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Abstract:

This memory describes a fuzzy type-1 and type-2 position control scheme designed for manipulator
robot. The first is the fuzzy logic type-1 and the second is the fuzzy logic type-2. We focus our interest
to study the performances of fuzzy logic controller type-1, and then the application of this control to the
manipulator robot PUMAS560 3DOF, the second controller type-2 will be studied and will be applied to
the manipulator robot PUMA560 3DOF.Finally we present a comparative study between these
strategies; the computer simulation results on three links robot manipulators, in two cases ideal and
noisy system with two trajectory for each one (Circle trajectory, LEAHY trajectory).

Key word: Manipulator robot PUMAS560, fuzzy logic controller type-1, fuzzy logic controller type-2.

Résumé:

Ce mémoire consiste a présenter deux types de commande floue d’un robot manipulateur

PUMA, le premier est la commande floue type-1, et le deuxiéme est la commande floue type-2. Nous
intéressons a I’évaluation des performances de la commande floue type-1, puis I’application de cette
technique au robot manipulateur PUMA 3DDL, la deuxiéme technique de commande floue type-2 est
appliquée au robot manipulateur PUMA 3DDL, enfin nous présentons une étude comparative des deux
stratégies de commande, deux cas idéal et avec bruit avec deux trajectoires pour chaque cas (trajectoire
cercle, trajectoire LEAHY).

Mot clé : robot manipulateur PUMAS560, Régulateur flou Type-1, Régulateur flou Type-2.
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General Introduction

General Introduction

The use of industrial robots became identifiable as a unique device in the 1960s. Since then, their
field of application evolved from rather simple tasks like welding and painting to those requiring

more precision, such as assembly tasks.

Control theory provides tools for designing and evaluating algorithms to realize desired motions
or force application. The methods of linear control are not well suited for the control problem of
robotic arms. This is due to the fact that robotic arms constantly move among widely separated
regions of their workspace such that no linearization valid for all regions can be found. On the
other hand, nonlinear control methods used in robot arms’ applications should however face the
major difficulty resulting from the dynamic modeling of robots, the indetermination of their
parameters [3]. Preferred methods are those which reduce or eliminate the undesired effects
generated by this indetermination. Another difficulty in robot arm control is the coupling effects
of the coriolis and centrifugial forces that might be canceled in a single axis mode operation
where the joints are activated sequentially. Existing methods of nonlinear control are also used in
robotics in order to eliminate the above mentioned coupling effect like the Individual Joint PID

control method [3] and the PD-plus-gravity control method [3].

Among the recent control methods, fuzzy control methods grab nowadays the attention of many
researchers. In fact, these methods do not require the knowledge of the dynamic model of the
controlled system. This feature becomes one of the major importances when dealing with
complex nonlinear systems. Moreover, the dynamic modeling of robot arms shows a dependency
on their mechanical parameters, subject to lifetime modifications (friction factors affected by the
abuse of joints), and on their dynamical parameters that vary with the performed task (centers of
gravity of the links affected by tool’s replacements). These considerations also give advantage to
fuzzy control methods on other nonlinear methods as a result of their robustness towards

perturbations affecting the system.




General Introduction

The first fuzzy logic controller was introduced by Mamdani in 1974 [7]. It is equivalent to two-
input fuzzy PI controllers, where error and change of error were used as the inputs of the
inference system. Mamdani’s work also introduced the most common and robust fuzzy reasoning
method, called Zadeh—-Mamdani min— max gravity reasoning. Different comparative studies, like
[5], prove that Zadeh— Mamdani min—max gravity scheme is the best reasoning scheme if the

nonlinearity variation is a main concern.

Although control methods, especially nonlinear control methods, had greatly evolved, the
proportional-integral-derivative (PID) control method is still widely used in all domains [2]. The
success of the PID control is attributed to its simplicity (in terms of design and tuning) and to its
good performance in a wide range of operating conditions. However, the neccesity of retuning
the PID controllers characterizes their major disadvantage when the controlled plant is subject to

disturbances or when it presents complexities (non-linearities).

The main objective of this memory is to study and analyse the type-1 and type-2 fuzzy logic
controller structures to the trajectory tracking control of a robotic arm containing high
nonlinearities. Performance evaluation of the closed loop system will focus on the ability of the

fuzzy controller's structures, in terms of tracking precision, to control the arm.

This memory is divided into 4 chapters. Chapter 1 introduces the three degrees of freedom robot
arm PUMAS560 and its dynamic model [1]. In chapter 2 the main ideas underlying type-1 fuzzy
logic, and the application of this powerful computational theory to the problems of modeling,
control. We discuss in some detail type-1 fuzzy set theory, fuzzy reasoning, and fuzzy inference
systems. At the end, we also illustrate these concepts with PUMAS60 3DOF that show the
applicability of type-1 fuzzy logic. The importance of type-1 fuzzy logic as a basis for
developing intelligent systems has been recognized in several areas of application. Chapter 3 the
basic concepts, notation, and theory of type-2 fuzzy logic, which is a generalization of type-1
fuzzy logic, type-2 fuzzy logic enables the management of uncertainty in a more complete way,
this is due to the fact that in type-2 membership functions we also consider that there is
uncertainty in the form of the functions, unlike type-1 membership functions in which the
functions are considered to be fixed and not uncertain. We describe type-2 fuzzy set theory, type-
2 fuzzy reasoning, and type-2 fuzzy systems. At the end chapter 4 provides a comparative
evaluation of the type-1 and type-2 fuzzy logic controller by using simulation result from chapter

2 and chapter3.




Chapter 1 Modeling rigid manipulator robot

Chapter 1

Modeling rigid manipulator robot

1.1.1 Introduction

The control and simulation of robots requires the development of different mathematical models.
Several levels of modeling —geometric, kinematic and dynamic- are needed depending on the

objectives, the constraints of the task and the desired performance.

Obtaining these models is not an easy task. The difficulty varies according to the complexity of
the kinematics of the mechanical structure and its degrees of freedom. For that we take the

dynamic model of PUMAS560 from [1].

In this memory we interested by fuzzy control of robot then this chapter show some
mathematical tools witch using for modeling robot, the aim of modeling to simplifies and
estimate the values of the geometric and dynamic parameters of the robot. Besides to find a

control law on robot controller with reduced number of operations.
1.1.2 Description of the geometry of serial robots [4]

A serial robot is composed of a sequence of n+1 links and n joints. The links are assumed to be
perfectly rigid. The joints are either revolute or prismatic and are assumed to be ideal (no

backlash, no elasticity).

The links are numbered such that link 0 constitutes the base of the robot and link n is the
terminal link (Figure 1.1). Joint j connects link j to link j— 1 and its variable is denoted g, . In
order to define the relationship between the location of links, we assign a frame R attached to

each link j, such that:

- The z, axis is along the axis of joint j.
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- The x; axis is aligned with the common normal between z; andz,,.If z, and z,,, are parallel

Jj+l
or collinear, the choice of x; is not unique. The intersection of x,and z; defines the origin O, . In

the case of intersecting joint axes, the origin is at the point of intersection of the joint axes.

- The y, axis is formed by the right-hand rule to complete the coordinate system (xj Vi Z; )
The transformation matrix from frame R, to frame R, is expressed as a function of the

following four geometric parameters (Figure 1.2):

*«; : the angle between z, and z, aboutx, .
*d , : the distance between z, | and z; alongx, .
* 0, : the angle between x; | and x; aboutz, .

* r; : the distance between x, , and x, alongz, .

Figure 1.1. Robot with simple open structure.
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0;.1

Figure 1.2. The geometric parameters in the case of a simple open structure.

The variable of joint j, defining the relative orientation or position between links j - 1 and j, is
either @, orr,, depending on whether the joint is revolute or prismatic respectively. This is
defined by the relation:

q,=0,0,+0,r, (L.1)
with:

e o, =0ifjoint j is revolute.
e o, =lifjoint j is prismatic.
e o.=1-0..

J J

The transformation matrix defining frame R, relative to frame R, | is given as (Figure 1.2):

-”IT/. = Rot(x, o )Trans(x, d_/. )Rot(z,@_/. rans(z,r_/.)

co, -S6, 0 d

J J
Ca;50, Ca,CO, -Sa, -rSa (1.2)
Sa;80, Sa,C0, Ca; rCa,

J

0 0 0 1

NOTES:

e The frame R, is chosen to be aligned with frame R, wheng, = 0. This means that zis

aligned with z,, whereas the origin O, is coincident with the origin O, if joint 1 is
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revolute, and x, is parallel to x, if joint 1 is prismatic. This choice makesa, =0,d, =0
andg, =0.

e Ina similar way, the choice of the x, axis to be aligned with x, |, wheng, =0
makesqg, =0.

e [Ifjoint j is prismatic, the z, axis must be taken to be parallel to the joint axis but can
have any position in space. So, we place it in such a way that d, =0ord,,, =0.

e If z, isparalleltoz,,,, we place x; in such a way that r, =0 orr,,, =0.

j+lo

In this memory we interesting by PUMAS560 robot then we show example of geometric

description for this robot.

Examplel.1: Geometric description of the PUMAS60 [1]
Zy, Zg

Zs Yau ¥g

Sy

Figure 1.3: The Puma 560 is shown along with the DH
parameters and body frames for each link in the chain.
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Matrix | ;1 | @ | 0; | d;
T {fh) 0 0 (&0
Ty{fa) | —7/2 D |8y | dy
T3{fs) 0 ag |03 | ds
Ty(fy) | w/2 az |8, | dy
Tﬁ {ﬂ.ﬁ) — f 2 D 35 []
Ta{fs) wf2 0 (& | 0

Table 1.1: The DH parameters.

This example demonstrates the 3D chain kinematics on a classic robot manipulator, the PUMA
560, shown in Figure 1.3. The procedure is to determine appropriate body frames to represent
each of the links. The first three links allow the hand (called an end-effector) to make large
movements, and the last three enable the hand to achieve a desired orientation. There are six
degrees of freedom, each of which arises from a revolute joint. The body frames are shown in
Figure 1.3, and the corresponding DH parameters are given in Table 1.1. Each transformation

matrix 7’ 1s a function of .. The other parameters are fixed for this example. Only
0, are allowed to vary. The parameters from Table 1.1 may be substituted into the

homogeneous transformation matrices to obtain:

(1.3)

(1.4)

coshy —smé; 0 @
m & &g 0 a
Tl{gl) = E]IE] . CDE . 1 u 7
0 0 01
coed, —emnfy; 0 0
_ D 0 1 d;
Tafa) = | _sing, —ocost, 0 0 |
D 0 0D 1
cosfy —emb; 0 o
min & com 8 0 a4
Tala)=| g g 1 4]
0 0 0D 1

(1.5)
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coedy, —emf; O a3
0 0 1 —d,
Tilth) = wnf, cosf, O 0 |°*
0 0 0 1
(1.6)
cogds —eEnds 0 0O
0 0 1 0
T5{6s) = —gin@; —cosfly 0 0]
0 0 D 1
(1.7)
cosfly —esmig 0 0
0 0 -1 0
Ts(f) = ginfs coefy O O
0 0 0 1
(1.8)

Note that a, and d, are negative in this example (they are signed displacements, not distances).

