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Abstract

Uncertain or complicated systems are difficult to control. Modeling the system
uncertainties is an especial topics in most of engineering field. On the other hand, since
system has uncertainty, design stable and robust controller is crucial importance in
control engineering. To solve this challenge nonlinear control technique is the best
choice.

Sliding mode control is one important type of robust control. Model imprecision
may come from actual uncertainty about the plant or from a purposeful simplification
of the system's dynamics. Modeling inaccuracies can cause strong adverse effects
on the control design of nonlinear systems.  For the class of systems to which it
applies, sliding mode controller design provides a systematic approach to the
problem of maintaining stability and consistent performance in the face of modeling
imprecision. However, sliding mode controller is a robust and stable controller but it
has an important challenge called, chattering phenomenon. This research focuses on the
comparative between three methods to eliminate/reduce the chattering.

Keywords: variable structure controller, sliding surface slope, chattering
phenomenon, boundary layer methodology, PD parallel chattering attenuation,
intelligent chattering elimination

1. Introduction

Actuators are indispensable for all robots to provide the forces, torques, and
mechanical motions to move the joints, limbs, or body. Actuators are generally
electric, pneumatic, or hydraulic. Today's mechanical systems have such criteria for
actuators as high power density, high power to weight ratio, rapid response, accurate and
repeatable control, low cost, cleanliness and high efficiency. An important area of robotics
technology is concerned with the development of manipulators that can replace human
beings in the execution of specific tasks. This makes such qualities as light weight,
high power, and fast, accurate response even more important for actuators. The three
dimensions (3D) actuator, which possesses many of these advantages, is therefore
considered an excellent candidate for robotic applications. However, the inherent
nonlinearities, time-varying parameters, and high sensitivity to payload of 3D actuator
make it a challenge for the accurate force and position control of manipulators employing
these actuators.

This research investigates sliding mode, fuzzy, and derivative control techniques for
control of robotic systems actuated by 3D joint. Sliding mode control is a powerful robust
control method widely used in variable structure systems, with the feature of strong
insensitivities to system uncertainties and nonlinearities. Sliding mode control (SMC)
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has the ability to tackle the parametric and modeling uncertainties of nonlinear systems.
The robustness to system uncertainties makes it an ideal candidate for the control of
systems containing 3D joint. In this research, a sliding mode controller is designed to
force the end effector of a two-joint planar manipulator to track a spatial reference
trajectory. Thisproposed sliding mode controller makes the planar manipulator
relatively insensitive to parameter fluctuations [1-7].

"Chattering" is a natural byproduct of the sliding mode approach. It is caused by
the control switches when the system state crosses a sliding surface. Chattering
is undesirable because it increases control effort and excites high-frequency modes of
the system. To reduce chattering, a boundary layer is usually introduced around the
sliding surface. However, the introduction of this boundary layer causes increased
tracking error. To decrease tracking error while reducing chattering, the parallel
linear control and control bandwidth in the sliding surface are adjusted according to the
variance of tracking error. 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 boundary layer saturation method is used to reduce or eliminate the high frequency
oscillation in conventional sliding mode controller. However this method can solve the
challenge of chattering phenomenon but it has two main challenges; increase the error and
reduces the speed of response. 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
[11]. Slotine is presented sliding mode controller for nonlinear system [12]. According to
[12] he solved the chattering challenges based on linear boundary layer method to
improve the industry applications. Figure 1 shows the linear saturation boundary layer
function.

Figure 1. Linear Saturation Boundary Layer Functions [3]

