttomputation. In

robot tracking tasks, the desired position histeryenerally planned ahead of time and
its derivative can be easily obtained.

3. THE PROPOSED FUZZY CONTROL SCHEME

In this section we describe an approach for theyfuizontrol design. We apply the
fuzzy synthesis to the design of stable contrall@is this end, consider a class of
nonlinear systems whose dynamic equations can fressed as:

x(t) = f (xu), y =h(x) ©)
where f (Xx,uU) is an unknown continuous function, is the control input,y is the

output, and x(t) =[x,,X,,...,X,]" is the state vector, wherex,, :C(Ij—): =X,
i=12,...,n=1. We now seek a smooth Lyapunov function R" - R" for the
continuous feedback model (3) that is positiverdtsj i.e.VV(X) >0 whenx # 0 and
V(X) =0 when x =0, and grows to infinity:V(X) — o asx' X — o . Obviously,
this holds for the following quadratic form:

1o, +£X2 (4)

1
V(X,t)=EX12+EX2 2 n
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Differentiating (4) with respect to time gives
V(X,1) = XX, + XyXg-eooo- + X X (5)

The standard results in Lyapunov stability theamply that the dynamic
system (3) has a stable equilibriuxF X, if V<0 along the system trajectories. To

achieve this, we have chosen the contr@k) to be proportional ti,, .
Next, our controller design is achieved if we detieie a fuzzy control(x) so that:

V(X,1) = XX, + XyXgoeee- +axu(x)<0 (6)

wherea is a positive constant. The results of Wang [2]Ls28tes that a fuzzy system
that would approximate (6) exists. To this end, amuld consider the state vector
X(t) to be an input to the fuzzy system. The outpuheffuzzy system is the control

u. A possible form of the control rules is:
IF X, is ( v) and/orx; is (V) ... and/orx, is ( v) THENu s ( v)

where (v) are linguistic values (e.gositive, negatije These rules constitute the rule

base for a Mamdani-type FLC.

In the above formulation, two basic assumptionseh@@en made. They are:

» The knowledge of the state vector. It is assumedbéo available from
measurements.

» The control inputu is proportional toX,. This assumption can be justified for a

large class of second order nonlinear mechanicaénys, (Margaloiet al[11] and

Wang [23]). For instance, here in robotics, it meetrat the acceleration of links is

proportional to the input torque.

These two assumptions represent the basic knowlaget the system which is
needed to derive the FLC rules. Of course, theterathematical model is not needed.
In the next section we derive a fuzzy logic conéwofor the tracking control problem
of robotic systems.

4. ROBOTIC FUZZY TRACKING CONTROL

A robot manipulator is, in general, a highly noelm coupled dynamic system and,
therefore, achieving high performance in trajectargicking control is a very
challenging task. In practice, the load may varylevperforming different tasks, the
friction coefficients may change in different canpfrations and some neglected
nonlinearities as backlash may appear. Therefagcontrol objective is to design a
stable fuzzy controller so that the link movementiofvs the desired trajectory in spite
of such effects.

Consider a class of robots whose vector of gerza@lcoordinates is donated

by 8=[6,6,---6.]" whered,, i =1---,n are the joint parameters. We consider the

state variables of the robot #&t) andd(t) , which are usually available as feedback
signals. Define the tracking error vect@g(t) ande,(t) as:
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e,(t) =6, (t) - 6(t), ande, (t) = 6,(t) - 6(1) (7)

where 8, (t) and 90, (t) are vectors of the desired joint position and ejo

respectively.

We now apply the approach presented in the prexdeason in order to find a
fuzzy controller that would achieve tracking to tlebotic system under consideration.
To this end, let us choose the following Lyapunandtion candidate

1 2 2
Vzi(ep-'-ev) (8)

Differentiating with respect to time gives

vi (t) = e,e; te,8,
where i O[1,---,n] denotes the joint number. To enforce asymptotibibty, it is
required to findu so that

Vi (t) = e,&; +€,8, <0 ©)
in some neighborhood of equilibrium of eqgn (8). ihgk the controlu to be
proportional tog,, eqn (9) can be rewritten as:

Vi(t) =epigy +ag;u; <0 (10)

wherea is a positive constant,= 1,2,...,n. Sufficient conditions for (10) to hold
can be stated as follows:
(a) if, for eachi O [L,---,n] e, ande, have opposite signs ang is zero,
inequality (10) holds;
(b) if €p; ande,; are both positive, then (10) will holdif is negative; and
(c) if €p; ande,; are both negative, then (10) will holduf is positive.
Using these observations, one can easily obtairuthe listed below in Table 2.