1.2.1 Dynamic modeling of serial robots

The dynamics of robot manipulators whereas the kinematic equations describe the motion of the
robot without consideration of the forces and torques producing the motion, the dynamic
equations explicitly describe the relationship between force and motion [6]. The equations of
motion are important to consider in the design of robots, in simulation and animation of robot
motion, and in the design of control algorithms. We introduce the so-called Euler-Lagrange

equations.

In order to determine the Euler-Lagrange equations in a specific situation, one has to form the
Lagrangian of the system, which is the deference between the kinetic energy and the potential

energy.

1.2.2 The EULER-LAGRANGE equations

In general, for any system of the type considered, an application of the Euler- Lagrange [6]
equations leads to a system of n coupled, second order nonlinear ordinary deferential equations

of the form:
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R S T T (1.9)

The order, n, of the system is determined by the number of so-called gener- alized coordinates
that are required to describe the evolution of the system. We shall see that the n Denavit-

Hartenberg joint variables serve as a set of generalized coordinates for an n-link rigid robot.

1.2.3 Kinetic Energy for an n-Link Robot

Now consider a manipulator consisting of n links. The linear and angular velocities of any point
on any link can be expressed in terms of the Jacobian matrix and the derivative of the joint
variables. Since in our case the joint variables are indeed the generalized coordinates, it follows

that, for appropriate Jacobian matrices J, and J, , we have that[6]:

vi=J, (@, w=J,(a (1.10)
1, 1 4

K=—mvv+—wlw (1.11)
2 2

I=RIR" (1.12)

Where R is the orientation transformation between the body attached frame and the inertial

frame.

Now suppose the mass of link 1is 7, and that the inertia matrix of link i, evaluated around a
coordinate frame parallel to frame 1 but whose origin is at the center of mass, equals /, . Then

from (1.15) it follows that the overall kinetic energy of the manipulator equals
., < .
K=-4"2 a2 aW, @)+ 7, (@) R (@R () 7, (@) (1.13)
i=1
In other words, the kinetic energy of the manipulator is of the form:

K==4¢"D(q)g (1.14)
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Where D(q) is a symmetric positive definite matrix that is in general configuration dependent.

The matrix D is called the inertia matrix.
1.2.4 Potential Energy for an n-Link Robot

Now consider the potential energy term. In the case of rigid dynamics, the only source of
potential energy is gravity. The potential energy of the i-th link can be computed by assuming

that the mass of the entire object is concentrated at its center of mass and is given by [6]:
P=g'r.m, (1.15)

Where g is vector giving the direction of gravity in the inertial frame and the vector r,, gives the

coordinates of the center of mass of link i. The total potential energy of the n-link robot is

therefore:
P=>P=> g'r.m, (1.16)

1.3.1 PUMA 560 robot Dynamics:

The dynamic model used for PUMAS60 it is[1]:

M(q)4+ B(q).[4.41+C(q).[4° 1+ G(¢) =T (1.17)
Where,

B(g) : nxn(n-1)/2 matrix of Coriolis torques
C(g) : nxn matrix of Centrifugal torques
[¢9]: n(n-1)/2x1 vector of joint velocity products given by:
20 3 N0 0 0 N 0 O N B0 B
[4°]: nx1 vector given by: [¢,>,4," g, ]
The position of zero joint angles and coordinate frame attachments to the PUMA arm
are shown in Figure 1.3 above. The modified Denavit-Hartenberg parameters, assigned

according to the method presented in [3] are listed in Table 1.2.
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i a., 6. a., d,
(deg rees) (meters) (meters)

1 0 q, 0 0

2 -90 49, 0 0.2435

3 0 q; | 0.4318 | -0.0934

Table 1.2 Modified Denavit - Hartenberg Parameters

The mass of links 2 through 6 of the PUMA arm are reported in Table 1.3, the mass of
link 1 in not included because that link was not removed from the base. Separately
measured mass and inertia terms are not required for link one because that link rotates

only about its own 2 axis.

Link Mass
Link2 17.40
Link3 4.80

Table 1.3 Link Mass[1]

The positions of the centers of gravity are reported in Table 1.4 the dimensions r,,r, and r, refer

to the x, y and z coordinate of the center of gravity in the coordinate frame attached to
the link.

Llnk rx r}’ rz
Link 2 0.068 0.006 -0.016
Link 3 0 -0.070 0.014

Table 1.4 Centers of Gravity.

Link 1 1 1

XX »y 2z motor

Link 1 - - 0.35 1.14(£0.27)

Link 2 0.130(£3%) | 0.524(+5%) | 0.539(£3%) | 4.71(+0.54)

Link 3 0.066 0.0125 0.086 0.83(+0.09)

Table 1.5 Diagonal Terms of the Inertia Dynamics and Effective Motor Inertia. [1]
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Joint 1 | Joint 2 | Joint 3
Gear Ration 62.61 | 107.36 | 53.69
Maximum Torque(N-m) 97.6 | 1804 | 894

Break Away Torque (N-m) 6.3 5.5 2.6

Table 1.6 Motor and Drive Parameter|1]
1.3.2 Using PUMA Robot as 3-DOF Robot:

Recall that only three links of PUMA robot are used in this thesis, the configuration space

equation same (1.17),

With,
Matrix A is a symmetric 6x6 matrix:

a;, 4, dg
Alg)=|a, ay ay (1.18)

Qs 4z ds
Where,

a, =1, +1,+1,,CC2+1,.8523+1,,.5C23+1,,.5C2 +

+2.[1,.C2.523]

a, =1,82+1,C23+1,.C2
ay =1,.C23

ay, =1, +1,+I, +2[I,.53]
a,, =1,.83+1

ay, =1,,+1;

m3

ay =4a,, a3 =a,; and a;, = a,;

While matrix B is:

bllZ b113 0 0 0 b123 0
Bl@)=| 0 0 0 0 0 by O (1.19)
0O 0 000 0 0

12
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Where,
b, =2.[-1,.SC2+1,.C223+ 1,.5C23] +1,,.(1-2.5523) + I,,.(1 - 2.552)

by =2.[1,.C2.C23+1,.5C23-]+1,,.(1- 2.5523)
by =2.[-1,.523]

Matrix C is:
0 ¢, ¢
C@=|cy 0 ¢y (1.20)
¢y ¢y 0
Where,

¢, =1,C2-1,823-1,.82
¢, =0.5b,, =—1,.523

¢y =—0.5b,, =1,.SC2—1,.C223—1,.5C23-0.5.1,,.(1- 2.5523) - 0.5.1,,.(1- 2.552)
¢y =0.5b,, =1..C3

¢y ==0.5b,, =—1,.C2.C23—1,.5C23-0.5.1,,.(1—2.5523)

Cyy =—Cpy =—15.C3

And matrix G is:
0

g(@)=|g, (1.21)
83

g, =g,.C2+g,523+g,.52

g,=g,.523

Where,

Si = sin(6i), Ci = cos(6i), Cij = cos(0i+ 6j), Sijk = sin(60i +6j +6k),
CCi = cos(bi).cos(0i) and Csi = cos(0i).sin(6i)

Tables 1.7 and 1.8 contain the computed values for the constants appearing in the equations of

forces of motion,
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1, =1.43+0.05 1,=1.75+0.07
I, =138%0.05 I, =0.69+0.02
I,=0.372+0.031 I, =0333+0.016
1, =0.298+0.029 I, =—0.134+0.014
1, =0.0238+0.012 I, =—0.0213+0.0022
1, =—0.0142+0.0070 I, =1.14+027
1,=471£0.54 1., =0.827+0.093

Table 1.7 Inertiel Constants (kg.m>)[1]

g, =-372+0.5 g, =—-8.44+0.20

g, =1.02%0.50

Table 1.8 Gravitational Constants (N.m) [1]

The three degree of freedom PUMA robot has the same configuration space equation general
form as its 6-DOF convenient. In this type, the last three joints are blocked so they keep their
initial states while the robot is moving. Using the configuration equation of the robot, and by

setting the last joints as zero always, we can define a general equation that allows us to use

PUMA robot as a 3-DOF robot.

To find the kinematics of the 3-DOF robot, a new D-H coordinate system is established, and a

homogenous transformation matrix relating the 3’ coordinate frame to the first coordinate

frame is developed.

i =G,--di,-d]

l4d]=14,4,--4,d5..0..0..0..4,4,..0]" ,

T

[l 4]
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The angular acceleration is found as to be:
i= A" (94T -|B(9)-44+C(9)-4* +2(9)]}
Now let 7 = {T = [B(9).4¢+ C(q)4> + (@)= i=4"(q)1

.. .. L. .2 .2

I, =T, - [bnz 4,9, +b,5-9,4;5 +by;.4,45 ]_ lclz 4, *t¢5.4; J
RN .2 .2

I,=T,- [bzzz 4,95 ]_ [CZI 4, TCy.q; J_gz

.2 .2
I; =T, _[031'% +¢5.9, J_g3
1.4 Conclusion
In this chapter we give some background mathematical to modeling robot we talking about
geometric description and dynamic modeling and about other modeling we let it in Appendix A
same direct model geometric and direct model kinematics.
And next we give some dynamic model description for PUMAS560 robot for more detail about

this robot see this [1], after we explain how can we using PUMAS560 as 3DOF robot for control it
by type-1 and type-2 fuzzy logic controller in the next chapters.
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Chapter 2

Type-1 Fuzzy logic controller

2.1.1 Introduction

This chapter introduces the basic concepts, notation, and basic operations for the type-1 fuzzy
sets that will be needed in the following chapters. Type-2 fuzzy sets as well as their operations
will be discussed in the next chapter. For this reason, in this chapter we will focus only on type-1
fuzzy logic. Since research on fuzzy set theory has been underway for over 30 years now, it is
practically impossible to cover all aspects of current developments in this area. Therefore, the
main goal of this chapter is to provide an introduction to and a summary of the basic concepts

and operations that are relevant to the study of type-1 fuzzy sets.

Fuzzy logic controller (FLC) which used in this memory is Mamdani method, or used to call
Max-Min method.

2.2.1 Fuzzy set theory

Fuzzy logic was first proposed by Zadeh (1965) and is based on the concept of fuzzy sets[8].
Fuzzy set theory provides a means for representing uncertainty. In general, probability theory is
the primary tool for analyzing uncertainty, and assumes that the uncertainty is a random process.
However, not all uncertainty is random, and fuzzy set theory is used to model the kind of
uncertainty associated with imprecision, vagueness and lack of information.

Conventional set theory distinguishes between those elements that are members of a set and
those that are not, there being very clear, or crisp boundaries. Figure 2.1 shows the crisp set
'medium temperature’. Temperatures between 20 and 30'C lie within the crisp set, and have a

membership value of one.

