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Abstract—In this research parallel Proportional-Derivative (PD)
fuzzy logic theory plus Integral part (I) is used to compensate
the system dynamic uncertainty controller according to highly
nonlinear control theory sliding mode controller. Sliding mode
controller (SMC) is an important considerable robust nonlinear
controller. In presence of uncertainties, this controller is used to
control of highly nonlinear systems especially for multi degrees
of freedom (DOF) serial links robot manipulator. In opposition,
sliding mode controller is an effective controller but chattering
phenomenon and nonlinear equivalent dynamic formulation in
uncertain dynamic parameters are two significant drawbacks. To
reduce these challenges, new stable intelligent controller is
introduce.

Index Terms— Fuzzy Logic Methodology, Sliding Mode
Controller, Serial Links Robot Manipulator, Robust Nonlinear
Theory, Chattering Phenomenon

I. INTRODUCTION

System or plant is a set of components which work
together to follow a certain objective. Based on above
definition, in this research robot manipulator is system. A
robot is a machine which can be programmed to do a
range of tasks. They have five fundamental components;
brain, body, actuator, sensors and power source supply. A
brain controls the robot’s actions to best response to
desired and actual inputs. A robot body is physical
chasses which can use to holds all parts together.
Actuators permit the robot to move based on electrical
part (e.g., motors) and mechanical part (e.g., hydraulic
piston). Sensors give robot information about its internal
and external part of robot environment and power source
supply is used to supply all parts of robot. Robot is
divided into three main groups: robot manipulator, mobile
robot and hybrid robot. Robot manipulator is a collection
of links which connect to each other by joints. Each joint
provides one or more Degrees Of Freedom (DOF).
Figure Robot manipulator is divided into two main
groups, serial links robot manipulator and parallel links
robot manipulators. In serial or open-chain links robot
manipulator, links and joints is serially connected
between base and final frame (end-effector). Parallel or
closed-chain robot manipulators have at least two
direction between base frame and end-effector. Serial link
robot manipulators having good operating characteristics
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such as large workspace and high flexibility but they have
disadvantages of low precision, low stiffness and low
power operated at low speed to avoid excessive vibration
and deflection. However the advantages of parallel robot
manipulator are large strength-to-weight ratio due to
higher structural rigidity, stiffness and payload they have
disadvantage such as small workspace. Study of robot
manipulators is classified into two main subjects:
kinematics and dynamics. The study between rigid bodies
and end-effector without any forces is called Robot
manipulator Kinematics. Study of this part is very
important to design controller and in practical
applications. The study of motion without regard to the
forces (manipulator kinematics) is divided into two main
subjects: forward and inverse kinematics. Forward
kinematics is a transformation matrix to calculate the
relationship between position and orientation (pose) of
task (end-effector) frame and joint variables. This part is
very important to calculate the position and/or orientation
error to calculate the controller’s qualify. Forward
kinematics matrix is a 4 X 4 matrix which 9 cells are
show the orientation of end-effector, 3 cells show the
position of end-effector and 4 cells are fix scaling factor.
Inverse kinematics is a type of transformation functions
that can wused to find possible joints variable
(displacements and/or angles) when all position and
orientation (pose) of task be clear [1-3]. Figure 1 shows
the application of forward and inverse kinematics. A
dynamic function is the study of motion with regard to
the forces. Dynamic modeling of robot manipulators is
used to illustrate the behavior of robot manipulator (e.g.,
nonlinear dynamic behavior), design of nonlinear
conventional controller (e.g., conventional computed
torque controller, conventional sliding mode controller
and conventional backstepping controller) and for
simulation. It is used to analyses the relationship between
dynamic functions output (e.g., joint motion, velocity,
and accelerations) to input source of dynamic functions
(e.g., force/torque or current/voltage). Dynamic functions
is also used to explain the some dynamic parameter’s
effect (e.g., inertial matrix, Coriolios, Centrifugal, and
some other parameters) to system’s behavior [3].
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Fig. 1. The application of Forward and Inverse Kinematics

Automatic control has played an important role in
advance science and engineering and its extreme
importance in many industrial applications, i.e., aerospace,
mechanical engineering and robotic systems. The first
significant work in automatic control was James Watt’s
centrifugal governor for the speed control in motor engine
in eighteenth century[2]. There are several methods for
controlling a robot manipulator, which all of them follow
two common goals, namely, hardware/software
implementation and acceptable performance. However,
the mechanical design of robot manipulator is very
important to select the best controller but in general two
types schemes can be presented, namely, a joint space
control schemes and an operation space control
schemes[1]. Joint space and operational space control are
closed loop controllers which they have been used to
provide robustness and rejection of disturbance effect.
The main target in joint space controller is design a
feedback controller that allows the actual motion ( q,(t) )
tracking of the desired motion ( q,(t) ). This control
problem is classified into two main groups. Firstly,
transformation the desired motion X, (t) to joint variable
q4(t) by inverse kinematics of robot manipulators [4-6].
The main target in operational space controller is to
design a feedback controller to allow the actual end-
effector motion X, (t) to track the desired endeffector
motion X, (t) . This control methodology requires a
greater algorithmic complexity and the inverse kinematics
used in the feedback control loop. Direct measurement of
operational space variables are very expensive that caused
to limitation used of this controller in industrial robot
manipulators[6-8]. One of the simplest ways to analysis
control of multiple DOF robot manipulators are analyzed
each joint separately such as SISO systems and design an
independent joint controller for each joint. In this
methodology, the coupling effects between the joints are
modeled as disturbance inputs. To make this controller,
the inputs are modeled as: total velocity/displacement and
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disturbance. Design a controller with the same
formulation and different coefficient, low cost hardware
and simple structure controller are some of most
important independent-joint space controller advantages.
Nonlinear controllers divided into six groups, namely,
feedback linearization  (computed-torque  control),
passivity-based control, sliding mode control (variable
structure  control), artificial intelligence control,
Lyapunov-based controland adaptive control[9-17].

One of the robust nonlinear controllers which have
been analyzed by many researchers especially in recent
years to control of robot manipulator is sliding mode
controller (SMC). Sliding mode controller (SMC) is
robust conventional nonlinear controller in a partly
uncertain  dynamic  system’s  parameters.  This
conventional nonlinear controller is used in several
applications such as in robotics, process control,
aerospace and power electronics. This controller can
solve two most important challenging topics in control
theory, stability and robustness [ 18-22]. The main idea to
design sliding mode control is based on the following
formulation;

o {r{“(q,t) if $;>0 O
@O~ 7 (q,t) if §;<0
where §; is sliding surface (switching surface),

i=1,2,.... ,nfor n-DOF robot manipulator, t;(q,¢t) is
the i® torque of joint. According to above formulation
the main part of this control theory is switching part this
idea is caused to increase the speed of response. Sliding
mode controller is divided into two main sub parts:

e Discontinues controller(z ;)

e Equivalent controller(z,,)

Figure 2 shows the main part of sliding mode controller
with application to serial links robot manipulator.
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Fig. 2. Block diagram of Conventional Sliding Mode Controller
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Discontinues controller is used to design suitable
tracking performance based on very fast switching. This
part of controller is work based on the linear type
methodology; therefore it can be PD, Pl and PID. Fast
switching or discontinuous part have essential role to
achieve to good trajectory following, but it is caused
system instability and chattering phenomenon. Chattering
phenomenon is one of the main challenges in
conventional sliding mode controller and it can causes
some important mechanical problems such as saturation
and heats the mechanical parts of robot manipulators or
drivers. Equivalent part of robust nonlinear sliding mode
controller is the impact of nonlinear term of serial links
robot manipulator. It is caused to the control reliability
and used to fine tuning the sliding surface slope [3- 7].
The equivalent part of sliding mode controller is the
second challenge in uncertain systems especially in robot
manipulator because in condition of uncertainty calculate
the nonlinear term of robot manipulator’s dynamic is very
difficult or unfeasible. The formulations of sliding mode
controller with application to six degrees of freedom

serial links robot manipulator is presented based on [3- 7].