Table 2 Fuzzy rules for the tracking controller.

&i
P N
epi P Un Uz
N Uz Up

In this table, P, N, denote respectively positivegative errorsjs , Uy , andu;
are respectively positive, negative and zero computs. These rules are simply the

fuzzy partitions ofe,, €, andu which follow directly from the stabilizing conditns
of Lyapunov function (8).

In concluding words, the presented approach tramsfcclassical Lyapunov
synthesis from the world of exact mathematical djtias to the world of words [10].
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This combination provides us with a solid analftibasis from which the rules are
obtained and justified.

To complete the design, we must specify the merhigefsinctions defining
the linguistic terms in the rule base. Here, wethseGaussian membership functions

H positive(X) =G(xa,) = e~ (xa)
Hnegativd X) = G(X,-a,)
:uzero(x) = G(X;O)

where a, >0 andz stands for control variable, the product for "amait center of

gravity inferencing [21]. The above four rules dam represented by the following
equation:

U = G(epi ’aepi)(_a'ui ) + G(epi ’_aepi)(aui ) +
l G(epi ’aepi) + G(epi ’_a‘epi)
G(e, 'aevi)(_aui ) +G(e; ’_aevi)(aui )

G(evi'aevi) +G(e\/i ’_aevi)
This yields the FLC controller

u = —% [tanh@a., e,) + tanh@a, e;)], i=L1..n (11)

In (11), the inputs are the error in positiep and the error in velocitg,; and

the output is the control input. So that it maych#ed fuzzy PD controller. Simplicity
is evident, since equation (11) contains the Gauassiembership functions, the fuzzy
rules, fuzzification and defuzzification which irg8 easy implementation, i.e. the
FLC is computationally effective. The following ranks are in order:

* Only three parameters per each degree of freedodF)Dheed to be tuned,

namely, they are, , a,, anda,, . This greatly simplifies the implementation.

«  This controller is inherently bounded sin¢tanh(x)| <1.

« Despite the nonlinearity and coupling effects, diolyr rules constitute the rule
base for each joint.
e It should be noted that this controller is decodplée. each joint has
independent control input.
* Finally, the FLC (11) does not depend on the equatdf motion.
A schematic diagram for the closed-loop contrahewn in Fig. 2.

8,8, 4 _e,.8, . :
d:7d 20l bLe(1l) 4| Robot i

Figure 2 Configuration of the robotic fuzzgontrol structure.
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5. THE EXPERIMENTAL SETUP

5.1 System Description

The experimental set-up consists of a geared-drorezontal robot arm with 2 DOF
whose rigid links are joined with revolute joinEg. 3. The robot has been built at the
Mechatronics lab, Faculty of Engineering, Assiutivénsity. It is equipped with joint
position sensors, motor drivers, ADDA interfaced;amnd a host computer. Both links,
made of aluminum, are actuated by brushed dc metithsgear reduction controlled
via simple H-bridge drive circuit. The motors ogerat rated 24 volt, 2rpm, and 1.5
Nm. Position information is obtained from analoguegular potentiometers for both
angles. The potentiometers are one turn (300 degeewl 1 K. Each potentiometer is
coupled to the joint motor. Both potentiometersspplied byt 5 V, so that each one
has a resolution of 0.033 volt/degree. The velagitgach link is obtained by using the
position signal and utilizing first order backwatifferencing technique.

The feedback signals from the potentiometers ardctintrol signals to the
motor drives are sent to/from the computer via PBB56014 ADDA interface card.
The card has a minimum 200 kS/s conversion ratehasdan absolute accuracy of
8.984 mV when operates at the rangg@0 V. The control program is written in C++
and executed at 1 ms sampling rate. Figure 4 shtimevslosed loop control system.