The central concept of fuzzy set theory is that the membership function M, like probability
theory, can have a value of between 0 and 1 [13] [14]. In Figure 2.2, the membership function
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has a linear relationship with the x-axis, called the universe of discourse U. This produces a
triangular shaped fuzzy set. Fuzzy sets represented by symmetrical triangles are commonly used
because they give good results and computation is simple. Other arrangements include non-

symmetrical triangles, trapezoids, Gaussian and bell shaped curves [15] [16].
Let the fuzzy set ‘'medium temperature’ be called fuzzy set M. If an element u of the universe of

discourse U lies within fuzzy set M, it will have a value of between 0 and 1. This is expressed

mathematically as [11]:
# (U) € [0] (2.1)

When the universe of discourse is discrete and finite, fuzzy set M may be expressed as [11]:
M :Z:UM (Ui)/ui (2.2)
i=1

In equation (2.2) '/" is delimiter. Hence the numerator of each term is the membership value in
fuzzy set M associated with the element of the universe indicated in the denominator. When

n=11, equation (2.2) can be written as:

M =0/0+0/5+0/10+0.33/15+0.67/20+1/25+0.67/30+0.33/35

(2.3)
+0/40+0/45+0/50

HA Medium
Temperature

Membership
Function o g/

v

0 10 20 30 40 50
Temperature (°C)

Figure 2.1 Crisp set (medium temperature).
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J7x Medium
Temperature
1.0-
Membership
Function o gl
0.6
M
0.4
0.2
0 10 20 30 40 50

Universe of Discourse (Temperature (°C))
Figure 2.2 Fuzzy set 'medium temperature'

2.2.2 Basic fuzzy set operations

Let A and B be two fuzzy sets within a universe of discourse U with membership functions .,

and u, respectively. The following fuzzy set operations can be defined as:

Equality: Two fuzzy sets A and B are equal if they have the same membership function within a

universe of discourse U.
1, (U)= g (u) for allu eU (2.4)

Union: The union of two fuzzy sets A and B corresponds to the Boolean OR function and is

given by:

Haos (u) = Hpp (u) = max{,uA(u)wUB (U)} forall ueU (2.5)

Intersection: The intersection of two fuzzy sets A and B corresponds to the Boolean AND

function and is given by:

tpgU)=min{u,(u) uz(u)}  forallueU (2.6)

Complement: The complement of fuzzy set A corresponds to the Boolean NOT function and is

given by:

u,(u)=1-p,(u) forallueU (2.7)
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Example 2.1[8]

Find the union and intersection of fuzzy set low temperature L and medium temperature M
shown in Figure 2.3. Find also the complement of fuzzy set M. using equation (2.2) the fuzzy

sets for n=11 are:

JIx Medium
Temperature
1.0
Membership
Function o g
0.6 L M
0.4
0.2
0 10 20 30 40 " 50

Universe of Discourse (Temperature (°C))
Figure 2.3 Overlapping sets 'low" and 'medium temperature'.

L=0/0+0.33/5+0.67/10+1/15+0.67/20+0.33/25
+0/30+0/35+------ +0/50
M=0/0+0/5+0/10+0.33/15+0.67/20+1/25+0.67/30
+0.33/35+0/40+---+0/50

(2.8)

a - Union: Using equation (2.5)

4, . (u)=max(0,0)/0+ max(0.33,0)/ 5+ max(0.67,0)/10
+max(1,0.33)/15 + max(0.67,0.67)/ 20 + max(0.33,1)/ 25
0,0.67)/30 + max(0,0.33)/35 + max(0,0)/ 40 +---
0,0)/50

(2.9)
+ Mmax

+ max

—_— =

Y7y (u):0/0+0.33/5+0.67/10+1/15+0.67/20+1/25+0.67/30
+0.33/35+0/40+---+0/50

(2.10)

b- Intersection: Using equation (2.6) and replacing 'max’ by 'min' in equation (2.9) gives:

Ly (u)= 0/0+0/5+0/10+0.33/15+0.67/20+0.33/25
+0/30+---+0/50

(2.11)
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Equations (2.10) and (2.11) are shown in Figure 10. 4.
c- Complement: Using equation (2.7):

sy (U)=[1-0)/0+(1-0)/5+(1-0)/10+(1-0.33)/15
+(1-0.67)/20+(1-1)/25+(1-0.67)/30 +(1-0.33)/35 (2.12)
+(1-0)/40+---+(1-0)/50

Equation (2.12) is illustrated in Figure 2.5.

lu A
1.0 L M
Membership ()
Function o gl
0.6- IULmM (U)
0.4-
0.2
0 10 20 30 40 " 50

Universe of Discourse (Temperature (°C))
Figure 2.4 'Union' and 'intersection’ functions.

i} 10 20 30 40 B0
Termpe mture ("0}

Figure 2.5 The complement of fuzzy set M.
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2.2.3 Fuzzy relations

An important aspect of fuzzy logic is the ability to relate sets with different universes of

discourse. Consider the relationship:
IFL THEN M (2.13)

In equation (2.13) L is known as the antecedent and M as the consequent. The relationship is

denoted by:
A=LxM (2.14)

Or:

(2.15)

Where u;, —u; and v, — v, are the discretized universe of discourse. Consider the statement:

IF L is low THEN M is medium (2.16)

Then for the fuzzy sets L and M defined by equation (2.8), for U from 5 to 35 in steps of 5

min(0.33,0) --- min(0.331) --- min(0.33,0.33)

min(0.67,0) --- min(0.67,1) --- min(0.67,0.33)

LxM = (2.17)

min.(0,0) . min.(O,l) . min(d,o.ss)

Which gives:

0.33 0.33 0.33 0.33 0.33]

0.33 0.67 0.67 0.67 0.33

033 067 1 067 0.33

0.33 0.67 0.67 0.67 0.33 (2.18)

0.33 0.33 0.33 0.33 0.33
0 0 0 0 0
0 0 0 0 0

LxM =

O O O O o o o
O O O O o o o
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Several such statements would form a control strategy and would be linked by their union

A:A1+A2+A3+ ...... An (219)

2.2.4 Fuzzy logic control [8]

The basic structure of a Fuzzy Logic Control (FLC) system is shown in Figure 2.6. Fuzzy logic
controller (FLC) which used in this memory is Mamdani.

The fuzzification process

Fuzzification is the process of mapping inputs to the FLC into fuzzy set membership values in
the various input universes of discourse. Decisions need to be made regarding

(@) Number of inputs

(b) Size of universes of discourse

(c) Number and shape of fuzzy sets.

A FLC that emulates a PD controller will be required to minimize the error e(t) and the rate of

change of error de/dt, or ce.

The size of the universes of discourse will depend upon the expected range (usually up to the
saturation level) of the input variables. Assume for the system about to be considered that e has a

range of + 6 and ce a range of + 1.

The number and shape of fuzzy sets in a particular universe of discourse is a trade- off between
precision of control action and real-time computational complexity. In this example, seven

triangular sets will be used.

Each set is given a linguistic label to identify it, such as Positive Big (PB), Positive Medium
(PM), Positive Small (PS), About Zero (Z), Negative Small (NS), Negative Medium (NM) and
Negative Big (NB). The seven set fuzzy input windows for e and ce are shown in Figure 2.7. If
at a particular instant, e(t)= 2.5 and de/dt =ce = -0.2, then, from Figure 2.7, the input fuzzy set

membership values are:
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Hps (e) =07 ppy (e) =0.4
Hins(ce)=06 1, (ce)=0.3 (2.20)

The fuzzy rulebase

The fuzzy rule base consists of a set of antecedent-consequent linguistic rules of the form

IF eis PS AND ce is NS THEN u is PS (2.21)

This style of fuzzy conditional statement is often called a '"Mamdani'-type rule, after Mamdani

(1976) who first used it in a fuzzy rulebase to control steam plant.

The rulebase is constructed using a priori knowledge from either one or all of the following
sources:

(@) Physical laws that govern the plant dynamics

(b) Data from existing controllers.

(c) Imprecise heuristic knowledge obtained from experienced experts.

If (c) above is used, then knowledge of the plant mathematical model is not required. The two
seven set fuzzy input windows shown in Figure 2.7 gives a possible 7 x 7 set of control rules of
the form given in equation (2.21). It is convenient to tabulate the two-dimensional rulebase as
shown in Figure 2.8.

Fuzzy inference

Figure 2.8 assumes that the output window contains seven fuzzy sets with the same linguistic
labels as the input fuzzy sets. If the universe of discourse for the control signal u(t) is 9, then
the output window is as shown in Figure 2. 9.

Assume that a certain rule in the rulebase is given by equation (2.22)

IFeis AAND ceisBTHEN u=C (2.22)
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From equation (2.5) the Boolean OR function becomes the fuzzy max operation, and from
equation (2.6) the Boolean AND function becomes the fuzzy min operation. Hence equation
(2.22) can be written as

Hc (U)z max[min(ﬂA(e)’ Hg (Ce))] (2.23)
Equation (2.23) is referred to as the max-min inference process or max-min fuzzy reasoning.

Data | Rule |2 Inowledge Base
Bass | Bass

FLC

* ) cifi
’ﬂ:@ﬂ—h Fuzzlcation |l Inﬁ::‘i;i o Dahzzification Plant

Syslam

=)

Figure 2.6 Fuzzy Logic Control

ple) 1.0
0.8-

0.6- PB

U4 -

[ Q| SESTEST -

m
S
o

Rate of Change Of Emor (ee)
Figure 2.7 Seven set fuzzy input windows for error (e) and rate of change of error (ce).
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BNEHCN NN,

Figure2.8 Tabular structure of a linguistic fuzzy rulebase.

) 1.0

Figure2.9 Seven set fuzzy output window for control signal (u).

In Figure 2.7 and equation (2.20) the fuzzy sets that were 'hit' in the error input window when
e(t) = 2.5 were PS and PM. In the rate of change input window when ce = -0.2, the fuzzy sets to
be 'hit" were NS and Z. From Figure 2.8, the relevant rules that correspond to these 'hits' are:

---OR IF eis PS AND ceis NS
ORIF eis PS AND ceis Z (2.24)
THEN u =PS
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---OR IF eis PM AND ceis NS
OR IF eis PM AND ceis Z (2.25)
THEN u=PM

Applying the max-min inference process to equation (2.24)

Hps (U) = max[min(:ups (e), Hns (Ce))v min(:ups (e)’ Mz (Ce))] (2.26)

Inserting values from equation (2.20)

Lps (u) = max[min(0.7,0.6), min(0.7,0.3)]

= max[0.6,0.3]= 0.6 2.27)
Applying the max-min inference process to equation (2.25)
Hens () = max[min(soy (&), s1ys (ce)). min(uey (e) 11, (ce)) (2.28)
Inserting values from equation (2.20)
L (u) = max[min(0.4,0.6), min(0.4,0.3)] (2.29)

= max[0.4,0.3]= 0.4

Fuzzy inference is therefore the process of mapping membership values from the input windows,

through the rulebase, to the output window(s).
The defuzzification

Defuzzification is the procedure for mapping from a set of inferred fuzzy control signals
contained within a fuzzy output window to a non-fuzzy (crisp) control signal. The centre of area
[9, 10, 11] method is the most well known defuzzification technique, which in linguistic terms

can be expressed as:

Crisp control signal = Sum of first moments of area (2.30)

Sum of areas
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For a continuous system, equation (2.30) becomes:

uz(u )du
u(t)= & (2.31)
[ pa(u)du
Or alternatively, for a discrete system, equation (2.30) can be expressed as:
Zui:u(ul)
u(kT)=1 (2.32)

For the case when e(t) = 2.5 and ce = -0 .2, as a result of the max-min inference process
(equations (2.27) and (2.29)), the fuzzy output window in Figure 2.9 is ‘clipped’, and takes the
form shown in Figure 2.10.