However, conventional sliding mode controller is used
in many applications such as robot manipulator but, this
controller has two main challenges [22]:

e chattering phenomenon

e nonlinear equivalent

uncertain parameters

dynamic formulation in

Based on the literature to reduce or eliminate the
chattering, various papers have been reported by many
researchers which classified into two main methods:

e boundary layer saturation method

o artificial intelligence based method

The methodology of boundary layer saturation method
is achieve accurate tracking for non-linear and time
varying system in presence of disturbance and parameter
variations based on continuous feedback control law.
Slotine and Sastry design conventional switching sliding
mode controller for nonlinear system in presence of
uncertainty and external disturbance. To rectify the
chattering phenomenon, the saturation continuous control
is introduced [19]. Slotine is presented sliding mode
controller for nonlinear system [20]. According to [20] he
solved the chattering challenges based on linear boundary
layer method to improve the industry applications.

Saturation boundary layer method has some
disadvantages such as increase the error and reduces the
speed of response. To solve linear boundary layer
saturation challenge Palm [21] design nonlinear
intelligent saturation boundary layer function instead of
linear saturation boundary method. This method is used to
reduce or eliminate the chattering as well as reduce the
error performance. In this design the fuzzy controller has
two inputs and has 49 rule bases. However the design
sliding mode fuzzy controller to reduce the chattering is
faster and robust than sliding mode controller based on
linear boundary layer method but adjust the fuzzy logic
input and output gain updating factor is very difficult.
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The chattering phenomenon may be eliminated by
linear boundary layer method but there is no theoretical
Lyapunov stability proof for using this control law.

Based on the following literature to solve the
equivalent challenge in presence of uncertainty and
external disturbance, various papers have been reported
by many researchers which classified into two main
methods:

e design fuzzy sliding mode controller

e designsliding mode fuzzy controller

Fuzzy sliding mode controller (FSMC) is robust
nonlinear intelligent controller. In this methodology the
main controller is sliding mode controller and fuzzy logic
controller is applied to it to estimate the nonlinear
dynamic formulation in presence of uncertainty and
external disturbance. Wu et al. [22] have proposed a Pl
sliding mode controller with fuzzy logic tuning controller
for Electro-Hydraulic Driving. In this research authors
first of all design Pl sliding mode controller based on
switching function and equivalent dynamic equations and
after that design fuzzy logic estimator that design parallel
with PI sliding mode controller to estimate the nonlinear
equivalent functions. In this design the chattering
phenomenon is reduced but in presence of uncertainty it
has chattering. Barrero. et. al [23] have proposed a fuzzy
supervisory controller for fuzzy sliding mode controller to
reduce above challenge with application to induction
motor. In this design PI fuzzy logic controller is applied
to sliding mode methodology to reduce the chattering as
well as improve the equivalent nonlinear dynamic
formulation to modify the transient and steady state
response based on the 25 fuzzy rule bases. To improve
the output result supervisory fuzzy controller with 9 rule
bases used to on line tuning the sliding mode and PI fuzzy
logic parameters. However above method have two fuzzy
logic controls for system estimation and on line tuning the
parameters but it cannot eliminate the torque chattering
phenomenon which caused to heating in system
mechanical parameters. To improve above challenge
Shahnaziet.,al [24] design adaptive fuzzy Pl sliding
mode controller for induction motor. To improve the
chattering phenomenon as well as nonlinear dynamic
equivalent parameters Pl fuzzy sliding mode is designed.
Adaptive supervisory controller is applied to antecedent
and consequent part of fuzzy logic controller to estimate
and online tuning especially in presence of uncertainty.

Sliding mode fuzzy controller (SMFC) is a robust
intelligent based controller. In this controller the main
controller is fuzzy logic controller and sliding mode
controller is applied to fuzzy logic controller to reduce the
fuzzy rules based on reduce the number of inputs and
improve the stability of close loop system in fuzzy logic
controller [21, 25-28]. Weng and Yu [29] design sliding
mode fuzzy controller to reduce the number of rule base
in pure fuzzy logic controller and improve the stability. In
this research the adaptive methodology was used to
online tune the fuzzy parameters to reduce the chattering
phenomenon. According to above discussion the fuzzy
logic controller in this research has one input (S) and one
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output therefore the number of rule base is reduce
compare to fuzzy sliding mode methodology. To improve
the sliding surface boundary layer thickness Lhee et al.
[26] have presented a sliding mode fuzzy logic controller.
According to this research sliding mode controller caused
to improve the robust and fuzzy logic controller is used to
fast speed change the boundary layer thickness in
uncertain condition to reduce the chattering around the
sliding surface. In above two researches, the fuzzy input
was (S) that it can be Proportional plus Derivative (P+D)
or Proportional plus Integral (P+I) or Proportional plus
Integral plus Derivative (P+1+D), therefore in these entire
design fuzzy logic controller have one complex input.
Zhang et al. [28] design sliding mode fuzzy controller to
improve the resistance to the external disturbance and
reduce the chattering phenomenon. Based on this research
the fuzzy logic controller has two inputs that the first one
was sliding surface and the second one was self tuning
mechanism function. In comparison, to reduce the
number of fuzzy rule base, increase the robustness and
stability sliding mode fuzzy controller is more suitable
than fuzzy logic controller [28]. In comparison between
sliding mode fuzzy controller and fuzzy sliding mode
controller it can seen that, sliding mode fuzzy controller
has two important drawbacks namely:
e High sensitivity to the sliding surface slope
coefficient.
e Challenge in design and implementation which
fuzzy sliding mode controller is more suitable for
implementation.

According to classical nonlinear control theory such as
sliding mode controller or computed torque controller,
these types of controllers are worked based on
manipulator dynamic model. Based on equivalent part in
conventional nonlinear controllers, in comp lex and highly
nonlinear systems these controllers have many problems
for accurate response. Conventional nonlinear controllers
need to have accurate knowledge of dynamic formulation
of system and it is one of the main challenges. In recent
years, artificial intelligence theory has been used in
control of nonlinear systems. In most of research papers,
neural network, fuzzy logic and neuro-fuzzy are used in
nonlinear, time variant and uncertain systems (e.g., robot
manipulator) for system identification and control. Fuzzy
logic controller (FLC) is one of the most important
applications of fuzzy logic theory. This controller can be
used to control of nonlinear, uncertain, and noisy systems.
After the invention of fuzzy logic theory in 1965 by
Zadeh, this theory was used in wide range applications
such as control theory or system modeling. The nonlinear
dynamic formulation problem in highly nonlinear system
(e.g., robot manipulator) can be solved by fuzzy logic
theorem. Fuzzy logic theory is used to estimate the system
dynamics. This type of controller is free of mathematical
dynamic parameters of plant.

The basic fuzzy controller to control of two degrees of
freedom was presented in 2002 by Zhou and Coiffet [32].
In this paper dynamic and kinematics part of robot
controlled and modified by two inputs fuzzy logic
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controller based on 25 rule bases. According to this
research the first link error is bigger than the second link
and this controller is not reliable, because it is model free.
Design fuzzy logic for two degrees of freedom robot
manipulator was introducing by Banerjee and Woo [33].
In this paper Mamdani fuzzy inference system based on
49 rule bases was design and analyzed. This controller
was nonlinear model free and the main challenges in this
design is reliability and this item is one of the most
important part to select the best method of control design.

An Important question which comes to mind is that
why this proposed methodology should be used when lots
of control techniques are accessible?

The dynamics of a robot manipulator is highly
nonlinear, time variant, MIMO, uncertain and there exist
strong coupling effects between joints. The problem of
coupling effects can be reduced, with the following two
methods:

e Limiting the performance of the system according to
the required velocities and accelerations, but now the
applications demand for faster and lighter robot
manipulators.

e Using a high gear ratio (e.g., 250 to 1) at the
mechanical design step, in this method the price paid
is increased due to the gears.