Fuzzy logic is one of the techniques of soft computing. Since it utilizes vagueness
in natural language and characterizes system behavior by using human knowledge and
experience, suboptimality and impreciseness can be accommodated, even when
providing adequate control. Fuzzy logic uses rules and membership functions to
approximate nonlinear functions to any desired degree of precision, which makes it
possible to provide quick, simple and sufficiently accurate control for complicated
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real-world systems. Fuzzy logic, using natural language to describe system behavior,
provides a simple and effective way to tune control bandwidth. Accordingly, a so-called
fuzzy sliding mode controller (FSMC) is designed for the 3D-joint robot manipulator.
To eliminate the chattering the second method is intelligent fuzzy logic method.
To reduce the challenge of chattering as well as reduce the error Palm [13] design
nonlinear intelligent saturation boundary layer function instead of linear saturation
boundary method. According to Palm [13] design, the fuzzy controller has been had two
inputs, seven linguistic variables and has 49 rule bases. This method can solve the
challenge of chattering as well as error but design this type of controller is difficult and
tune the fuzzy logic gain updating factors are very the main challenges in this theory.
Figure 2 shows the nonlinear artificial intelligence sliding mode controller based on fuzzy
logic methodology.
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Figure 2. Nonlinear Fuzzy Saturation Boundary Layer Functions [13]

The third method to reduce/eliminate the chattering is parallel linear control method.
Switching function is caused to chattering but it is one of the main parts to design robust
and high speed sliding mode controller. In sliding mode controller, sliding surface slope
(M) is the second factor to control the chattering, as a result the main task in the first
objective is reduce or eliminate the chattering in sliding mode controller based on design
parallel linear control methodology and discontinuous part. Sliding mode controller and
linear control methodologies are robust based on Lyapunov theory, therefore; Lyapunov
stability is proved in proposed chattering free sliding mode controller based on switching
theory [14-29].

In this research, three methods to reduce/eliminate the chattering are compared for 3D
joint which used in robot manipulator. The boundary layer method, intelligent method and
PD parallel method are these three methodologies to eliminate the chattering. This paper
is organized as follows; Section 2, are served as an introduction to the dynamic
formulation of 3D joints and sliding mode controller. Part 3, introduces and describes the
methodology. Section 4 presents the simulation results and discussion of this algorithm
and the final section is describing the conclusion.

2. Theory

A. Dynamic of Surgical Joints:

Dynamic modeling of spherical motors is used to describe the behavior of spherical
motor such as linear or nonlinear dynamic behavior, design of model based controller
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such as pure sliding mode controller which design this controller is based on nonlinear
dynamic equations, and for simulation. The dynamic modeling describes the relationship
between motion, velocity, and accelerations to force/torque or current/voltage and also it
can be used to describe the particular dynamic effects (e.g., inertia, coriolios, centrifugal,
and the other parameters) to behavior of system. Spherical motor has nonlinear and
uncertain dynamic parameters 3 degrees of freedom (DOF) motor [20-26].

The equation of a spherical motor governed by the following equation:

a ap @] [
H(q)|P|+B(q) |ar|+ C(q) |B? =[Ty]
¥ By I

Where 7 is actuation torque, H (q) is a symmetric and positive define inertia matrix,
B(q) is the matrix of coriolios torques, C(q) is the matrix of centrifugal torques.

This is a decoupled system with simple second order linear differential dynamics. In
other words, the component ¢ influences, with a double integrator relationship, only the
variableg;, independently of the motion of the other parts. Therefore, the angular
acceleration is found as to be [19-20]:

§=H"1(q).{r—(B+C}}

This technique is very attractive from a control point of view.

Study of spherical motor is classified into two main groups: kinematics and dynamics.
Calculate the relationship between rigid bodies and final part without any forces is called
Kinematics. Study of this part is pivotal to design with an acceptable performance
controller, and in real situations and practical applications. As expected the study of
kinematics is divided into two main parts: forward and inverse kinematics. Forward
kinematics has been used to find the position and orientation of task frame when angles of
joints are known. Inverse kinematics has been used to find possible joints variable
(angles) when all position and orientation of task frame be active.

The main target in forward kinematics is calculating the following function:

YX,q) =0

Where ¥ (.) € R™ is a nonlinear vector function, X = [Xq, X5, ... ... ,X;]T is the vector
of task space variables which generally task frame has three task space variables, three
orientation, ¢ = [q4,qz, ..., q,]" is a vector of angles or displacement, and finally n is
the number of actuated joints. The Denavit-Hartenberg (D-H) convention is a method of
drawing spherical motor free body diagrams. Denvit-Hartenberg (D-H) convention study
is necessary to calculate forward kinematics in this motor.