From Figure 2.10, using the equation for the area of a trapezoid:

Area,, = 06(6+24) _, o,
(2.33)
Areap = M =0.96
From equation (2.30)
u(t) = (252x3)+(0.96%6) _ 383
2.52+0.96 (2.34)

Hence, for given error of 2.5, and a rate of change of error of -0.2, the control signal from the
fuzzy controller is 3.83.
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efu) 1.0°

08+

08T
04 1

024

-9 -6 -3 0 3 ] g
Control Jignal (o)

Figure 2.10 Clipped fuzzy output window due to fuzzy inference.

Example 2.2 [8]

For the input and output fuzzy windows given in Figure 2.7 and 2.9, together with the fuzzy

rulebase shown in Figure 2.8, determine:

(a) The membership values of the input windows e and ce.
(b) The max-min fuzzy inference equations.

(c) The crisp control signal u(t).

whene=-3andce=0

Solution

(@) When e = -3 and ce = 0 .3 are mapped onto the input fuzzy windows, they are referred to as

fuzzy singletons. From Figure 2.7

e=-3 u(€e)=05 p,,()=05 (2.35)

ce =0 .3, using similar triangles:

1 /Uz(ce)
0.33 (0.33-0.3) (2:36)
1, (ce)=0.09
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And

1 _ Hes (Ce)
0.33 0.3

Lps (ce)=0.91

(b) The rules that are 'hit" in the rulebase in Figure 2.8 are

--:OR IF eis NS AND ceis Z
OR IF eis NS AND ceis PS
THEN u = NS

---OR IF eis NM AND ceis Z
OR IF eis NM AND ceis PS
THEN u = NM

Applying max-min inference to equation (2.38):
Hns (U) = max[min(,uNS (e)' Hz (Ce))’ min(ﬂNs (e)’ Hps (Ce))]
Inserting values into (2.40):

#ys (U) = max[min(0.5,0.09), min(0.5,0.91)]
=max[0.09,0.5]=0.5

and similarly with equation (2.39)

Hnm (u) = maX[min(luNM (e)v Hz (Ce))v min(luNM (e)’ Hps (Ce))]

L (U) = max[min(0.5,0.09), min(0.5,0.91)]
= max[0.09,0.5]= 0.5

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

Using equations (2.41) and (2.42) to ‘clip’ the output window in Figure 2.9, the output window is

now as illustrated in Figure 2.11.
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(c) Due to the symmetry of the output window in Figure 2.11, from observation,

the crisp control signal is:

u(t)=-45
ploe
1.04 ﬁ_ "i-,t
o8t 7 L /7
_-'f i\_j 1

06

= /\=\
Bk NS
02T
=g -£ -2 i} 2

Sl Slgrel fu)

Figure 2.11 Fuzzy output window for Example 2.2.

2.3 Trajectory generation

The dynamics of the robot requires the imposition of a realizable trajectory of reference in order

to ensure the displacement of the end effector of the robot from an initial point g, to the end
point q,,, with acceptable control on the articulation. The choice of this trajectory is connected to

the evolution of the position, the speed and the acceleration desired of each articulation.

Then in this memory (FLC) which used is Mamdani and for testing this controller we use tow

trajectory first a circle in space and second LEAHY trajectory.
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First circle in space:

6, =0
0, = 2*t (2.43)
0, =—2*t

| 7 r a
08 :
6 L] .
0§ : :
— — =2 '
E 04 g g H H
3% 9 - |
: B BT : :
. i i ] ]
s E ® i
£ 02 3 i : :
u 2 5 E '
05 !
1 r : i
08 : !
1 0 i i i i i i 7 i i i i 1 i
0 05 1 15 2 25 3 i T 05 1 15 2 25 3 35 0 05 1 15 1 25 3 35
Time(s)

" Tme(s) " TimeCs)

Figure 2.12 Circle in space

Second LEAHY trajectory:

For the robot of the PUMA type there exists a cycloid trajectory test Figure 2.13 proposed by
LEAHY[17]. The different articulation move respectively from position {-50°, -135°, 135°} to

the position  {45,-85°,30°} in a time of movement equal to 1,5 seconds.

This trajectory is selected because it excites all the dynamics of this arm manipulator.

D, .
0,(0)+—- ZﬂL—sm[ZﬂLH for 0<t<t,,
27 end end

0, = 0, (t,y) for t,, <t (2.44)
Di = edi (tend )_ edi (0)
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2.4 Type-1 Fuzzy control of PUMAS560 with 3DOF
In Figure 2.14 we show the structure type-1 FLC of PUM560 with 3DOF, the regulator which

we use is five classes, do mean has 25 rule bases, the rule base table in Figure 2.15 and in

Figure2.16 fuzzy sets for error and change error and out put of control T. All the gains of type-1

fuzzy controller we do tuning until get good positions with lower error in ideal case.

1
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Figure 2.14 Structure type-1 FLC of PUMA560 3DOF
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Velocity error
LN SN Ze SP LP
Position LN LN LN LN SN Ze
error SN LN LN SN Ze SP
Ze LN SN Ze SP LP
SP SN Ze SP LP LP
LP Ze SP LP LP LP

Figure 2.15 Rule Base table[39]

e
4 )1 LA SN Ze sP LP

05}

ﬂ 1 1 1 1 1 1 1

i 08 08 04 02 0 02 04 08 08
Error = e (rad)
p(ce) ) . _ )

|z S Z §p LP
05}

0

1 1 1 1 1 1 1 |
-1 48 4048 404 02 0 02 04 06 049 1
Change in Error = ce (rad/s)

<1 08 40 04 02 0 02 04 05 18 1
The control T (Nm)

Figure 2.16 Fuzzy set for each articulation.
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2.4.1 Result of simulation with circle trajectory
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2.4.2 Result of simulation with LEAHY trajectory
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Figure 2.32 Torque inputs of the robot joints 1,2,3 (Nm) with white noisy.

By visual inspection from from Figures 2.17 to Figure 2.32 we can show that:
e Good position in ideal case and with low position error.
e Bad position in presence of uncertainty big position error.
e The positions and velocities of joints are continuous.

e The control torques of the joints 1,2,3 are limited and don’t pass the maximum torque for
each joints.

2.5 Conclusion

In this chapter, we have studies and developed type-1 fuzzy controller applies to the problem of
the following of trajectory of robots manipulators we have tests two trajectory rings and
trajectory of LEAHY, the experience and knowledge of human experts are needed to decide both
the membership functions and the rules based on the available linguistic or numeric information.
The simulation effectuated on the robot manipulator PUMAS560 with 3DOF. The results of
simulations prove that type-1 FLC have good position with low error in ideal case (In uncertainty
absence) but with uncertainty presence have bad position. In the following chapters, we will

perform and analysis of the interval type-2 FLC responses with same robot.
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Chapter 3

Type-2 Fuzzy logic controller

3.1.1 Introduction

We introduce in this chapter a new area in fuzzy logic, which is called type-2 fuzzy logic were
initially defined by Zadeh [21][24]. Basically, a type-2 fuzzy set is a set in which we also have
uncertainty about the membership function. Of course, type-2 fuzzy systems consist of fuzzy if-
then rules, which contain type-2 fuzzy sets. We can say that type-2 fuzzy logic is a
generalization of conventional fuzzy logic (type-1) in the sense that uncertainty is not only
limited to the linguistic variables but also is present in the definition of the membership

functions.

Fuzzy Logic Systems are comprised of rules. Quite often, the knowledge that is used to build
these rules is uncertain. Such uncertainty leads to rules whose antecedents or consequents are
uncertain, which translates into uncertain antecedent or consequent membership functions [22].
Type-1 fuzzy systems (like the ones seen in the previous chapter), whose membership functions
are type-1 fuzzy sets, are unable to directly handle such uncertainties. We describe in this
chapter, type-2 fuzzy systems, in which the antecedent or consequent membership functions are
type-2 fuzzy sets. Such sets are fuzzy sets whose membership grades themselves are type-1
fuzzy sets; they are very useful in circumstances where it is difficult to determine an exact

membership function for a fuzzy set [22].
In what follows, we shall first introduce t is characterized by a type-2 membership function he

basic concepts of type-2 fuzzy sets, and type-2 fuzzy reasoning after we explain how we can
apply it on PUMAS560 manipulator robot with simulation result.
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3.2 Notations and terminologies
3.2.1 Type-2 Fuzzy sets

A type-2 fuzzy set, denoted X , is characterized by a type-2 membership function s, (x,u) ,

where x e X and u eJ , c[0,1]can write it same as[27] [30]:

A={(x,u),0<pu(xu)<1|vxeX Vuel c[01]} (3.1)

With:

x e X :Primary variable.

u eJ, : Secondary variable.

The equations (3.1) show that the membership function of type-2 fuzzy set . (x,u) is three-

dimensional.

A Can also be expressed as:

A= ” e (x,u)/(x,u); J, €[0,1] (3.2)

xeX uely

Where ” denotes union over all admissible x and u . For discrete universes of discourse j is

replaced by > .

3.2.2 Representation type-2 membership function

A two-dimensional graphic of type-2 membership function is shown on figure 3.1. [28]
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A 4
u(x',u)
1
Wi
4 — Wy
. _._.Ui ..... ™ d
Leftextrem | X = X' Right extrem T X
Uncertain . Uncertain
Figure 3.1 Triangular membership function
A H;(x,U)
1+ Secondary membership
grade
l Secondary membership
0.51 | — function
Primary membreship 0 |5 [ 10 15/ 20 | |25 > Primary
grade —>0.2 V y ~ ) X <4— Variable
0.4 J(
0.6 |/ Lower membership
0.8 Pl |/'\/ function
1
Seco_ndary_,u ¥ Js /o s Jw Jas Upper membership
variable function

FOU Primary membership

Figure 3.2 is a three-dimensional representation the of type-2 membership function. In this case
x and u are as discrete [27].

3.2.3 vertical-slice

At each value of X, say X = X", the 2D plane whose axes are U and U (x', u)is called a vertical slice [27]
[30] of u; (x,u). A secondary membership function is a vertical slice of uz (x,u). Itis It U (x =x",u)
for x"e X and vuel, c[0.1].

The figure 3.3 has five vertical slices associated with it. The secondary membership function at x = 20, is
in figure 3.4
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A 4:(x,u)
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Figure 3.3 Fuzzy set for x=20.
3.2.4 Secondary membership function

It represents a secondary set of type-1. Forall x'eX and vueJ, c[0,1], secondary

membership function is given by [27] [29]:

e (X'u) = p(x') = jfx,(u)/u e . €[0,1] et 0<f, (u)<1 (3.3)

uely:

SinceVvx'; x"eX , we can omitdotin x4, (x') and adopt the notation ., (x) for the secondary

membership function, which is a type-1 fuzzy membership function.