Therefore linear type of controller, such as PD or PID
cannot be having a good performance. Consequently, to
have a good performance, linearization and decoupling
without using many gears, feedback linearization
(computed-torque) control methodologies can be
presented. In order to design computed torque controller,
an accurate dynamic model of robot manipulator plays an
important role. To modelling an accurate dynamic system,
modelling of complex parameters is needed to form the
structure of system’s dynamic model. It may be very
difficult to include all the complexities in the system
dynamic model. Dynamic parameters may not be constant
over time; subsequently adaptation methodology plays a
vital role. System’s dynamic parameter estimation in
computed torque-based adaptive control methodology
can be realized if acceleration termshould be measured,
but this work is very expensive. Furthermore, PUMA
robot manipulator dynamic models through a large
number of highly nonlinear parameters generate the
problem of computation as a result it is caused to many
challenges for real time applications. To eliminate the
actual acceleration measurement and also the
computation burden as well as have stabile, efficiency
and robust controller, sliding mode controller is
introduced. Assuming unstructured uncertainties and
structure uncertainties can be defined into one term and
considered as an uncertainty and external disturbance, the
problem of computation burden and large number of
parameters can be solved to some extent. Now the most
important target in this part is reducing the uncertainties
limitation and assures the asymptotic stability for large
area possible circumstances. The main method to solve
this problem based on Gutman methodology is: if the
bounds of lumped uncertainty are incorporated to build
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the control law then it can - be shown that asymptotic
stability is assured in the presence of uncertainties [34].
Hence conventional switching sliding mode controller is
an apparent nominates to design a controller using the
bounds of the uncertainties and external disturbance.
Based on literature there are three main issues limiting the
applications of conventional sliding mode controller;
equivalent part related to dynamic equation of robot
manipulator, computation of the bounds of uncertainties
and chattering phenomenon. The problem in equivalent
nonlinear dynamic formulation of robot manipulator is
not a simple task and fuzzy logic theory is used to reduce
this challenge. If PD+I fuzzy logic controller is used, we
have limitation in the number of fuzzy rule table.
Uncertainties are very important challenges and caused to
overestimation of the bounds. As this point if S = K;e +
é + K, Y e = 0is chosen as desired sliding surface, if the
dynamic of robot manipulator is derived to sliding surface
and if switching function is used to reduce the challenge
of uncertainty then the linearization and decoupling
through the use of feedback, not gears, can be realized.
Because, when the system dynamic is on the sliding
surface and switching function is used the derivative of
sliding surface S = K,é + é + K,e is equal to the zero
that is a decoupled and linearized closed-loop PUMA
robot dynamics that one expects in computed torque
control. Linearization and decoupling by the above
method can be obtained in spite of the quality of the robot
manipulator dynamic model, in contrast to the computed-
torque control that requires the exact dynamic model of a
system. It is well known fact that if the uncertainties are
very good compensate there is no need to use
discontinuous part which create the chattering. To
compensate the uncertainties fuzzy logic theory is a good
candidate, but design a fuzzy controller with perfect
dynamic compensation in presence of uncertainty is very
difficult. Therefore, if the uncertainties are estimated and
if the estimation results are used by discontinuous
feedback control, and if linear part controller is added to
this part, chattering can be eliminated. Finally, for a linear
and partially decoupled dynamics of the robot
manipulator, when the result is near to the sliding surface,
a linear controller is designed based on the deviation of
state trajectories from thesliding surface.

This paper is organized as follows; second part focuses
on the modeling dynamic formulation based on Lagrange
methodology, fuzzy logic methodology and sliding mode
controller to have a robust control. Third part is focused
on the methodology which can be used to reduce the error,
increase the performance quality and increase the
robustness and stability. Simulation result and discussion
is illustrated in forth part which based on trajectory
following and disturbance rejection. The last part focuses
on the conclusion and compare between this method and
the otherones.

Il. THEORY

Dynamic and Kinematics Formulation of 6DOF Serial
Links Robot Manipulator:

Copyright © 2014 MECS

System Kinematics: In this research to forward
kinematics is used to system modeling. Wu has proposed
PUMA 560 robot arm forward kinematics based on
accurate analysis [4]. The main target in forward
kinematics is calculating the following function:

YX,q) =0 )

Where W(.) € R™ is a nonlinear vector function,
X=[X,X5, o ,X,]T is the vector of task space
variables which generally endeffector has six task space
variables, three position and three orientation, g =
(491,92, -, q,]" is a vector of angles or displacement,
and finally n is the number of actuated joints.

Calculate robot manipulator forward kinematics is
divided into four steps as follows;

e Link descriptions

e Denavit-Hartenberg (D-H) convention table

e Frame attachment

e Forward kinematics

The first step to analyze forward kinematics is link
descriptions. This item must to describe and analyze four
link and joint parameters. The link description parameters
are; link length (a;) , twist angle («;), link offset (d;) and
joint angle (6;). Where link twist, is the angle between Z;
and Z,,, about an X;, link length, is the distance between
Z;and Z,., along X; and d;, offset, is the distance
between X;,_, and X; along Z; axis. In these four
parameters three of them are fixed and one of parameters
is variable. If system has rotational joint, joint angle (6;)
is variable and if it has prismatic joint, link offset (d;) is
variable.

The second step to compute Forward Kinematics (F.K)
of robot manipulator is finding the standard D-H
parameters. The Denavit-Hartenberg (D-H) convention is
a method of drawing robot manipulators free body
diagrams. Denvit-Hartenberg (D-H) convention study is
compulsory to calculate forward kinematics in robot
manipulator. Table 1 shows the standard D-H parameters
for N-DOF robot manipulator. Figure 3 shows the D-H
notation of research’s plan (PUMA robot manipulator).

Table 1. The Denavit Hartenberg parameter

Link i 0;(rad) a;(rad) a;(m) d;(m)
1 0, a, a, d,
2 0, a, a, d,
3 6, as as; ds
N 6, n as d,

The third step to compute Forward kinematics for robot
manipulator is finding the frame attachment matrix. The
rotation matrix from {F;} to {F,_,} is given by the
following equation;

1.J. Intelligent Systems and Applications, 2014, 08, 19-38
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Fig. 3. D-H notation PUMA robot manipulator[5]

R = UiopVicap ©)

Where U;(y) is given by the following equation [3];

cos(0;) —sin(6;) 0
Uiy = [sin(ei) cos(0,) O] 4)
0 0 1
and Vjq, is given by the following equation [3];
1 0 0
Vit = [0 cos(a;) _Sin(“i)] )
0 sin(a;) cos(a;)

Copyright © 2014 MECS

So (RY) is given by [3]
RY = (U V) WU,V,) ... w,v,) (6)

n-1p _ [Rz—l dg—l]

0 1 )

The transformation 2T (frame attachment) matrix is
compute as the following formulation;
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L—11T —
CHi _591 0 ai_q
591' Cai_l Cgl Cai_l —Sal‘_l —Sa’i_ldi (8)
Sgi Sai—l CHL Sai_l Cai_l Cai—ldi
0 0 0 1

The forth step is calculate the forward kinematics by
the following formulation [3]

FK =0T =9T.1T.3T ....."IT =
[Rg dg] ©)
0o 1

Based on above formulation the final formulation for
PUMA robot manipulator is;

Nx BX Tx Px
iT= N, B, T, P, (10)
NZ BZ TZ PZ

0o o0 o0 1

Table 2 shows the PUMA Denavit-Hartenberg notations.

Table. 2. PUMA D-H Notations [6].

Link i 0;(rad) a;(rad) a;(m) d;(m)
1 6, T/ 0 0
2 0, 0 0.4318 | 0.14909
3 65 m/ 0.0203 0
4 0, =T/ 0 0.43307
5 0 T/ 0 0
6 0 0 0 0.05625

Based on [6] and frame attachment matrix the position
and orientation (pose) matrix compute as belows;

Nx =cos(6y) X (cos(0s) X (cos(0,) X
cos(0, + 03) xcos(B,) + sin(6,) X
sin(0,)) + sin(0;5) x sin(0, + 03) X
c0s(0,)) + sin(0¢) X (sin(0,) x
cos(0, + 03) xcos(0,) — cos(0,) X
sin(0,))

11)

Ny = cos(0,) X (cos(0s) X (cos(0,) X
cos(0, + 03) xsin(0,) — sin(0,) x
cos(01)) + sin(0s) x sin(0, + 03) x
sin(0,)) + sin(O¢) X (sin(6,) X
cos(0, + 03) xsin(0,) + cos(0,) X
cos(8,))

(12)

Nz = cos(0¢) X (cos(Bs5) X cos(0,) X
sin(0, + 05) — sin(0s) X cos(0, + (13)
03)) + sin(8,) X sin(0,) X sin(0, + 03)
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Bx = —sin(8y) X (cos(05) X

(cos(0,) x cos(0, + 63) x cos(61) +
sin(0,) X sin(0,)) + sin(0;) X

sin(0, + 6;3) X cos(0,)) +cos(B;) X (14)
(sin(8,) X cos(0, + 03) X cos(6,) —

cos(0,) xsin(6,))