Figure 3 Experimental two-link planar arm

DC power supply
Personal computer ! PPy
Controller algorithm *

. Motor drive DC
AD DiA - pior drive - = Gear box ——8= Arm |—=
circuit motor
A
Analogue

potentiometer

DC power supply

Figure 4 Block diagram of the experimental setup.
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5.2 The Reference Trajectories

In order to compare the performance of the two rotlets (i.e. PD and FLC) on the
two-link manipulator we picked three joint spacgédctories. The joint space reference
trajectories for each joint were computed as fodow

1) Linear trajectory with parabolic bends
The parabolic blend segments are given by [24]:

67 (1) =c, +ot+c,t? (12)
The linear segment is given by

G,(t) =c;+c,t (13)
where 8} (t) and 8, (t) are the desired angular position at any tiroéthe parabolic

segments and linear segment respectivedy, C,,C,,C; and C, are constants
determined according to the trajectory constraints.

2) Cubic polynomial trajectory
g,(t)=c, +ct+c,t? +ct’ (14)

wherec,, C;,C, andc, are constants determined upon the trajectory cainss.

3) Sinusoidal trajectory
6, (t) = Asin(at) (15)

where A and & are the amplitude and frequency of motion, respelgt

5.3 Performance Evaluation (Error Criteria)

In order to compare the performance of the varioustrol algorithms quantitatively
we used two error measures. We computedltheorm of the tracking error of each

joint in the joint space. These errors are presemidable form in the coming section
along with plots of the errors themselves.
Recall that thé., norm of the tracking error of joiits

|Q| = \/ '[(Q (t) -6, (t))*dt (16)

where i [0{1,2} is the joint number. Since data are only sent katcHiscrete time
intervals,t, ---t, with constant sampling periodT =t,,_; —t,, for all n; we discretize
(16) as
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|a|r=JZ(&(j)—edi(j)>2AT :JEJZ(&(D—&“(J'»Z

where & (]) denotesd (t;) =6 (jAT). BecauseAT is constant we can include it
on the left side which yields our definition of tjuént space error criteria

k
|error, i——=\/Z(é’i(i)-6’id(i))2 (17)
j=1

The maximal error in joint space is given by
maxerror = maxé,(j) - 6, (j) (18)
<js

The above two measures have been also adoptefl]in [2

6. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the experiments conducted in ttisdy will be presented. The
experimental results include all the three trajeesowith and without payload mass.
For the sake of comparison, we ran each contralittr the same initial conditions to
analyze the strength and weakness of each desigrshdw robustness, the two
controllers have been initiated with initial positi error equal to 10 i.e.

6(0) = [L0° —10°]" and the robot is at rest, i.8(0) = [0 0] .
The control torque for the proportional-plus-detiva (PD) controller is
defined by

u(t) = K, () + K8, (1) (19)

where K, and K, are 2x2 positive definite diagonal matrices called the

proportional and the derivative gain matrices o€ tbontroller respectively. A
traditional problem associated with PD control matt we can not increase the
controller gains, as much as we want, to improwedbntroller's performance. When
the values of the gains exceed their critical valtlee system becomes unstable. Thus
the performance of the PD controller is restrictgith the values of these gains.

In the experiments, the proportional feedback gainthe PD controller were set to

Ky, =40, K., =30 and the derivative gains were chosen to Kg, = 001,

Ky, = 0005 for the base and elbow links, respectively. Thayenbeen selected as
high as possible without violating the stabilitytbé overall system.

With respect to the proposed FLC, the control gaiese set toa, =a,, =5
thus ensuring that the control signals computedraicg to (11) remain in the range
of +10 V which is a hardware requirement. The othetrobparameters were picked
as ayy =10 g =9 and a,, = 005, a,, = 0045. We chose these parameters
experimentally after few trials.

With the above mentioned gains, the performanctheftwo controllers has
been also examined in the presence of payload wiasse weight is 205 grams. For



FUZZY TRACKING CONTROL OF TWO DEGREES OF..... 145

reasons of space, figures related to experimenis @tothe presence of payload have
been omitted. The performance criteria iLg. norm (17) of the tracking error and the

maximal error (18) for all experiments are tabudaie order. These two criteria are
accounted for after 2 seconds in order to avoidtittuesient period and to give more
insight on the performance at the steady statall laf the tables to follow, the lower
value in each column is identified in bold to féeile comparison.