While being based on the concept of the secondary sets, it is possible to reinterpret a type-2

fuzzy set as being the union of all the secondary sets, as follows:
A={(x,1;(x))|Vx eX} (3.4)

Or same as:

A= I yﬁ(x)/x= J{J‘fx(u)/u}/( J, <[0.1] (3.5)
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In the case X and J, are discrete, the equation (3.5) becomes:

A:Zﬂ;{(xi)/xi—xex{zf (w) o }/ ), cpa] @5)

X; eX u; J

3.2.5 Primary membership

The domain of a secondary membership function is called the primary membership ofx [27]

[29]. In (3.5), J, is the primary membership ofx , where forvx eX ,J, <[0,1].

3.2.6 Secondary membership grade

The amplitude of a secondary membership function is called a secondary grade[30], denote
by f (u).

3.2.7 Footprint of uncertainty (FOU)

Uncertainty in the primary memberships of a type-2 fuzzy set A consists of a bounded region

that we call the footprint of uncertainty (FOU) [27] [30]. It is the union of all primary
memberships.

Fou (A)={/3, (3.7)

x eX

The shaded region in Figure 3.2 is the FOU. Other examples of FOUs are given in (3.4). The
term footprint of uncertainty is very useful, because it not only focuses our attention on the
uncertainties inherent in a specific type-2 membership function, whose shape is a direct
consequence of the nature of these uncertainties, but it also provides a very convenient verbal
description of the entire domain of support for all the secondary grades of a type-2 membership
function. It also lets us depict a type-2 fuzzy set graphically in two-dimensions instead of three
dimensions, and in so doing lets us overcome the first difficulty about type-2 fuzzy sets-their
three-dimensional nature which makes them very difficult to draw. The shaded FOUs imply that

there is a distribution that sits on top of it-the new third dimension of type-2 fuzzy sets.

44




Chapter 3 Type-2 Fuzzy logic controller

What that distribution looks like depends on the specific choice made for the secondary grades.
When they all equal one, the resulting type-2 fuzzy sets are called interval type-2 fuzzy sets.

Such sets are the most widely used type-2 fuzzy sets to date.
3.2.8 Upper and lower membership function

An “upper membership function” and a “lower membership functions” are two type-1

membership functions that are bounds for the FOU of a type-2 fuzzy set A . The upper
membership function is associated with the upper bound of FOU (5\) and denote bya . (x ) . The

lower membership function is associated with the lower bound of FOU (5\) and denote

byu,(x) [27] [30].

T, (x)=FOU(A) VxeX

- (3.8)
u;(x)=FOU(A) VxeX

3.2.9 Principal membership function

The principal membership function of type-2 fuzzy set, denote 2™ (x ) is defined as the union

of all the points which satisfied the following condition[27] [30]:

W (x) = Iu/x,Vx eX uel, c[01], f (u)=1 (3.9

x eX

3.3 Operations of type-2 fuzzy sets

In this section we describe the set theoretic operations of type-2 fuzzy sets [19] [20]. We are
interested in the case of type-2 fuzzy sets, whose secondary membership functions are type-1
fuzzy sets. To compute the union, intersection, and complement of type-2 fuzzy sets, we need to
extend the binary operations of minimum (or product) and maximum, and the unary operation of
negation, from crisp numbers to type-1 fuzzy sets. The tool for computing the union,
intersection, and complement of type-2 fuzzy sets is Zadeh’s extension principle [18].
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3.3.1 Extension principle

A ..., A, , n type-1 fuzzy sets whose universe of discourses are X, ,...,X , respectively. The
principle of extension of Zadeh announces that the image of the sets A, ,...,A, by a relation fis a

type-1 fuzzy set defined as [18]:

FOAL A = e [y Og) ey () /F (X 00x,) (3.10)

XpeXy XpeX,

* denote T-norm, , (x;) is grade membership of x; in set A, .

3.3.2 Union of type-2 fuzzy sets (JOIN operation)

Consider two type-2 fuzzy sets A and B defined on universe of discourse X and their

secondary membership function ., (x ) and ,(x) respectively.

Union of A and B , denote by A (/B is type-2 fuzzy set its membership function
(x,v) isdefined by[27] [30]:

Hiug

AUB &, s(X V) = j M (X) /X = j[ j hx(v)N}/< (3.11)

X eX X eX VleUég[O,l]

h, (v ) : Secondary membership grade of the union set.

JAY8 : Primary membership of the type-2 fuzzy set A (/B .
Secondary membership function of the union set:

[ hp=tC [ ), [ guw)m)=f(u(x)u(x) (3.12)

vleUB ueJ:{g[O 1] Wleg[O 1]

f (u) and g (w) are secondary membership grade of the sets A and B .
J% and J® primary membership A and B respectively.

By the principle of extension in the equation (3.17), it comes:
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fC [ fwu [ ogw)mw)= [ [ ) eg w)/f (uw)=u(x) U u(x) (3.13)

UEJXAQ[O ,1] Wle;[O,l] uleWeJ):3

(/ Denote union, if f is maximum operation denote it by v, secondary membership function of

union set is:

Heys () = [ [ £ (u) =g, (w)/(uvw); x eX (3.14)

uedfweld?
In the discrete case, the equation (3.19) is same as:

Heps(X) = 2 > f(u) *g, (w;) /(u; vw) (3.15)

u; elfw i EJE
3.3.3 Intersection of type-2 fuzzy sets (MEET operation)

the intersection of the A and B, denote by A /7B , is type-2 fuzzy set their membership
function z ,;(x v) defined by [27] [30]:

A/1B S p; ps(X V)= j Hi s (X) /X (3.16)

X eX

The secondary membership function of the intersection set is:

Hipg = IV [ fou)y*g,(w)/(unw)=pu(x) /7 us(x) (3.17)

uedfwelf

M : MEET operation.

A MIN operation.

In the discrete case the equation (3.17) it becomes same as:

Hepe(X) = 2 >, (u) %, (W) /(U Aw ) (3.18)

ujedfw ed?
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3.3.4 Complement of type-2 fuzzy set

The complement of the A, denote A, isa type-2 fuzzy set associated with membership

function u.(x v) defined by[27]:

A_:<:>y/§(x,v): j yK(x)/x (3.19)

xeX

By applying the extension principle, the secondary membership function of the complement set

is:

pe(x) = [ F(u)/(1-u) ==p(x);x eX (3.20)

A
uedy

— : NEGATION operation.

In the discrete case the equation (3.20) becomes:

ﬂAf(X): fox(ui)/(l_ui) (3.21)

u; edf
Example 3.1 Type-2 fuzzy set operations:

In this example we illustrate the union, intersection and complement operations for two type-2
fuzzy sets A and B , and for a particular element x for which the secondary membership

functions in these two sets are z;(x)=0.5/0.1+0.8/0.2 and 5 = 0.4/0.5+0.9/0.9. Using in

the operations the minimum t-norm and the maximum t-conorm, we have the following results:

tz 5 (X)= gz (X)L p5(x)=(0.5/0.1+0.8/0.2) U (0.4/0.5+0.9/0.9)
=(0.5A0.4)/(0.1v 0.5)+(0.520.9)/(0.1v 0.9)+
(0.870.4)/(0.2v0.5)+(0.8 A 0.9)/(0.2v 0.9)
=0.4/0.5+0.5/0.9+0.4/0.5+0.8/0.9
= max{0.4,0.4}/0.5+ max{0.5,0.8}/0.9
=0.4/0.5+0.8/0.9
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t; 5 (X)= gz (x) p5(x)=(0.5/0.1+0.8/0.2) 1 (0.4/0.5+0.9/0.9)
=(0.5A0.4)/(0.170.5)+(0.50.9)/(0.1A 0.9)+
(0.8A0.4)/(0.2A0.5)+(0.8A0.9)/(0.2A0.9)
=0.4/0.1+0.5/0.1+0.4/0.2+0.8/0.2
= max{0.4,0.5}/0.1+ max{0.4,0.8}/0.2
=0.5/0.1+0.8/0.2

u#~(x)=0.5/(1-0.1)+0.8/(1-0.2)=0.5/0.9+0.8/0.8

>

3.4 General type-2 fuzzy system

The basics of fuzzy logic do not change from type-1 to type-2 fuzzy sets, [22]. A higher-type
number just indicates a higher “degree of fuzziness”. Since a higher type changes the nature of
the membership functions, the operations that depend on the membership functions change;
however, the basic principles of fuzzy logic are independent of the nature of membership
functions and hence, do not change. Rules of inference like Generalized Modus Ponens or

Generalized Modus Tollens continue to apply.

The structure of the type-2 fuzzy rules is the same as for the type-1 case because the distinction
between type-2 and type-1 is associated with the nature of the member-ship functions. Hence,
the only difference is that now some or all the sets involved in the rules are of type-2. In a type-1
fuzzy system, where the output sets are type-1 fuzzy sets, we perform defuzzification in order to
get a number, which is in some sense a crisp (type-0) representative of the combined output sets.
In the type-2 case, the output sets are type-2, so we have to use extended versions of type-1
defuzzification methods. Since type-1 defuzzification gives a crisp number at the output of the
fuzzy system, the extended defuzzification operation in the type-2 case gives a type-1 fuzzy set
at the output. Since this operation takes us from the type-2 output sets of the fuzzy system to a
type-1 set, we can call this operation “type reduction” and call the type-1 fuzzy set so obtained a
“type-reduced set”. The type-reduced fuzzy set may then be defuzzified to obtain a single crisp
number; however, in many applications, the type-reduced set may be more important than a
single crisp number[22] [29].

Type-2 sets can be used to convey the uncertainties in membership functions of type-1 fuzzy

sets, due to the dependence of the membership functions on available linguistic and numerical

49




Chapter 3

Type-2 Fuzzy logic controller

information. Linguistic information, in general, does not give any information about the shapes

of the membership functions. When membership functions are determined or tuned based on

numerical data, the uncertainty in the numerical data, e.g., noise, translates into uncertainty in the

membership functions. In all such cases, any available information about the linguistic/numerical

uncertainty can be incorporated in the type-2 framework. However, even with all of the

advantages that fuzzy type-2 systems have, the literature on the applications of type-2 sets is

scarce. We think that more applications of type-2 fuzzy systems will come in the near future as

the area matures and the theoretical results become more understandable for the general public in

the fuzzy arena [30].

The general structure of a type-2 fuzzy controller (type-2 fuzzy controller: T2FC) is represented

in figure 3.4

Real input —

Crisp inputs_>|:':uzz'fIjer

Fuzzy input
Sets

Rules Base

Output Processing

Real output

Defuzzifier

?

B

(ﬁisp output

e-reduced

Type-reducer
A
Fuzzy output
Sets

SN

Inference Engine

’—

(@s)

Figure 3.4 Type-2 Fuzzy Controller structure [29]

et(Type-1)

This structure is similar to that of the type-1 fuzzy controller. However, their differences in:

- The type of the membership function used.

- Procedure of adopted defuzzifier. In a T2FC, a block of reduction of the type is essential

to convert the type-2 fuzzy set to a type-1fuzzy set.
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3.4.1 Fuzzification

In this memory, we will consider only singleton fuzzification(Crisp input), in the input fuzzy set.

3.4.2 Rules

In the type-1 case, we generally have "IF-THEN" rules, where the Ith rule has the form

"R':IF x, isF'and x, isF, and...and x is F) THEN yisG'" (3.22)
Where x;'s are inputs, F''s are antecedent sets(i =1...... , p), y is the output, and G' are
consequent sets.