By = —sin(0¢) X (cos(0s) X (cos(0,) x
cos(0, + 03) X sin(0,) — sin(6,) x
cos(0,)) + sin(0;5) x sin(0, + 03) X

sin(0,)) + cos(8;) X (sin(0,) x (15)
cos(0, + 0;) xsin(@,) + cos(@,) x

cos(0,))

Bz = —sin(08;) X (cos(0s) X cos(0,) X

sin(0, + 0;3) — sin(05) X cos(0, + (16)

03)) + cos(0g) X sin(0,) X sin(0, + 03)

Tx =sin(05) X (cos(0,) X cos(0, +
0;) X cos(0,) + sin(0,) X sin(0,)) —

cos(0z) X sin(0, + 03) X cos(6,) (A7)
Ty = sin(85) x (cos(0,) X cos(0, +

0;) x sin(0,) — sin(0,) X cos(0,)) — (18)
cos(03) X sin(0, + 03) x sin(0,)

Tz = sin(05) X cos(0,) X sin(0, +

03) + cos(0s) X cos(0, + 03) (19)

Px =0.4331 X sin(0, + 63) x

cos(0;) +0.0203 x cos(0, + 03) x

cos(0,) —0.1491 x sin(6,) +0.4318 x (20)
cos(0,cos(0,)

Py =0.4331 x sin(0, + 03) X

sin(6,) +0.0203 x cos(0, + 03) x

sin(0,) + 0.1491 X cos(0,) +0.4312 x  (21)
cos(08,) x sin(0,)

Pz =—-0.4331 X cos(6, + 63) +
0.0203 x sin(6, +63) + 0.4318 X (22)
sin(0,)

System Dynamic Formulation: The equation of a multi
degrees of freedom (DOF) robot manipulator is
considered by the following equation[7]:

[A(g@)]g+ [N(q, ¢)] = [7] (23)
Where 1 is actuator’s torque and is n x 1 vector, A (q)

is positive define inertia and is n X n symmetric matrix
based on the following formulation;

[An Ay e Aln]

|A21 s s eeow e a Azn |

"= Tlew
| .. o |
lAn.l An.nJ

1.J. Intelligent Systems and Applications, 2014, 08, 19-38



26 Design Stable Robust Intelligent Nonlinear Controller for 6- DOF Serial Links Robot Manipulator

, N(q, q) is the vector of nonlinearity term, and qis n x 1
joints variables. If all joints are revolute, the joint
variables are angle () and if these joints are translated,
the joint variables are translating position(d). According
to (22) the nonlinearity term of robot manipulator is
derived as three main parts; Coriolis b(q), Centrifugal
Cc(g), and Gravity G(q). Consequently the robot
manipulator dynamic equation can also be written as [8]:

[N(q, )] = [v(q, @] + [G(g)] (25)

(v(qg,¢)] = [b(@]lg q] + [c(g)]1[q]? (26)
t=A@d+b@lgql+cl@[q)*+6(q@ (27)

Where,
b(q) is a Coriolis torque matrix and is n x

XD ratrix

C(q) is Centrifugal torque matrix and is n X n matrix,
Gravity is the force of gravity and is n x 1 matrix,
[g gl is vector of joint velocity that it can give by:
[G1-G2:G1-G3s v - G1-G Gz G35 - . ]T, @and [¢]? is vector,
that it can given by: [¢,%,4,% 45>, ....]T. According to the
basic information from university all functions are
derived as the following form;

Outputs = function (inputs) (28)

In the dynamic formulation of robot manipulator the
inputs are torques matrix and the outputs are actual joint
variables, consequently (29) is derived as (28);

q = function (1) (29)

g=A"Yq).{rt - N(q,¢)} (30)

q =ﬂ A-1(g) e - N(g, @)} (31)
n(

The Coriolis matrix (b) is a n x
calculated as follows;

712_-1) matrix which

b(g) =

by1z  buz . bum b2z .. bizn - . bPip_1a

bz12 .. . baiy bz .. - ban-1a

S (32)
butz o e Buin e e e bn.;_lan
The Centrifugal matrix (C) is a n X n matrix;

C'll “ee Cln

c@=|: - : (33)
Cnl Cnn

The Gravity vector (G) is an x 1 vector,
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91
6@ = | (34)
Gn

According to [8-11], the dynamic formulations of six

Degrees of Freedom serial links PUMA robot
manipulator are computed by;
[6,6,]
6.0,
6.6,
6,0
i éléa N2
[61] W [01]
16, 9.0 |9§I o]
a 0204 |'2
A(e)|z3|+3(e) 0,6, + C(e)lz;Iw(e) =I:jl (35)
PO N =1 I
4 60, | g
od |00 il
056,
0,05
0,0
1656,
Where
Al =
[An A Az 0 0 0]
|A21 Az Ags 0 0 0 |
A3y Az Az 0 Agg 0| (36)
0 0 0 A4 O 0
lo o o o 4y o/
lo o o o o a4l

According to [8] the inertial matrix elements (4 ) are

Aqy = Iy + 1, + I3 X cos(8,) cos(0,) +
I,sin(0, + 03)sin(0, + 0;) +
1,0sin(8, + 05)cos (0, + ;) +
1,15in(0,)cos(8,) + I,,sin(0, +
0,)sin(, + 6;) + 2 +

[I5cos(0,)sin(0, + 05) +
1,;c0s(8,)cos(0, + 0;) + I,5sin(6, +
05)sin (0, + 03) + I,4,cos(0,)sin (0, +
03) + I,,sin(0, + 63)cos (0, + 05)

37)

Ay, = I,sin(0,) + Igcos(8, +03) +
Iycos(0,) +1,3sin(0, + 6;) — (38)
I,gcos(0, + 65)

A13 = ISCOS(BZ + 03) + 113 Sin(ez +
03) - IISCOS(GZ + 63) (39)

Agy = Iy + I, + I + 2[I5sin(6;) +
1,,c0s(0,) + 15 + I,4sin(8;) (40)

Ayy = Igsin(0;) + I + I,c0s(0;3) +

I,6sin(0;) + 215 (41)
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b235 = 2[116(:05(03) + 122]