A systematic Forward Kinematics solution is the main target of this part. The first step
to compute Forward Kinematics (F.K) is finding the standard D-H parameters. The
following steps show the systematic derivation of the standard D-H parameters.

Locate the spherical motor

Label joints

Determine joint rotation (6 )

Setup base coordinate frames.

Setup joints coordinate frames.

Determineq;, thata;, link twist, is the angle between Z; and Z;,, about an X;.
Determine d; and q; , that a;, link length, is the distance between Z; and Z;,, along
X;. d;, offset, is the distance between X;_,; and X; along Z; axis.

Fill up the D-H parameters table. The second step to compute Forward kinematics is
finding the rotation matrix (R2). The rotation matrix from{F;} to {F;_,} is given by
the following equation;

R =UiopViay

Where Uj(g,) is given by the following equation;

NookrwphE

©
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[cos(0;) —sin(0;) O]
Uig) = |sin(8;) cos(0;) 0O
L 0 0 1
and V;q,) is given by the following equation;
1 0 0 (6)
Vi = |0 cos(a;) —sin(a;)
[0 sin(a;) cos(a;) |
So (RY) is given by

RS = (U V)U,V,)...... U,V

The final step to compute the forward kinematics is calculate the transformation 2T by
the following formulation [3]

0
o7 = 0T AT.2T ... " AT = [’f)n ‘1’]

B. Sliding Mode Controller:

Sliding mode controller (SMC) is a powerful nonlinear controller which has been
analyzed by many researchers especially in recent years. This theory was first proposed in
the early 1950 by Emelyanov and several co-workers and has been extensively developed
since then with the invention of high speed control devices [2]. The main reason to opt for
this controller is its acceptable control performance in wide range and solves two most
important challenging topics in control which names, stability and robustness [7, 17-20].
Sliding mode control theory for control of robot manipulator was first proposed in 1978
by Young to solve the set point problem (g4 = 0) by discontinuous method in the
following form;

_(tf(qt) if $;>0
Tan = {r;(q, t) if 5;<0

where §; is sliding surface (switching surface), i =1,2,...... ,n for n-DOF robot
manipulator, T;(q, t) is the i*" torque of joint. Sliding mode controller is divided into two
main sub controllers: discontinues controller(z4;,) and equivalent controller(z,).

Discontinues controller causes an acceptable tracking performance at the expense of
very fast switching. Conversely in this theory good trajectory following is based on fast
switching, fast switching is caused to have system instability and chattering phenomenon.
Fine tuning the sliding surface slope is based on nonlinear equivalent part [1-6]. However,
this controller is used in many applications but, pure sliding mode controller has two most
important challenges:  chattering phenomenon and nonlinear equivalent dynamic
formulation in uncertain parameters [20-29].

Chattering phenomenon (Figure 3) can causes some problems such as saturation and
heat the mechanical parts of robot manipulators or drivers. To reduce or eliminate the
chattering, various papers have been reported by many researchers which classified into
two most important methods: boundary layer saturation method and estimated
uncertainties method [1].

Copyright © 2016 SERSC 15

(5)

(1)

(8)



International Journal of Hybrid Information Technology
Vol.9, No.2 (2016)

Figure 3. Chattering as a Result of Imperfect Control Switching [1]

Design a robust controller for robot manipulator is essential because robot manipulator
has highly nonlinear dynamic parameters. In this section formulations of sliding mode
controller for robot manipulator is presented based on [1-6]. Consider a nonlinear single
input dynamic system is defined by [6]:

x™ = f(X) + b(X)u (10)
Where u is the vector of control input, x™ is the n**® derivation of x,
x = [x,%,%, .., xX" DT s the state vector, f(x) is unknown or uncertainty, and b(x) is
of known sign function. The main goal to design this controller is train to the desired

state; Xg = [Xg, %g, Xg, ..., xa@D]T, and trucking error vector is defined by [6]:
X=x—2x4 = [% ..., X0 DT (11)
A time-varying sliding surface s(x, t) in the state space R™ is given by [6-9]:

st = (G +D"1E=0 (12)

where A is the positive constant. To further penalize tracking error, integral part can be
used in sliding surface part as follows [6]:

s t) =G+ )™ ([xdt) =0 (13)
The main target in this methodology 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) [10-
20]

EESZ(X t) < —{Is(x, t)| (14)
where  is positive constant.