The distinction between type-1 FLS and type-2 FLS is associated with the nature of the
membership function, which is not important while forming rules, hence, the structure of the
rules remains exactly the same in the type-2 FLS case, the only difference being that now some
or all of the sets involved are of type-2, so, the Ith rule in a type-2 FLS has the form

"R':IF x,isF, and x, isF, and...and x, is F} THEN yisG'" (3.23)

Where x;'s are inputs,lzi"s are antecedent sets(i =1...... : p), y is the output, and G' are

consequent sets, It is not necessary that all the antecedents and the consequent be type-2 fuzzy

sets. As long as one antecedent or the consequent set is type-2, we will have a type-2 FLC.
3.4.3 Inference Engine

In general, the Rules we use will have multiple antecedents connected by ands. Just as in the
type-1 case, we can connect these multiple antecedents by the meet operation (corresponding to
t-norm in the type-1 case).Different rules can be combined using the join operation
(corresponding to t-conorm in the type-1 case), or during defuzzification.

The output of the inference engine [22] [29] consists of the fired consequent fuzzy sets. Each one

of which is modified from a consequent fuzzy set by a degree of firing. This degree of firing is
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obtained, in general, as a result of t-norm (meet) and t-conorm (join) operations on membership

grades of the inputs.

The relation (3.23) is interpreted as a fuzzy implication type-2 defined by:

R':F'x.xF - G' (3.24)

This relation is described by the membership function same as:
p
He (XX, Y) = He aFl s (XX, Y) :|:/71u;:'i| (X )}nﬂ(gl (y) (3.25)
i=1

F' x..xF, Denote the Cartesian product of F',..,F, .

3.4.4 Type-Reduction

Observe, from figure 3.4, that the defuzzifier block in the type-1 FLC is replaced by two blocks:
type-reducer and defuzzifier. We consider type-reduction in this subsection.

In a type-1 FLC, where the output sets are type-1 fuzzy sets, we perform defuzzification in order
to get a number which is in some sense a crisp (type-0) representative of the combined output
sets. In the type-2 case, the output sets are type-2, so we have to use "extended principle" of
type-1 defuzzification methods. Since type-1 defuzzification gives a crisp number at the output
of the FLS, the extended defuzzification operation in the type-2 case gives a type-1 fuzzy set at
the output. Since this operation takes us from the type-2 output sets of the FLC to a type-1 set,
we call this operation "type-reduction™ [22] [30] and call the type-1 set so obtain a single crisp
number, however, in many application, the type reduced set may be more important than a single

crisp number.

There exist many kinds of type-reduction, such as centroid, center-of-sets, height and modified
height, the details of which are given in [22][ 30]. In this memory, for illustrative purposes, we

focus on center-of-sets type-reduction.
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Center-of-sets type-reduction

In this method[30], each set of the consequence G' is replaced by its centroid. If the set of

output G' is of type-2, its centroid C o Is atype-1 fuzzy set. Then the weighted average of all

the centroid is calculated, associating with each centroid C,, a weight equal the degree of

p
activation of the Ith rule is given by E,(x) =/7/1F.| (x) . Procedure of calculation of the type-
i-1

reduced setY . (x) is:
1. Discretize the output space Y into a suitable number of points, and compute the centroid
C. of each consequent set on the discretized output space. These consequent centroid
sets can be computed ahead of time and stored for future use.

2. Compute the degree of firing, E,(x) associated with the Ith consequent.
3. Discretize the domain of each C_, into a suitable number of M| points, 1 =1,..,M .
4. Discretize the domain of each E,(x ) into a suitable number of points, sayN, | =1,..,.M .

5. Enumerate all the possible combinations{c, ,....c,, .e, ,....e,, } such that ¢, eC, ande, €E, .
M
The total number of combinations will be] [M N,
1=1

6. Compute the center-of-sums type-reduced set using (3.26).

iclel
Vo) = [ [ [ [sup| SMysre, (0) #Same () |/ 15— (3.26)
i Cu€ ey el

1=1

Where 3 and * indicate the T-norm chosen.
3.4.5 Defuzzification

To obtain a crisp output from the type-2 FLS, we can defuzzifiy the type-reduced set[22] [30].
The most natural way of doing this seems to be by finding the centroid of the type-reduced set,
however, there exist other possibilities, like choosing the unity membership point in the type-

reduced set.
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The defuzzification makes to transform the linguistic output of the type-reduction to numeric
valued. Several methods of defuzzification were proposed in the literature [32]. But the most

used method is:

Centre of area

The defuzzification determines the X-coordinate of the center of gravity y.. [22] [30] of the

fuzzy function:

[yu (y)ay
Yoo =F——— 3.27
[a Cy)dy 20
In the discrete case:
zyi.uy(yi)
R S Bera 3.28
Yo TS () 5:29)

3.5 Interval type-2 Fuzzy controller

3.5.1 Interval type-2 fuzzy set

An interval type-2 fuzzy set Ain X is defined as:

A= [ | l(xu)= j{ J‘llu}/( (3.29)

xeX ueld,c[0,1] xeX | ued,clal]

Where X is the primary variable with domain X, u is the secondary variable, which has domain

J ateach xe X, J, [22] is called the primary membership of x. For interval type-2 sets, the

secondary grades of A all equal 1 [22][25] [26].
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3.5.2 MEET and JOIN for Interval set

- The meet under minimum or product t-norms of n interval type-1 setsA,,...,A, having
domains [I,,r,]....[l,.r,] respectively, where [I.,r,]<[0,1], i =1,.,n is an interval set

with domain[l, #..xI ,r *..*r ] such as[26] [31]:

SIN =L Y (3.30)

i=1
* Chosen t-norms.

- The join under maximum t-norms of n interval type-1 sets A, ,..,A, A,,...,A, having

n

domains [I,,r,],...[l,.r,] respectively, where [I.,r,]<[0,1], i =1,.,n is an interval set

with domain [I, v...vI ,r v..vr,] suchas:

UM =l gV (3.31)

v Denote max operation.
3.5.3 Inference

In interval type-2 fuzzy system using the minimum or product t-norms operations, the Ith
p

activated rule /7,uF._. =F'(x;,...x,) gives us interval determined by tow extreme
i1

f'(x,,...x,) and f '(x,,..,x,) same as[26]:

FUOX X ) = [ (XX W (XX, ) =[] (3.32)

With f'and f' are given as:

f_l :H':'ll(xl) *"'*/il[:'|(xp)
o i (3.33)
f :/Ll,fll(xl) *"'*/Llﬁpl(xp)
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The output set u, (y ) of the Ith activated rule R' is type-2 fuzzy set:

S AR R S A (3.34)

15 (¥)=Ul a5 (v) (3.35)

us (y) andz., (y) represent upper and lower membership function of the set 4., (y) .

3.5.4 Type-reduction and Defuzzification

After fuzzification, fuzzy inference, type-reduction and defuzzification [26] [31] [33], we obtain
a crisp output. For an interval type-2 FLC, this crisp output is the center of the type-reduced set,
we know that for an interval type-2 FLC, regardless of singleton or non-singleton fuzzification,
and minimum or product t-norm, the result of input and antecedent operations (firing strength) is
an interval type-1 set which is determined by its left-most and right-most points f 'and f'. The
fired output consequent set ., (y ) of rule R' can be obtained from the fired interval strength

using (3.33). Then the fired combined output consequent set x.(y) can be computed using

(3.35).

There exist many kinds of type-reduction, such as centroid, center-of-sets, height and modified
height, the details of which are given in [22] and [33]. In this memory, for illustrative purposes,
we focus on center-of-sets type-reduction, which can be expressed as:

Voo WH WM L FY )=y, = 1/ = (336)
W'EMWIU-M[WN rM] fe[f f}-”. ™M } 2
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Where  y.,an interval set is determined by two end points(yI and yr),
fle Iii,?iJW‘ eW' = [Wli,W:],Wi is the centroid of the interval type-2 consequent set G (the
centroid of a type-2 fuzzy set is described in Appendix C).

Observe that ycos(\/vl,...,WM,Fl...FM) is an interval type-1 set. So, to find
ycos(\Nl,...,W“",Fl...FM) we just need to compute the two end-points of this interval.
Unfortunately, no closed-form formula is available for y . .

i flw'
y=-"%4 (3.37)
2t

i=1

The maximum value of y isy,, and the minimum value of y isy,. From (3.37), we see thaty is a
monotonic increasing function with respect tow', so, 'y, is only associated withw!, and

similarly y, is only associated withw, . In the COS type-reduction method, the two end-points

of Yeos» (Y, and y, ) depend on a mixture of iior?i values. In this case, (y, and y,) can be

represented as:

M

2 fi'w

Y = i:lM (3.38)

2

i=1

Where f' denotes the firing strength membership grade either(jior?) contributing to the

right-most pointy,, similarly toy, .

M - .
D fw
y, =2 (3.39)

M .
S,

i=1

Where f' denotes the firing strength membership grade either(jior?) contributing to the

right-most pointy, .
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In order to compute(y, and y, ), we need to compute {f;,i=12,...,Mjand{f,i=12,...,M}.
This can be done using the exact computational procedure given in [31] [33]. Here we briefly

provide the computation procedure fory . Without loss of generality, assume the w's are

arranged in ascending orderw! <w?...<w" .

o+ ——
1. Compute y in (3.39) by initially setting f'= 2— fori=1,...,M Where(i'and f )

have been previously computed using (3.33) and lety' =y.
2. Find R(L<R <M —1) such thatw® <y’ <w®™,
3. Computey in (3.37) when f/ :ii fori<R,and f; —f' fori> R,thenset yr=y,.

4. If y"#y' thengotostep5.If y" =y’ then stop, and sety, =y".

5. Set y'equal toy”, and return to step 2.

This 5 step computation procedure has been proven to converge to the exact solution in no more

than M iterations [31] [33]. Observe that in this procedure, the number R is very important.

For i<R,f'=f"and fori-R,f/ =T, s0 y, can be represented as:
o =y (e £ T ) (3.40)

The procedure for computing y, is very similar. Just replacew! by w;, and in step 2, find
LL<L<M -1),suchthat w- <y <w ", and in step 3
f, =T fori< L,and f,' :ii fori> L. Then y,can be represented as:

—1 —R

=y (F L TR ) (3.41)

Because y.,s Is an interval set, we defuzzify it using the average of(y| and yr), and hence, the

defuzzified output of an interval type-2 FLC is:

output of Centroidz% (3.42)
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Put w' = w, for

w' Arranged in
ascending order

Y, Determination
I

Put w' = Wir for
i=1,....N

v

w' Arranged in
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Type-2 Fuzzy logic controller
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Initialization f' Initialization f'
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f! :(j'+f')/2 f! :(j'+f )/2
v v
N N N o N .
y =Y wfl f! w=ZWV/Zf
i=1 i=1 i=1 i=1
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Calculate L 7 0 Calculate R 7 0
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Z T'Wli + Z LIWIi / ZlL W: + .;R W:
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> Tyt >t T
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— =W

Yo=Y, —

|Centroid =(y, +y,)/2|

Figure 3.5 Karnik-Mendel Algorithms to locate Centroid on Interval type-
2 set [311.