(55)
Asz = Iz + I + 2135 (42) baya = 2[1,0sin(8, + 8;)(1 — 0.5)] +
I,,si I,9si
Ay = Ig+ 10 43) 145in(0, + 03) + I,4sin (0, + 65) (56)
bi1z = byyy = —[I145in(8; + 65) +
Ay = Iy + 114 (44) Iosin(0, + 0;) + 2I,,sin(6, + 0,)1 —  (57)
0.5)]
Ass = s + 117 (45) byy; = —bs1y = —2[I5(sin(8, +6;)(1 -
0.5)] + I,,sin(8, + 03) + I,4sin(0, + (58)
Age = I'me + 13 (46) 0;)
bys = —I50sin(0, + 03) — I,,sin(0, +
Ay = Ay, A3 = A3 and Ay = Ay 47) 03) (59)
bs1s = —bays = I5sin(@, + 65) +
Based on [8] the Corilios (b) matrix elements are; 1,,sin(0, + 65) (60)
b(g) = Based on above discussion[b(g)] is 6 x 15 matrix and
[0 "6 ey 6% 0 5™ 0 byw 0 0 b 0 0 0 0| [gqlis 15 x 1, therefore [b(g). qq] is 6 x 1.
|00b31,,000000000000|(48)
ibm bys O by, 0 0 0 0 0O O 0 0 O 0| [b(q) qq] _
0 0 b, 0 0 0 0 0 00 0O 00 O00O -qqlexq =
lo o o© o o 0o 0 0o 00 0o 0o 0ol [bm.q'lq‘2 +>l<)113.q'1q'3+ 0+ blls.q'lq'5+b123.q‘2q3]
|0+ ba1a-q1q; + baz3. 4293 + D25 .95 95+ Dass. 4395 I
bs14.9,9, (61)
Where, I byi2. 4495 + basz. 4195 + bass. 4195 |
bsis-q4 4.
by = 2[— Isin(8,)cos(8,) + | Yo I
Iscos(0, + 6, + 05) + I,sin(0, +
0;)cos(0, + 8;) — I,sin(9, + 6, + According to [8] Centrifugal (€) matrix elements are;
93) - IISZSin(BZ + 03)(:05(02 + 03) +
I,4cos(8, + 0, + 03) + I,,sin(9, + [0 Cz Ci3 0O 0 0
0)cos (8, + 05) + I, (1 — 2sin(8, + (49) €y 0 Cp 0 0 ol
05)sin (0, + 65))] +1,,(1 — 2sin(0, + clg)=|C¢t €z 0 000 62)
6,)sin(6, +0,)) + o 0 0 000
I,,(1- 2sin(8,)sin(6,)) 1S o o o o o
Where,
by1; = 2[ Iscos(8,)cos (6, + 6;) +
I,sin(0, + _03)cos(02 +6;) — _ ¢y = I,c0s(0,) — I4sin(0, +6;) —
1,,c0s(8,)sin(0, + 0,) + I,52sin(0, + I4sin(0,) + I,;c0s(0, + 03) + 63
03)cos(0, + 03) + 1,,cos(0,)cos(0, + (50) Igsin(0, + 6;) (63)
93)(+ I,,sin ((192 + 03))COSE02 + e%ﬁ : :
I, (1— 2sin(0, + 03)sin(0, + 63) )| + c13 = 0.5byy; = —Igsin(0, + 0;) +
bys = 2[—sin(8, + 0;)cos (0, + 6,) + €21 = —0.5by;, = I3sin(8;)cos(6,) —
I1,52sin(0, + 65)cos (6, + 63) + Iscos(0; + 6, +65) __175“1(92 +
I,6c0s(8,)cos(8, + 85) + I,cos(8, + (51) 63)cos (6, + 63) + I1,sin (0, + 6, +
0,)cos (0, + 0) ] 03) + 1,52sin(0, + 03)cos(0_2 +63) —
I,4c0s(8;, + 0, + 03) — I,;sin(8, +
biy3 = 2[—Igsin(0, + 03) + I3 cos(8, + 63)cos (6, + 63) — I, (1 — 2sin (6, + (65)
05) + I,5sin(0, + 65) ] (52) 65)sin(6, + 65)) — 0.51,,(1 —
_ _ 2sin(0, + 03)sin (6, + 65)) —
by = 1145i(0; + 63) + 1,55in(6, + 0.51,,(1 — 2sin(8,)sin(8,))
03) + 21,,sin(0, + 6;)(1 — 0.5) (53)
bas = 2l—I,,sin(0,) + Iscos(6,) + €2 = 0 Sbazg = ~lasin(6,) + )
Iscos(6;) | (54) B e
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Cy3 = —0.5b,,; = —I5cos(0,)cos(6, +
0;) — I,sin(0, + 05)cos(8, + 03) +
I1,,c0s(0,)sin(0, + 0,) — I,52sin(0, +
03)cos(0, + 03) — I,,cos(8,)cos(0, +
03) — I,;sin(0, + 0;)cos(0, + 6;) —
I, (1— 2sin(6, + 6,)sin(6, + 65)) —
0.51,(1 — 2sin(6, + 6;)sin(6, + 6,))

C31 = —c23 = IIZSin(B3) —I5COS(93) -
I,4cos(03)

€3, = —0.5b,,; = sin(0, + 0;)cos(0, +
03) — I,52sin(6, + 0;)cos (0, + 6;) —
I1,4c0s(8,)cos(8, + 0;) — I,,cos(0, +
0;)cos(6, + 6;)

€5, = —0.5b,,5 = —I,5c0s(03) — I,

Based on (34);

- 2
Ci2-q2 T C13.q3
2
C21-q1 +C23.q3
2
[€(@). 4*lgx1 = l€13-q1 + €32. 03
0
2
Cs51-q1 t+ Cs52.q3
,0 i

Gravity (G) Matrix elements are [8];
0
G,

[6@ea =|

5]

Where,
G, = g,cos(8,) + g,sin(9, + 03) +
gssin(0,) + g,cos(0, + 03) +
gssin(6, + 63)

G; =g, sin(@, + 03) + g,cos(6, +
03) + gssin(0, + 63)

Gs = gssin(0, +63)
If [1]6><1 = [B]le + [C]BXI + [G]6><1

Then § is written as follows;
[d)ex1 = [A7(@]exe X Utlexs — M gxq3
K is presented as follows;

[K]6><1 = {[T]6><1 - [I]6><1}
[d)ex1 = [A71 (@] x6 X [Klgeq
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67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

77
(78)

According to (30);

lqlexs = /I [A71 (@] gxe % [Klgyq (79;

Basic information about inertial and gravitational
constants is showin tables 3 and 4 [8, 12].

Table 3. Inertial constant reference (Kg.m?)

I, = 143 4 0.05 I, = 1.75 £ 0.07

I, =138+ 0.05 I, = 0.69+0.02

Is = 0372+ 0.031 I¢ = 0.333 £0.016

I, =0.298 + 0.029 Ig =—0.134 £ 0.014

I, = 0.0238 +0.012 Iy = —0.0213 +0.0022

L, = —0.0142 + 0.0070 L, = —0.011+0.0011

Ls = —0.00379 + 0.0009 L, = 0.00164 + 0.000070

Ls =0.00125 + 0.0003 L =0.00124 +0.0003

I,; =0.000642 + 0.0003 I;¢ = 0.000431 4+ 0.00013

Ly = 0.0003 + 0.0014 Ly = —0.000202 + 0.0008

I, = —0.0001 + 0.0006 L, = —0.000058 + 0.000015

I3 = 0.00004 + 0.00002 Iny = 114+ 027

Ly, =4.714+054 L,s = 0.827 + 0.093

Ly, =0.24+0.016 Lns = 0.179 + 0.014

Ly = 0.193+0.016

Table 4. Gravitational constant (N.m)

g, =-37.2+05
g5 = 1.02+0.50
gs = —0.0282 + 0.0056

g,= —844 +0.20
9. =0.249 +0.025

Design Sliding Mode Controller for 6-DOF Serial
Links Robot Manipulator:

The dynamic formulation of nonlinear single input
systemis defined by [7]:

x™ = f@ + b@Eu (80)

In (80) u is the vector of control input, x(™ is the nt*
derivation of x, x = [x,%,%,..,x™P]T is the state
vector, f(x) is unknown or uncertainty, and b(x) is
known switching (SIGN) function. The main target to
design sliding mode controller is high speed train and
high tracking accuracy to the desired joint variables;
xg = [Xg%q %g, ., " P]T, according to actual and
desired joint variables, the trucking error vector is defined

by [7]:

X=x—x4=[% .. x" VT (81)
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According to the sliding mode controller theory, the
main important part to design this controller is sliding
surface, a time-varying sliding surface s(x, t) in the state
space R™ is given by the following formulation [7]:

sk, t) = (%+ Al =0 (82)

Based on (82), A is the sliding surface slope coefficient
and it is positive constant. The sliding surface can be
defined as Proportional-Derivative (PD), Proportional-
Integral (Pl) and the Proportional-Integral-Derivative
(PID). The following formulations represented the three
groups are [7]:

Spp =Ae t+é (83)
d t
stx,t) = (E+A)"-1 UO 5c'dt> =0 (84)
Spu = 2+ ()Y (85)
pr = /€ (2) e
Sep =de+e+()?Te (86)

Integral part of sliding surface is used to decrease the
steady state error in sliding mode controller. To have the
stability and minimum error in sliding mode controller,
the main objective is kept the sliding surface slope s(x, t)
near to the zero. Therefore, one of the common strategies
is to find input U outside of s(x, t) [7].