A. Linear trajectory with parabolic bends

In this section we present results for a lineajett@ry with parabolic blends. The
desired motion is from zero to 4With the following constraints:
Lower parabolic blend segment:

8 =0°,60"=15 and 4 =0rad kec, where 8 is the initial angular
position and@” is end-angle of the blend. The desired trajectmyording to (12)
becomes:

6> (t) = 128t?, 0<t< 342sec (20)
Higher parabolic blend segment:

6" =30°, 8, =45 andd, =0rad kec

where 8" is the initial angular position of the higher pastic blend segmentd, is

the final angular position. The desired trajectacgording to (12) becomes:

6’; (t) =-83+ 256t — 128t7, 658<t<10sec (21)
Linear segment:

6°(t = 342 =15
The desired trajectory according to (13) will be:

6,(t) = -1245+ 475t 342<t< 658 (22)
The first implemented control algorithm was the HbDe tracking performance for the
base (joint 1) and elbow link (joint 2) is shownHig. 5, 6 and 7. Results of the FLC
are shown in Fig. 8, 9 and 10. As it can be notifaster convergence (lower transient

period) has been achieved by the FLC. Table 3 suinesathe error criteria mentioned
in Section 5. Better tracking has been realizethbyFLC as it can be noticed.

B. Cubic polynomial trajectory

In this section we present experimental results d&oreference cubic polynomial
trajectory. The desired motion is from zero t8 wih the following constraints:

G(t=0)=0, 6, (t=10=45", =0 andé, =0.
The desired trajectory according to (14) will be:

g,(t) =13%% - 009t® 0<t<10 (23)

The tracking performance of the PD controller iswh in Fig. 11, 12 and 13.
Results of the FLC are depicted in Fig. 14, 15 46dFaster convergence has been

realized by the FLC. Table 4 summarizes the trarkperformance of the two
controllers. The FLC exhibits low tracking errossiican be noticed from Table 4.
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Joint 1: desired and actual trajectory

Joint 2: desired and actual trajectory

0.6 0.6
204 , 204
20.2 f 202
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0 2 6 8 10
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Figure 5. The actual and desired trajectories (PD contplle

Phase plot for angle 1

23]

Phase plot for angle 2
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Figure 6. The phase plots (PD controller).
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Figure 7. The tracking errors (PD controller).
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Joint 1: desired and actual trajectory

Joint 2: desired and actual trajectory

0.8 , , , 0.8
' | 0.6
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Figure 8. The actual and desired trajectories (FLC).
Phase plot for angle | Phase plot for angle 2
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Figure 9. The phase plots (FLC).
a5 Error:ofangleil & 2
0.2
o} 2 4. s} 8 10
Time (sec)
Figure 10. The tracking errors (FLC).
Table 3 Linear trajectory with parabolic blends (aftesetonds).
Algorithm | error]] maxerrog | error2| maxerrog
(rad) (rad)
PD 0.0170 0.0281 0.0269 0.0435
Fuzzy 0.0124 0.0220 0.0166 0.0364
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Joint 1: desired and actual trajectories

Joint 2: desired and actual trajectories
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Figure 11. The actual and desired trajectories (PD contrpller
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Figure 12.The phase plots (PD controller).
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Figure 13.The tracking errors (PD controller).
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Joint 1: desired and measured trajectory
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Joint 2: desired and measured trajectory
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Figure 14. The actual and desired trajectories (FLC).
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Figure 15.The phase plots (FLC).
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Figure 16. The tracking errors (FLC).
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Table 4. Cubic polynomial trajectory (after 2 seconds)

Algorithm | error:lj maxerrog | error2| maxerrog
(rad) (rad)

PD 0.0170 0.0279 0.0272 0.0500

Fuzzy 0.0123 0.0266 0.0156 0.0373

C. Sinusoidal trajectory

In this section we present experimental resulthefsinusoidal trajectory. The desired
motion for angle 1 and angle 2 has the followingstmaints:

Amplitudel = 26, frequencyl = 0.05 rad/sec, and trajectory peri@d sec
Amplitude2 = 36, frequency2 = 0.1 rad/sec, and trajectory peri@®dsec

Thus, the desired trajectory according to (15) is:

6,,(t) = r/9sin (005% 27Txt), (24)
6,,(t) =m/6sin (0.1x 277xt) (25)

The tracking performance is shown in Fig. 17, 18 &@ for the PD controller. The
figures show very good tracking performance. Figu2@, 21 and 22 show the results
of the proposed FLC. As it can be noticed, lowansient period has been achieved by

the FLC. The error criteria tabulated in Table Soathow that lower tracking errors
have been realized by the FLC.