3.6 Interval type-2 Fuzzy control with PUMA560 3DOF

In Figure 3.6 we show the structure interval type-2 FLC with PUM560 3DOF, the regulator
which we use is five classes, do mean has 25 rule bases, the rule base table in Figure 3.7 and in
Figure3.8 fuzzy sets for error and change error and out put of control T. All the gains of Interval

type-2 fuzzy controller we do tuning until get good positions with lower error in ideal case.
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Figure 3.6 Structure Interval type-2 FLC with PUMA560 3DOF

Velocity error
LN SN Ze SP LP
Position LN LN LN LN SN Ze
error SN LN LN SN Ze SP
Ze LN SN Ze SP LP
SP SN Ze SP LP LP
LP Ze SP LP LP LP
Figure 3.7 Rule Base table[39]
ae)l v s« 0 4 b et b i
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02 0 02
The control T (Nm)

Figure 3.8 Fuzzy set type-2 for each articulation.
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3.7 Result of simulation with tow trajectory

We use same trajectory which used in chapter 2, a circle in space and LEAHY trajectory.

3.7.1 Result of simulation with circle trajectory
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Figure 3.9 Position of joints 1,2,3 (rad).
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Figure 3.11 Velocity of joints 1,2,3 (rad/s).
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Figure 3.15 Position error of joints 1,2,3 (rad) with white noisy.

3.7.2 Result of simulation with LEAHY trajectory
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Figure 3.22 Position error of joints 1,2,3 (rad) with white noisy.
By visual inspection from Figure 3.9 to Figure 3.22 we can show that:

e Good position in ideal case and with white noisy.
e The positions errors in tow case approximately are equals and are both low.

e The positions and velocities of joints are continuous.

e The control torques of the joints 1,2,3 are limited and don’t pass the maximum torque for

each joints.

e The good performances are with trajectory of LEAHY because it excites all the dynamics

of robot PUMAJ5G60.

3.8 Conclusion

In this chapter, we have presented the main ideas underlying type-2 fuzzy logic and we have

only started to point out the many possible applications of this powerful computational theory.

We have discussed in some detail type-2 fuzzy set theory, fuzzy reasoning and fuzzy inference

systems. At the end, we apply type-2 fuzzy modeling with the Mamdani approaches on

PUMADS560 3DOF. The results of simulations prove that Interval type-2 FLC have good with low

error and accepted control torques of the joints. In the following chapters, we will perform a

comparative analysis of the type-1 FLC and interval type-2 FLC responses.
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Chapter 4

Comparative study between Type-1 FLC and Type-2 FLC

4.1 Introduction

We describe in this section the comparison of the simulation results of both approaches. As a
performance measure we will use the Integral of Square Error (ISE) and Integral of Square
Torque (IST)[36].

4.2 Comparative study

We simulated fuzzy logic controller type-1 and type-2 for PUMA560 3DOF with tow trajectory

test, with and without noisy.
4.2.1 Comparative study between fuzzy logic controller type-1 and type-2 in theory

Type-1 fuzzy set is a generalization of the crisp set, whose membership grades can only be 0 or 1
Figure 4.3. A type-1 FLC is constructed completely by type-1 fuzzy sets. It contains four
components rule base, fuzzifier, inference engine and defuzzifier, as shown in Figure 4.1.

The fuzzy model introduced by Mamdani is also known as the Mamdani model. It is the most
widely model used by FLCs. The results reported in this memory assume this model.

Type-l FLC, whose membership functions are type-1 fuzzy sets Figure 4.3, are unable to directly
handle fuzzy membership functions. Type-2 FLC, the subject of this research memory, in which
antecedent or consequent membership functions are type-2 fuzzy sets Figure 4.4, can handle

fuzzy membership functions.
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Figure 2.2 shows the schematic diagram of a type-2 FLC. It is similar to its type-1 counterpart,
the major difference being that at least one of the fuzzy sets in the rule base is type-2. Hence, the
outputs of the inference engine are type-2 sets and a type-reducer is needed to convert them into
a type-1 set before defuzzification can be carried out.

Since the outputs of the inference engine are type-2 fuzzy sets, they must be type-reduced before
the defuzzifier Figure 4.2 (b) can be used to generate a crisp output. This is the main structural
difference between type-1 and type-2 FLCs.

The concept of type-2 fuzzy sets was introduced by Zadeh [21] [24] as an extension of the
concept of an ordinary fuzzy set, a type-1 fuzzy set. Type-2 fuzzy sets have grades of
membership that are themselves fuzzy [21] [24]. A type-2 membership grade can be any subset
in [0,1] - the primary membership, and corresponding to each primary membership, there is a
secondary membership (which can also be in [0,1]) that defines the possibilities for the primary
membership. A type-1 fuzzy set is a special case of a type-2 fuzzy set; its secondary membership
function is a subset with only one element, unity. Type-2 fuzzy sets allow us to handle linguistic
uncertainties, as typified by the adage "words can mean different things to different people.

A general formula for the extended sup-star composition of type-2 relations is given by Karnik

and Mendel [22] [33]. Based on this formula, Karnik and Mendel [22]-[37] established a

complete type-2 FLC theory to handle uncertainties in system parameters.

Similar to a type-1 FLC, a type-2 FLC includes fuzzifier, rule base, fuzzy inference engine, and

output processor, as shown in Figure. 4.2a [22]. The output processor includes type-reducer and

defuzzifier, as shown in Figure 4.2b; it generates a type-1 fuzzy set output (from the type-

reducer) or a crisp number (from the defuzzifier). These type-2 FLC are again characterized by

IF-THEN rules, but their antecedent or consequent sets are now type-2. Type-2 FLC can be

used when the circumstances are too uncertain to determine exact membership grades, such as

when training data is corrupted by noise.

The most commonly used fuzzifier is a singleton; but, such a fuzzifier is not adequate when data

is corrupted by measurement noise. In this case, a nonsingleton fuzzifier, that treats each

measurement as a fuzzy number, should be used. The theory and applications of a type-1 FLC

with nonsingleton fuzzifier are presented in [38].

One major disadvantage of type-2 FLC is that they may not be suitable for real-time applications
because they require large computational power, especially when there are many memberships
function and the rule base is large.

In Table 4.1 we resume some differences characteristics between type-1 FLC and type-2 FLC.

67




Chapter 4 Comparative study between Type-1 FLC and Type-2 FLC

~s*{ Fuzzifier | [RuleBase| [ Deforsifier [-—w
inpws o ‘ T TPt
Type-1 fuezy Engin? Type-l fazy
inpu sts ETENT BE18
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Figure 4.2 the structure of a type-2 FLC. The structure of the

output processing block is shown in Figure (b).
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Figure 4.3 Membership function type-1 fuzzy set.
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Figure 4.4 Membership function interval type-2 fuzzy set.
FLC Type-1 Type-2
Grades of membership Crisp Fuzzy
Type-reducer Don't need need
Computational Small Large
Program Easy Hard

Table 4.1 Some differences characteristics between type-1 FLC and interval type-2 FLC.

4.2.2 Comparative study simulation response of PUMA560 3DOF

The comparison between type-1 FLC and type-2 FLC by using simulated result for Chapter 2
and chapter 3, In almost all the cases the results for type-2 FLC are better than type-1 FLC. The
noise witch use is white noise it's integral of square in Table 4.2, noisy energy represent around
6% from maximum magnitude of position joint for LEAHY trajectory and 2% from maximum
magnitude of position joint for Circle trajectory.

Integral of Square Error (ISE)[36]

end

|SE:;jkaﬂ2m

Integral of Square Torque (IST)

BTzTﬁ@Wm

0

Joint 1 Joint 2 Joint 3

Energy of Noise 0.1075 0.0244 0.1075

Table 4.2 Energy of Noise
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4.2.2.a Comparative study for a circle trajectory

Simulation 1a: Ideal case using a type-1 FLC

In this simulation, we did not add uncertainty data (Noise) to the joints, the joints response is
illustrated in Figure 4.5. In Table 4.3, we listed the obtained values of ISE and IST for this
simulation.

Simulation 2a: Ideal case using a type-2 FLC

Here, we used the same test conditions of simulation 1a, but in this case, we use the controller’s
algorithm with type-2 fuzzy logic, its output sequence is illustrated in Figure 4.5, and the
corresponding the obtained values of ISE and IST are listed in Table 4.3.

The results of Simulation 1a and Simulation 2a obtained are summarized in same figure, by
visual inspection; we can observe that:

e In Figure 4.5 shows the joint’s response to a circle trajectory. Note, that both responses
are very similar.

e In Figure 4.6 shows the position error of joints 1,2,3 for a circle trajectory. Note, in this
case the lower errors were obtained with type-1 FLC.

e In Figure 4.7 shows the joint’s input torque (Control). Note that both controls are very
similar but in type-1 FLC we can see there is some pick and interval type-2 FLC without
pick.

Using the ISE and IST in ideal case we can get a quantitative comparison in Table 4.3, where we
can observe small differences favoring the results obtained using a type-1 FLC. We can observe

in Table 4.3 that using a type-1 FLC we got the lower errors, but with higher torque.
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Figure 4.5 This graphic shows the joint’s response to a circle trajectory.
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Figure 4.6 This graphic shows the position error of joints 1,2,3 for a circle trajectory.
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Figure 4.7 This graphic shows the joint’s input torque (Control).

Simulation 3a: PUMAS560 with uncertainty (White noisy) uses a type-1 FLC.

In this case, we simulated with white noise in measurement joints position the energy of these

noisy in Table 4.2. We are showing in Figure 4.8, the joint’s position, Figure 4.9 the position

error, and Figure 4.10 the input torque (the input control).

Simulation 4a: PUMAS560 with uncertainty using a type-2 FLC.

In this simulation, we introduced uncertainty in the joint, in the same way as in Simulation 3a.

We can easily appreciate in Figure 4.8 and Figure 4.9 and 4.10, we can observe that the lower

errors are obtained using a type-2 FLC but with little higher torque.

By visual inspection; we can observe that:

e In Figure 4.8 This response was obtained with uncertainty presence (White noise),

compare the joint’s position produced by type-1 and type-2 FLCs. Note that quite the
opposite of Figure 4.5, a type-2 FLC works much better than a type-1 FLC when the
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system has uncertainty. The overshoot error is lower for a type-2 FLC this note is clear in
Figure 4.9.

e In Figure 4.9 This response was obtained with uncertainty presence (White noise),
compare the position errors produced by type-1 and type-2 FLCs. The overshoot error is
very lower for a type-2 FLC.

e In Figure 4.10 This response shows the joint’s input torque (Control) with uncertainty
presence (White noise). Note that both controls are very similar but in type-1 FLC we
can see there is some pick and type-2 FLC without pick.

Using the ISE and IST with uncertainty presence (White noise) we can get a quantitative
comparison in Table 4.3, where we can observe better response simulation 4a, the results
obtained using a type-2 FLC with uncertainty presence (White noise). We can observe in Table

4.3 that using a type-2 FLC we got the lower errors, but with higher torque.
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Figure 4.8 This graphic was obtained with uncertainty presence (White noise), compare the
joint’s position produced by type-1 and type-2 FLCs.
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Figure 4.9 This graphic was obtained with uncertainty presence (White noise), compare the

position errors produced by type-1 and type-2 FLCs.
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Figure 4.10 This graphic shows the joint’s input torque (Control) with uncertainty presence
(White noise).