1d
2% s?(x, ) < —qls(x, )l 87)

In (87) C is positive constant.
If $(0)>0- 5(t) <—( (88)

In (88) derivative term of (s)is eliminated by limited
integral from t=0 to t=t,..4cp

t=tyreach t=treach
J S(t) = _.[ n ) (treach)
t

" 5 )

< _{(treach - 0)

In (89) t,..qcn IS the time that trajectories reach to the

sliding surface. If §, . =0 the formulation of
t,cacnCalculated by;
s@)
0-5(0) < _n(treach) = Leach = T (90)
In (90) if $(0) < 0
0—5(0) < —n(tyeqen) » SO0 <
Is (o) (91)

_((treach) - treach <
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According to (90) the formulation of (91) guarantees

time to reach the sliding surface is smaller than

|S({_0)| since the trajectories are outside of S (t).

if S, ..=S50)-error(x—x,)=0 (92)

According to above discussion the formulation of
sliding surface (S) is defined as

s(x, ) =(i+,1) = (k- %)+

93
Ax —xy4) 43)

The change of sliding surface (S) is;
§=&—-—%y) +A(x—%y) (94)

According to the formulation of the second order
system, a simple solution to get the sliding condition
when the dynamic parameters have uncertainty in
parameters or external disturbance is the switching
control law:

Uys = KX, 0 - sgn(s) (95)

In (95) the switching function sgn(s) is defined as [3,

7]
1 s>0 (96)
sgn(s) =1-1 §<0
0 s=0

In (95) the K(X,t) is the positive constant and based on
(83), (85) and (86) the sliding surface can be PD, Pl and
PID. According to above formulation, the formulation of
sliding mode controller for robot manipulator is [3, 7];

T =Teq+ Tais 97)

In (97) 7.4 is equivalent term of sliding mode
controller and this term is related to the nonlinear
dynamic formulation of robot manipulator. Conventional
sliding mode controller is reliable controller based on the
nonlinear dynamic formulation (equivalent part). The
switching discontinuous part is introduced by 4, and
this item is the important factor to resistance and robust in
this controller. In serial links sixdegrees of freedom robot
manipulator the equivalent part is written as follows; part
is written as follows;

Toq =[A71g) x (N(q, ) + 5] x Alg) (98)
In (98) the nonlinear term of N(q, @) is;
[N(q, @)] = [v(g, P] + [6(g)] (99)

(v(q, ] = [b(@))lq q] + [c(@)][q]? (100)
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In PD sliding surface, based on (83) the change of
sliding surface calculated as;

Spp =Ade+é—> S8y, =Aé+é (101)

The discontinuous switching term (t4;,) is computed
as [3];

T4, = K -sgn(s) (102)
Based on (102) and (83);

Tais—pp = K - sgn(le + &) (103)
According to (103) and (85);

Tais_p1 = K - sgn (/le + (;1)2 % e) (104)

[‘M]G»l

E ['du]su
sgn : B

ller for 6- DOF Serial Links Robot Manipulator

By replace (86) in (102) the discontinuous switching
part is;

Tgis—pip = K- sgn (Ae +e+ (g)2 > e) (105)

According to (97) and (102);

T=1,,+K.sgn(s) = [471(g) x (106)
(N(g, @) + §] x Alg) + K.sgn(s)

According to (103) and (106) the formulation of PD-
SMC is;

Tpp_syc = K-sgn(le + &) + (107)
[4-1(g) x (N(q, @) + §] x A(g)

Figure 4 shows the PD sliding mode controller for
serial links robot manipulator.

Switching Part of | Sliding Mode Controller
o] Wea
dx
Ay Vo i']ixl 4 Robot }:qﬂ]&«l
> ] P Manipulator ’
[Q:_] -
[Neys
-1 + » ]
A A"y
[Q:‘] - Aus A",:
Wexa [r’“]en
3 [8(a)1e4)] — > >

lo: > g e | =t B A . e —

[a:.] >

™ [c(@)gF)ea g [q%] - -
{""J_ 1 car ot | - Wewe
[a:,] > Ay L

1 [6(9))6x1 Ny [Q:.] g
L s
[flz.]‘ > — -

Fig. 4. Block diagram of PD sliding mode controller for robot manipulator

According to the literature stability is very important
and influential case to select and test a controller and
conventional sliding mode controller based on
discontinuous controller part is a stable controller.
Consequently proof of stability based on the Lyapunov
function is determined by the following equations. The
lyapunov formulation can be written as follows,

1
v=55"AS (108)

and the derivation of V can be determined as,

Copyright © 2014 MECS

= isT.A.s + ST AS (109)

the dynamic equation of robot manipulator can be written
based onthe sliding surface as

AS=-VS+AS+B+C+G (110)

Since A4 — 2V is skew-symetric matrix, therefore it is
written by;

.1 ,
STAS + ESTAS = sT(AS +VS) (111)
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If the dynamic formulation of robot manipulator
defined by

t=A4@Q4+V(g¢qq+ Gl 112)
the controller formulation is defined by
t=4§, +Vq, +G+K sgn(S) (113)
According to (112) and (113), can be expressed:
é(g)iji-V(q,q)q+G(q) = A4qg, + (114)
q,+ G+ Ksgn(S)
Since g =qg—Sand gg=¢§—$
AS+ (VW + S =Af - K (115)

the dynamic equation of robot manipulator can be written
based on the sliding surface as

AS=-VS+AS+VS+G—1 (116)

Assuming that it can be expressed by the following
equation:

sT(A-2V)s =0 117)
and with regard to substituting (117) in (110);
V=21sTAs—sTvs +sT(AS + VS +
2 (118)

G-1)=S"(A5+VS+G—1)
according to the sliding mode controller formulation;

t=T,+75,=[A(V+G)+5]a

11
+ K.sgn(s) (119)
by replacing the equation (119) in (118)
V=STAS+VS+G—-AS-VS—G -
Ksgn(s) = ST (A5 + VS + G - (120)
ngn(S))
and it is clear that
|AS + Vs + G| < |AS| + |Vs| + |G| (121)

the Lemma equation in robot manipulator systemis

K, =[|A5| + vsl + 16| +7],,i =

1,2,3,4, .. (122)

the equation (117) caused;
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K, 2|[ﬁS+VS+G]i|+n,- (123)

Resulting, the following formulation guaranties the
stability of the Lyapunov equation in sliding mode
controller with switching (sign) function.

n
i=1

Boundary layer chattering free method: According to
the literature to attenuate the chattering challenge, linear
boundary layer method based on saturation function is
introduced. In this method the researcher introduced
saturation function in the sliding mode control law
instead of the switching (sign) function in (102). The
saturation (linear) method with small neighborhood of the
switching surface is calculated as [6].

(124)

B ={xIs®|<o¢ko>0 (125)

where @ is the boundary layer thickness. Consequently
the sliding mode function in (102) can be written by;

U=KG&0D -sat(5/y) (126)

While saturation function formulation (Sat (S/Q))) is
as follows [1]

(1 S/g>1
sat (5/5) =4 -1 (/p<-1) @2
/s 1<5/p<D

Considering the above points, to reduce chattering
phenomenon in sliding mode controller based on
saturation function, the following formulation is used [1-
6]:

T=To+ Toa (128)
and ., can be calculate as follows:
T, =[A"1B+C+6)+35]A (129)

To reduce or eliminate the chattering linear (saturation)
boundary layer method used by many researchers.
However eliminating the switching discountinous
function in sliding mode controllers are used in many
research but it can causes to lost the robustness of control
and accuracy.

Fuzzy Controller Operation: A robot manipulator
consider as a nonlinear and MIMO system with outputs
available measurement and possibility to input change.
According to design sliding mode controller, this
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controller can be used as a controller when it has a
satisfying result and system is easy to implement but if
some information about robot manipulator operation or
controller is available and it can be formulated as a set of
rules and fuzzy controller is used to control of robot
manipulator. However the application of fuzzy logic
controller is really wide, all types of fuzzy logic
controllers consists of the following parts;

e Choosinginputs

e Scaling inputs

¢ Input fuzzification (binary-to-fuzzy[B/F]conversion)

e Fuzzy rule base (knowledge base)

¢ Inference engine

e Output defuzzification

binary[F/B]conversion)
e Scaling output

(fuzzy -to-

Figure 5 shows the block diagram of fuzzy controller
operation.

CHOOSING

INPUTS

MEASURING INPUTS

DA B nﬁe’:ls‘fyl’eﬂ"""""'""""—--"',
. inputs i '
.

.