_ . . Joint 2: desired and actual trajector;
Joint 1: desired and actual trajectory , , ,(J Y

0.4

Joint 1 (rad)
Joint 2 (radian)

é ) WIO 1I5 20 0 5 10 15 20
Time (sec) Time (sec)

Figure 17.The actual and desired trajectories (PD contrpller
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Figure 18.The phase plots (PD controller).
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Figure 19.The tracking errors (PD controller).
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Figure 20.The actual and desired trajectories (FLC).
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Phase plot for angle | Phase plot for angle 2
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Figure 21.The phase plots (FLC).
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Figure 22.The tracking errors (FLC)

Table 5. Sinusoidal Trajectory (after 2 seconds).

Algorithm | error]] maxerrog | error 2| maxerrog
(rad) (rad)

PC 0.023¢ 0.030: 0.040: 0.050¢

Fuzzy 0.018: 0.029¢ 0.033¢ 0.047(

D. Experiments with payload mass

This section demonstrates the experimental resfiledding a payload mass of 205
gram at the tip of the elbow link. The two conteo have been examined by
implementing the three trajectories in the preseavfcthe payload mass. Results are
tabulated in Table 6, 7 and 8. They show that ¢tajg tracking has been achieved by
the two controllers. Better tracking performance haen achieved by the FLC. Also,
the transient period in case of the FLC is lowantthat of the PD controller in all the

three trajectories (the related figures are nasgmeed here to save space).
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Table 6. Linear trajectory with parabolic blends (aftesetonds).

Algorithm | error]] maxerrog | error2| maxerrog
(rad) (rad)

PD 0.0166 0.0327 0.0265 0.0496
Fuzzy 0.0121 0.0246 0.0152 0.0385
Table 7.Cubic trajectory (after 2 seconds).

Algorithm | error]] maxerrog | error 2| maxerrog
(rad) (rad)

PD 0.0158 0.0276 0.0254 0.0396

Fuzzy 0.0121 0.0277 0.0161 0.0373

Table 8 Sinusoidal trajecto

ry (after 2 seconds)

Algorithm |error]] maxerrog | error2| maxerrog
(rad) (rad)

PD 0.0226 0.0311 0.0416 0.0447

Fuzzy 0.0171 0.0303 0.0308 0.0460

From the previous figures and tables, the followiaarks are in order:
e It is shown from tables 3, 4, 5, 6, 7, 8 that tiverall tracking performance
with the fuzzy controller is better than that o tRD.
 When applying initial position error, it has beenticed that the fuzzy
controller converge faster than the PD controller.
Summarizing, it can be said that the PD controfiesvides high performance in
trajectory tracking and therefore proposed new tamie have necessarily to be
compared with this form of PID controllers in ordershow their effectiveness. The
proposed FLC surely represents a very valuableoagprin this context, taking into
account the easiness of the implementation.

7. CONCLUSIONS

Since extracting knowledge from experts in manyesds a tedious task, one would
assume basic physical information about the systéfa. have implemented the
Lyapunov second method to get such basic informadiod designed a fuzzy control
law so that the system is stable in the sense apuyov. Thus, greatly simplifies the
extraction of the fuzzy rules. The important feataf the study is that it has transferred
the proposed fuzzy PD controller into a closed foatation (hyperbolic tangential
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function) between the inputs and the output. Redatd other works in this area, the
number of parameters needs to be tuned is quitl wimah has greatly facilitated the
implementation. Unlike the PD controller, the preed FLC is inherently bounded and
the upper bound can be selected by suitably adgugarameters.

The presented approach provides a systematic gtepep procedure for the
design of fuzzy based feedback controllers for dewdilass of second order nonlinear
systems. The methodology has been applied to theat®f a two-link robot. It can
also be extended to number of link robots. Experimental results shbatthe design
procedure has been successful in representingdhkénear dynamics in the control
context and resulted in a stable closed-loop sysktigher tracking performance and
faster convergence of errors have been achievdatieoproposed FLC relative to the
conventional PD controller.
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