Type-1 Type-2
Ideal case Case with Noise Ideal case Case with Noise
Joint 1 7.1513e-005 0.0180 9.0242e-005 9.54E-004
ISE Joint 2 3.8241e-004 0.0173 8.9158e-004 0.0091
Joint 3 1.7454e-004 0.0204 2.4183e-004 0.0016
Joint 1 4.6148 5.5391 3.9309 3.6299
IST Joint 2 1167.3 1179.4 1236.5 1112.7
Joint 3 41.2833 34.3775 49.2460 47.5294

Table 4.3 The integral square error and torque for each joint

4.2.2.b Comparative study for LEAHY trajectory

Simulation 1b: Ideal case using a type-1 FLC

In this simulation, we did not add uncertainty data (Noise) to the joints, the joints response is
illustrated in Figure 4.11. In Table 4.4, we listed the obtained values of ISE and IST for this

simulation.

Simulation 2b: Ideal case using a type-2 FLC

Here, we used the same test conditions of simulation 1b, but in this case, we use the controller’s
algorithm with type-2 fuzzy logic, its output sequence is illustrated in Figure 4.11, and the
corresponding the obtained values of ISE and IST are listed in Table 4.4. By visual inspection,
we can observe that the output system responses of the simulation 1b, and this one, are very
similar, they are almost overlapped, also we can observe that:
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e In Figure 4.11 shows the joint’s response to LEAHY trajectory. Note, that both responses
are similar.

e In Figure 4.12 shows the position error of joints 1,2,3 for a LEAHY trajectory. Note, in
this case the lower errors were obtained with type-2 FLC the opposite of Figure 4.5 and
4.6.

e In Figure 4.13 shows the joint’s input torque (Control). Note that both controls are very
similar but in type 1 we can see there is pick with big magnitude and type 2 little pick
with small magnitude.

Using the ISE and IST in ideal case we can get a quantitative comparison in Table 4.4, where
we can observe better response in simulation 2b, the results obtained using a type-2 FLC, the
opposite result of simulation with a circle trajectory in ideal case. We can observe in Table 4.4
that using a type-2 FLC we got the lower errors, but with higher torque.
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Figure 4.11 This graphic shows the joint’s response to LEAHY trajectory.
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Figure 4.12 This graphic shows the position error of joints 1,2,3.
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Figure 4.13 This graphic shows the joint’s input torque (Control).

Simulation 3b: PUMAS560 with uncertainty (White noisy) uses a type-1 FLC.
In this case, we simulated with white noise in measurement joints position the energy of these
noisy in Table 4.2. We are showing in Figure 4.14, the joint’s position, Figure 4.15 the position

error, and Figure 4.16 the input torque (the input control).

Simulation 4b: PUMAS560 with uncertainty using a type-2 FLC
In this simulation, we introduced uncertainty in the joint, in the same way as in Simulation 3b.
By visual inspection; we can observe that:

e In Figure 4.14 This graphic was obtained with uncertainty presence (White noise),
compare the joint’s position produced by type-1 and type-2 FLCs. Note type-2 FLC
works much better than a type-1 FLC when the system has uncertainty. The overshoot
error is lower for a type-2 FLC.

e In Figure 4.15 This graphic was obtained with uncertainty presence (White noise),
compare the position errors produced by type-1 and type-2 FLCs. The overshoot error is
very lower for a type-2 FLC.

e In Figure 4.16 shows the joint’s input torque (Control) with uncertainty presence (White
noise), the control of Type-2 FLC has higher torque than control of Type-1 FLC in this
case.

Using the ISE and IST with uncertainty presence (White noise) we can get a quantitative
comparison in Table 4.4, where we can observe better response simulation 4b, the results
obtained using a type-2 FLC with uncertainty presence (White noise). We can observe in Table

4.4 that using a type-2 FLC we got the lower errors, but with higher torque.
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Figure 4.14 This graphic was obtained with uncertainty presence (White noise), compare the

joint’s position produced by type-1 and type-2 FLCs.
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Figure 4.15 This graphic was obtained with uncertainty presence (White noise), compare the

position errors produced by type-1 and type-2 FLCs.

0s 1 15 2 25 3 360 1 2 3 470 0s 1 15 2 25 3 35
time (s) time (s) time (s)

Figure 4.16 This graphic shows the joint’s input torque (Control) with uncertainty presence
(White noise).
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Type-1 Type-2
Ideal case Case with Noise Ideal case Case with Noise

Joint 1 3.5049e-005 0.0233 8.3459¢-006 6.1410e-004
ISE Joint 2 5.0374e-004 0.0090 3.1026e-005 2.4411e-004

Joint 3 1.8468e-004 0.0294 7.2785e-006 0.0015

Joint 1 19.5889 56.1187 33.8643 69.1709
IST Joint 2 324.6382 603.4121 361.2606 520.5616

Joint 3 45.6840 94.5778 52.6138 359.4308

Table 4.4 The integral square error and torque for each joint
4.2.3 Comparison simulation result for a circle and LEAHY trajectory
From section 4.2.2 with using Table 4.3 and Table 4.4 we can resume our result comparative in

error and energy about type-1 and type-2 FLC for PUMA560 with 3DOF in Table 4.5 it is
clearly type-2 FLC is better.

Circle trajectory LEAHY trajectory
Type-1 Type-2 Type-1 Type-2
Ideal Noisy | Ideal | Noisy | ldeal | Noisy | Ideal | Noisy
Position error Better Bad Good | Good | Good | Bad | Better | Good

Table 4.5 Comparative position error for tow trajectory.

4.3 Conclusion

We observed and quantified using ISE and IST that in systems without uncertainties (ideal robot)
is a better choice to select a type-1 FLC since it works similar to type-2 FLC, and it is easier to
program and simulate it.

Unfortunately, real robot are inherently noisy and nonlinear, since any element in the system
contributes with deviations of the expected measures because of thermal noise, electromagnetic
interference, etc., moreover, they add nonlinearities from element to element in the model of
robot. In this case, robot with uncertainty is a better choice to select a type-2 FLC since it doesn’t

affect by uncertainty.
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General Conclusion

In this memory, a type-1 and Interval type-2 FLC are developed for the control of PUMAS560
3DOF manipulators in the presence of dynamical modeling. To alleviate the naturally inherited
high computational complexity of type-2 FLCs, interval membership functions are adopted. The
controllers are also compared in similar operating conditions. Numerical simulations showed the
superiority of type-2 FLC in compensating for high-magnitude uncertainties. This finding
confirms the theoretical credentials associated to type-2 FLCs in their higher tolerance to the
imprecise modeling of fuzzy controllers, namely the fuzzy membership functions and knowledge

base.

We are concluding that using type-2 FLC in real applications can be a better choice since the
amount of uncertainty in real systems, mostly, is difficult to estimate. But when uncertainty in
real system is negligible, we can consider it as an ideal system. In this case, it is a better choice
to select a type-1 FLC since it works similar to type-2 FLC, and the size of type-1 FLC program

is shorter than type-2 FLC, so it is faster and easier to program and simulate it.

Future work:
v Implementation interval type-2 fuzzy controller with PUMAS560 robot.
v" Optimize the structural and parametric of interval type-2 fuzzy controller.
v' Hybridization interval type-2 fuzzy controller with other robust control such as sliding

mode and backstepping ... ...
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Appendix. A

Direct geometric model

The Direct Geometric Model (DGM) is the set of relations that defines the location of the end

effector of the robot as a function of its joint coordinates. For a serial structure, it may be

represented by the transformation matrix °7, as:

OTnonl(ql)sz(qz)"nilT A.01

n

This relation can be numerically computed using the general transformation matrix ’ ’IT_ ; given

by equation [1.2].
The direct geometric model of a robot may also be represented by the relation:
X = £(q) A.02

Where ¢ is the vector of joint variables such that:

q=la, 9, a,-q,]
Inverse Geometric Model

The direct geometric model of a robot provides the location of the end-effector in terms of the
joint coordinates. The problem of computing the joint variables corresponding to a specified
location of the end-effector is called the inverse geometric problem. This problem is at the center
of computer control algorithms for robots. It has in general a multiple solution and its complexity
is highly dependent on the geometry of the robot. The model that gives all the possible solutions
for this problem is called the Inverse Geometric Model (IGM).
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Direct kinematic model

The direct kinematic model of a robot manipulator gives the velocity of the end-effector X in

terms of the joint velocities ¢ . It is written as:

X =J(q)g A.03
Where J(g)denotes the (mxn) Jacobian matrix.
Inverse kinematic model
The inverse kinematic model gives the joint velocities ¢ for a desired end-effector velocity X this
model is equivalent to the inverse differential model, which determines the differential variation
of the joint variables dg corresponding to a given differential displacement of the end-effector

coordinates dX. We obtain the inverse kinematic model by solving a system of linear equations

analytically or numerically.
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Appendix B

Membership Functions

Defines the membership function of a fuzzy set in an analytic expression that allows the
membership grade for each element in the defined universe of discourse to be calculated

Commonly used “shapes” of membership functions are:

Triangular functions, defined as

ua(z)
lf X < amin
o

0
x—mln if‘xe[amin’lg]
_ ﬁ mln
MA(X)_ A — X
..
0

,_‘
}
T

l:f X e [IB’ amax ]
[3
. -
ifx>2a,, 0 Triangular Function
Trapezoidal functions, defined as
0 if x<a palz)
X—a,, )
— lf‘xe[amin’lgl] |4
) _ IBI - amin
u, (x Vo —x
—— lf‘ X e [182 2 amax ]
amax - IBZ
] > 0 >
0 i X2 : Trapezoidal Function

Linguistic Operators

Fuzzy sets are able to deal with linguistic quantifiers or ‘hedges’. Hedges such as more or less,

very, not very, slightly, etc, correspond to modifications in the membership function of the fuzzy

set involved.
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Linguistic terms are usually used to define each system variable in the fuzzy sets such as PB
(positive big), PM (positive medium), PS (positive small), ZE (Zero), NS ( negative small), NM
( negative medium), NB (negative big), etc. Selection of membership functions based on the
range and shape for a variable is somewhat a subjective design choice.

* Symmetrically distribute the fuzzy sets across the defined universe of discourse.

* Use an odd number of fuzzy sets for each variable.

* Overlap adjacent fuzzy sets to ensure no crisp value fails to correspond to any set.

* Use triangular or trapezoidal membership functions as these require less computation.

ml

mu = maximin{ix-alb-a) (c-xfc-b)),0)
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Appendix. C

Centroid of an Interval Type-2 Set

Observe, from (C.01), that the centroid of an interval type-2 set A, whose domain is discretized

into N points, is given as:

CZ:J. ...... J' 1/ C.01

Where 6, belongs to some interval in [0, 1]. Equation (C.01) has the same form as (3.36) except
for the fact that x, in (C.01) are crisp numbers unlike w' in (3.36), therefore. The same
computational procedure described above can be used to compute C, with the x, and 6, in
(C.01) corresponding to w'and f' in (3.36), respectively. Note that in this case, x, are crisp If
N is very large, in Step (4), we can check if |y” - y’| < ¢ instead of " =" for some

predecided ¢ .
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