_I_n puts

SCALING INPUTS }< — scaling
T—__factors

scaled Fuzzy Il T
inputs o

e NP W - contro _?}_‘_ inputs
FUZZIFICATION J== —.____ membership
——__functions

fuzzy T

inputs

.'-—““m“m“m':u22\1‘r
( FUZZY PROCESSING } — -

fuzzy T

output _—

—  Outpuis

DEFUZZIFICATION= —_ meml:ergh\p
~—functions,

control
|, output

SCALING OUTPUTS)
real

_—Outputs
T scaling

( PLANT |
o

Fig. 5. Block diagram of Fuzzy Controller Operation [30]

Define the inputs and control variables: based on
controllers’ design select the type of inputs is very
important to design controller. In most of industrial
controllers error and the functional of error are used as
inputs to design controller. According to design the linear
controller, PI, PD and PID are three types of linear
controller. If PI like fuzzy controller is design, error and
integral of error are introduced as fuzzy input. In PD like
fuzzy controller error and change of error are used to
define as controllers’ inputs. According to design PID
controller, PID like fuzzy controller has three inputs;
error, change of error and integral of error. To design
fuzzy controller, if one has made a choice of designing a
type of PD like fuzzy controller, P1 like fuzzy controller
or PID like fuzzy controller, this already dealing the
choice of process state and control output variables, as
well as the content of the antecedent and consequent parts
for each rule.
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Scaling inputs/outputs: in fuzzy logic controller to
define membership function, first of all one needs to
consider the universe of discourse for all inputs and
outputs linguistic variables. If universe of discourse
indicates by small range of scaling input or output, the
data can be off the scaling. Conversely, if universe of
discourse indicates by large range of input scaling, the
membership function area can be wide on the left or right
side if scaling input or output. The role of a right choice
of scaling factors is obviously shown by the fact that if
your choice is bad, the actual operating area of the
inputs/outputs will be transformed into a saturation or
narrow situation. Input scaling factors have played
important role to basic sensitivity of the controller with
respect to the optimal choice of the operating areas of the
input signals. When the scale output is scaled, the gain
updating factor of the controller is scaled. This item
affects the closed loop gain and caused to modify the
stability and oscillation tendency. Because of its strong
impact on stability and reduce the oscillation, this factor
is important factor to design fuzzy controller. The right
choice of input/output scaling factor shows in Figure 6.

NBig NEmall Zere PSmall PEi,
_P': ' {\I | | II,-"n_'\I | i 'ﬂ\'l '
0.9 JI: I| 1 I.' I| Il I|I
{ f | / |

0.3k | | | I' I| I| Vo

II'-.I I:'I I y

pe /I\\ I:fprf.: _ /-"lll"-\ _/,\\_|
T T T T

Fig. 6. Right Choice of the Scaling factor [30]

Input fuzzification (binary-to-fuzzy [B/F] conwersion):
fuzzification is used to change the crisp set into fuzzy set.
This part is divided into three main parts;

e Linguistic variables

e Scaling factor (normalization factor)

o Inputs membership function

A linguistic variable is a natural language based on the
quantity of interest. These variables are words or sentence
and this is the main difference between linguistic variable
and numerical variable. Linguistic variables can be
divided into three sub parts:

e Primary terms, which are the labels of location of the
universe of discourse (e.g.
Negative or Positive or Zero).

o Connective terms AND,OR, and NOT.

o Limitation terms suchas Small, Medium and Big.

A linguistic variable is defined by;

e Symbolic name of inputs/outputs variables such as
error,change of error and Torque.
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e Set of linguistic values that can take on some
variables such as, Negative Big (NB), Negative
Medium (NM), Negative Small (NS), Zero (2),
Positive Small (PS), Positive Medium (PM), Positive
Big (PB).

e Scaling factor as actual physical domain over which
the meaning of the linguistic value, for example and
based on literature [33] and experience knowledge if
error is between -1 and +1.

e Interpretation of linguistic value in terms of the
quantities values.

Select the membership function has a below challenges;

o Select the general parameters , such as the number of
membership functions to support all the values of the
linguistic variable on the universe of discourse

Error

e The location of membership functions on the
universe of discourse

e Width of the membership functions

e Continous parameters, such as the shape of a
particular membership function

Figure 7 shows the fuzzification part for PD like fuzzy
controller system, this PD like fuzzy controller has two
inputs (error and change of error), any input is described
with five linguistic values; Negative Big (NB), Negative
Small (NS), Zero (Z), Positive Small (PS), Positive Big
(PB), they are quantized into four levels between -2 and
+2, and triangular membership functions are used for
error and change of error inputs.

Change of error

2 A 0 1 2

-2 -1 0 1 2

Fig. 7. Fuzzification part fuzzy controller [30]

Fuzzy rule Formulation: the role of the rules in fuzzy
logic controller is extremely significant and the main
approaches and source of fuzzy logic controller rules are;

o BExpert experience and knowledge base

e Leaming based on operators’ control action

e Identification of fuzzy model system under control

action
e The application of learning technique

According to above, the main approach comes from an
expert knowledge of system because any fuzzy controller
is expert system to solve the control problem. Based on
linguistic variables, fuzzy rule base provides a natural
theory for human thinking and knowledge base
formulation. In practice to find the rule base two method
are introduced;

e Design rule base based on redeveloping literature,

manuals and research papers

e Design and develop of rule base based on the inquiry

operator using questionnaire.

In practice fuzzy rule base divided into main three parts:

antecedent part, consequent part and connective terms
(AND,OR,NOT). The OR term of two fuzzy seteand é
is a new fuzzy set which the new membership function is
given by

S(a,b) = p, ope =

130
max{ué(u) , I“"e(u)}' ( )

VueUuU

The AND term of two fuzzy sete and e (T — norm) is
a new fuzzy set which the new membership function is
given by
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T(a. b) = He anDp e = min{”e(u)fué(u)} (131)

In fuzzy set and the NOT e operation can be replaced
by 1 — e operation in fuzzy set.

Frequently the rules are formulated one by one base on
experience knowledge and any other methods and rule
table is design after complete all rule bases. Rule table is
the dynamic behavior of fuzzy logic theory and it
necessity to have three significant parts;

e Continuous

e Complete

e Consistent

If two fuzzy rule base formulated as follow;

and ¢éis NB then Tis PB
éisPS then TisZ

F.R:if eis NB
F.R*if eis NS and

Inference Engine (Fuzzy rule processing): The fuzzy
inference engine recommends a fuzzy method to transfer
the fuzzy rule base to fuzzy set. Fuzzy rule processing is
divided into two main techniques;

e Mamdani method

e Sugeno method

Mamdani anticipated controlling the system by
realizing various fuzzy rule bases. In Mamdani
controllers’ design, in order to improve the control quality,
he increased the number of control inputs and used the
change of variable error in his design. He designed his
controller on the PDP-8 computer. It contained 24 fuzzy
rule bases. According to his experiments, the quality of
the fuzzy controller based on the 24 fuzzy rules was
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found to be better than the best result of the fixed
conventional controller, as a result fuzzy controller
opening a new epoch in a design controller. This type of
fuzzy inference is easily understandable by human
experts, simple to formulate rules and proposed earlier
and commonly used.

Michio Sugeno is changed a part of the rules, in
consequent part of fuzzy rule base. According to this
method, the consequent part is a mathematical function of
the input variables. This type of fuzzy inference is more
efficient computationally, more suitable in mathematical
analysis, and guarantee the output continuity surface. The
following definition shows the Mamdani and Sugeno
fuzzy rule base

Mamdani F.R%:if eisNB and ¢isNB
then TisPB (132)
Sugeno F.R':ifeisNB and ¢éisNB

then 0.3 xe+ 0.6 X éis PB

In these two types inference engine the antecedent part
are the same but the main difference between these two
methods are in consequent part. Fuzzy inference system
has two main parts;

¢ Rule evaluation

e Aggregation degree

Rule evaluation is used to illustrate the fuzzy operation
(AND/OR) impact to the antecedent part of the fuzzy
rules.

The aggregation degree is the aggregate two
neighbouring fuzzy rules and makes a new consequent
part. It is note that activation degree is the impact of
antecedent part to consequent part and aggregation degree
is the impacts of the first modify consequent part in the
second one. Several methodologies are used to calculate
aggregation degree;

e Max-Min aggregation

e Sum-Min aggregation

e Max-bounded product

e Max-drastic product

e Max-bounded sum

e Max-algebraic sum

e Min-max aggregation

The formulation of Max-min aggregation is

Hy X, Y10 U) = pyr_ pgi O, ¥4, U)

. 133
= max {mm{:l [ﬂqu(xk,yk), My (U)]} (133)
The formulation of Sum-min aggregation is;
ty (X, ¥y, U) = Hyr_ FRi (e yi, U)
(134)

= Z min}_, [ﬂqu(xk'yk)'"'pm (U)]

Defuzzification: defuzzification is the last step to design
fuzzy logic controller and it is used to transform fuzzy set
to crisp set. Consequently defuzzification’s input is the
aggregate output and the defuzzification’s output is a
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crisp number. Two main techniques to calculate the
defuzzifications are;

e Centre of gravity method (COG)

e Centre of area method (COA)

The formulation of COG method is;

iU 25ty (X0, Vi, Up)

COG(x,,y,) = 135
o7k 2 25y M (X1 Y1, Uy) (139)
The formulation of COA method is
2 Uy oy (%, 1, Uy)
CoA(x,,y,) = —— - (136)
ok 2iky- (X, Yio Uy)
Based on above formulation, COG(x,,y,) and

COA(x,,y,) illustrates the crisp value of defuzzification
output, U; € U is discrete element of an output of the
fuzzy set, uy.(x ¥, U;) is the fuzzy set membership
function, and r is the number of fuzzy rules.

I1l. METHODOLOGY

Serial links, six degrees of freedom PUMA robot
manipulator has highly nonlinear dynamic equations,
MIMO, time variant dynamic equations, uncertain and
there exist strong coupling effects between joints,
consequently, minimum couple effects, stable, robust and
reliable controller obligation used to control of this
system. The problem of coupling effects can be reduced,
with the following four methods:

e Limiting the performance of the system according to
the required velocities and accelerations, but now the
applications demand for faster and lighter robot
manipulators.

e Using a high gear ratio (e.g., 250 to 1) at the
mechanical design step, in this method the price paid
is increased due to the gears.

e Linearization and decoupling without using many
gears based on feedback linearization methodology
by measurement actual acceleration.

e Proposed methodology

In linear control methodology to reduce the coupling
effect limiting the performance and high gear ratio is
recommended, which caused to have an expensive and
slow robot manipulator. To reduce the coupling effects
based on computed torque controller two challenges are
emerge; need to have the accurate dynamic model which
it is very difficult and measurement the actual
acceleration that it is very expensive. To reduce the
coupling effect based on proposed methodology all above
challenges can be eliminate. In proposed methodology
select the desired sliding surface and sign function play
a vital role and if the dynamic of robot manipulator is
derived to sliding surface then the linearization and
decoupling through the use of feedback, not gears, can be
realized. In this state, the derivative of sliding surface can
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help to decoupled and linearized closed-loop PUMA
robot dynamics that one expects in computed torque
control. Linearization and decoupling by the above
method can be obtained in spite of the quality of the robot
manipulator dynamic model, in contrast to the computed-
torque control that requires the exact dynamic model of a
system. As a result, uncertainties are estimated by
discontinuous feedback control and the linear part
controller is added to this part to eliminate the chattering.
Linear controller is type of stable controller as well as
conventional sliding mode controller. In proposed
methodology PD, Pl or PID linear controller is used in
parallel to discontinuous part to reduce the role of sliding
surface slope as a main coefficient. Based on Lyapunov
methodology, proposed method is highly robust and
stable controller. In PD controller the control law is
given by the following equation;

T= Kpie + K, e (137)

Wheree = q;,+ q;,ande =q;, + q;, -
In this theory Kl’i and K, are positive constant. To

show this controller is stable and achieves zero steady
state error, the Lyapunov function is introduced;

%[ TA(Qq+ e Kyel
(g (138)

4
1
5 Agl=qr

Sl.lg_ 1]

Where gt is the power input from actuator and

%% [gT A4l is the derivative of the robot kinematic
energy.
V= q"[t+K,e] (139)
Based on 7 = —K,, e — K,,&, we can write:
i i
V=q"K,gd <0 (140)
If V= 0 ,we have
Gg=0-4=0->G=A"K,e 5e=0 (141)

In this state, the actual trajectories converge to the
desired state.
In proposed method

1 1
szSTAS E[q Ag+ el Ke] (142)
and the derivative of V is;
(143)

.1 . .
V= ESTAS+STAS+quq <0
then
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n
i=1

(144)
In this method:
S=S(,é)=2e+ée=0, 2A1>0 (145)
S=21é+ fle, e, t) +U,S0) =S,
In this case;
Ugis = k sgn(S) =k sgn(le + é),A >
° 0,k>0 (146)
According to linear methodology;
Ujin = Kpie + Kvl‘é' (147)
Kl’i >0 'sz >0
And if K, =1 then
Uin = Kp e + €=, (148)
Uproposed Ugis+Uyn =k sgn(le +é) + (149)

Ulm

According to above, proposed method is stable and it
also can chatter attenuation using linear sliding surface
method.

The second objective in this paper is reducing the
sensitivity to system’s dynamic formulation. To solve this
challenge PD plus integral fuzzy logic theory is used in
this research. To compensate dynamic formulation of
robot manipulator Mamdani fuzzy inference system is
introduced. To achieve this goal, the mathematical
dynamic formulation of pure sliding mode controller is
modeled by Mamdani’s fuzzy logic methodology. Fuzzy
logic method has the following specifications: two inputs
(error and the rate of errors); an output (Torque); 7
linguistic variables for any inputs and outputs (Negative
Big, Nagative Medium, Negative Small, Zero, Positive
Small, Positive Medium, Positive Big), therefore it has 49
rule bases for any link; and triangular membership
function also is used. However PD fuzzy logic theory is
used but the integral part is used to estimate the steady
state error. Figure 8 shows PD fuzzy plus integral sliding
mode controller.

Based on Figure 8, the fuzzy compensator sliding mode
controller’s outputis written;

ﬁ = UDYNfuzzy + Umodified—SMC (150)

and Upyn Fuzzy is calculated by;

Upynfuzzy = Zﬁl 0" {(x) [A_l(q) X

(N(gq, @) + 5] x A(q) (151)
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Fig. 8. Block diagram of PD+I modified fuzzy sliding mode controller

IV. RESULTSAND DISCUSSION

To test of this methodology conventional sliding mode
controller and proposed methodology are compared.
Chattering  elimination, trajectory tracking and
disturbance elimination are quality reference in this test.

Chattering elimination: linear band controller in
conventional sliding mode controller provide a perfect
chattering elimination for a reference trajectory with a
negligible tracking error in Figure 9.
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0 5 10 15 20 25 30
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Fig. 9. Linear band SMC and Conventional SMC

According to Fig 9; conventional sliding mode
controller has chattering in all 6 joints but chattering can
be eliminate by linear band sliding mode controller.

Tracking Control of Proposed Method: trajectory
followings of 6 DOF for conventional sliding mode and
proposed methods are compared in Fig 10. According to
the simulation result, traditional sliding mode controller
has high frequency oscillation chattering. To chattering
attenuation PD+l fuzzy linear band sliding mode
controller is introduced. According to Fig 10,
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conventional sliding mode controller is faster than
proposed method.
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Fig. 10. Conventional SMC and Proposed method

Comparison the disturbance rejection: the power of
disturbance rejection is very important to robust checking
in any controllers. In this section trajectory accuracy is
test under uncertainty condition. To test the disturbance
rejection band limited white noise with 30% amplitude is
applied to conventional sliding mode controller and
proposed controller. In Fig 11, trajectory accuracy is
shown.

conventional SMC
Proposed Method
25 30
i i i
25 30
i i
25 30
g J
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25 30
i i
25 30

Time

Fig. 11. Comparison of disturbance rejection: Conventional SMC and
Proposed Method in presence of uncertainty

V. CONCLUSION

The work conducted in this paper has been
multidisciplinary and wide in scope ranging from the
design of a multi-axis robot manipulator to understanding
of non-linear control and artificial intelligence. At the
outset of the research paper, this research aimed to
introduce intelligent improve nonlinear controller to
highly nonlinear manipulator structures. With the topical
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research work on conventional sliding mode and fuzzy
logic theory, this project was further motivated by the
need to investigate the design and improve of new type
robust chatter-free sliding mode controller. This research
follows two main targets: reduce the chattering
phenomenon based on conventional theory in presence of
switching part methodology and estimate the nonlinear
dynamic equivalent part of system according to the
design (PD+l) MAMDANI fuzzy theory. The main
benefits in this is eliminate the chattering as well as
robust in uncertain condition based on linear band sliding
mode controller and fuzzy logic theory. The research
result (Figures 10-11) illustrates that proposed method
can guarantee stability and robustness.
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