IfS(0) > 0 > .S(t) < (15)
To eliminate the derivative term, it is used an integral term from t=0 t0 t=t,cqcn
[yt £ S(8) < = [ 7" ) = S (treacn) — S(0) < ~{(treqcn — 0) (16)

Where treach is the time that trajectories reach to the sliding surface so, suppose
S(treach = 0) defined as

S0
0-— S(O) < _n(treach) - treach < (T) (17)
And
S0
lf S(O) <0-0- 5(0) < n(treach) - S(O) < ((treach) - treach <— | ( ) (18)

Equation (2.41) guarantees time to reach the sliding surface is smaller than s (()l since

the trajectories are outside of S(t).

if St, oo, =S(0) > error(x —xq) =0 (19)
suppose S is defined as
st =G +A) T=(E-%g)+AX—Xg) (20)
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The derivation of S, namely, S can be calculated as the following;

S=F—-%g) + A& —%q) (21)
suppose the second order system is defined as;
X=f+u->S=f+U—-%z;+AX—%q) (22)

Where f is the dynamic uncertain, and also since S = 0and S = 0, to have the best
approximation ,U is defined as

U=—f+xs— A% —%q) (23)

A simple solution to get the sliding condition when the dynamic parameters have
uncertainty is the switching control law:

Ugis = U— K&, t) - sgn(s) (24)
where the switching function sgn(S) is defined as [11- 16]
1 s>0
sgn(s) ={-1 §<0 (25)
0 s=0
and the K (X, t) is the positive constant. The following equation can be written as,

d . - P
cos?(x,t)=S-S=[f—f—Ksgn(s)]-S = (f —f)- S - KIS| (26)
The sliding surface can be calculated as
s(x,6) = (G + D2 ([yFdt) = (x — %g) + 2A(% — %) — 23(X — Xg) (27)
in this method the approximation of U is computed as [6]

U=—f+xq—2A(% —%Xq) + A2(x — xq) (28)

Based on above discussion, the sliding mode control law for a multi degrees of freedom
robot manipulator is written as [12-18]:

T = Teq + Tais (29)
where, the model-based component ., is the nominal dynamics of systems and ., can
be calculate as follows [1]:

Teq = [M™'(B+C+6) + S|M (30)
and tg4;¢ is computed as [1];

Tais = K - sgn($) (31)
The control output can be written as;

T = Toq + K.sgn(s) (32)
The sliding mode control of system is calculated as;
T=[M"Y(B+C+G)+S|M+K-sgn(S) (33)

where S = e +¢é inPD-SMCand S = e +¢é + (’%)2 Y. e in PID-SMC.

3. Methodology

In this research chattering attenuation based on three methods are compared.

Chattering Attenuation Using Boundary Layer 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. The saturation (linear)
method with small neighborhood of the switching surface is calculated as

B(t) ={x,|S()| < 0};0>0 (34)
where @ is the boundary layer thickness.
U =KGt)-sat(5/y) (35)

While saturation function formulation (Sat (S/(D) ) is as follows
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(1 C/p>1D
sat (5/®) = ! -1 (S/(D <-1) (36)
S/Q (—1<S/®< 1)

Considering the above points, to reduce chattering phenomenon in sliding mode controller
based on saturation function, the following formulation is used

T=Teq + Tsar (37)
and 7., can be calculate as follows:

Teq=[A"'(B+C+6G)+5]A (38)
and T, is computed as

Toqr = K - sat (S/(Z)) (39)
The linear chattering free sliding mode control is calculated as;
T=[M(B+C+6G)+S|M+K-sat(S/,) (40)

According to above discussion the chattering phenomenon may be eliminated by linear
boundary layer method but there is no theoretical Lyapunov stability proof for using this
control law.

Chattering Attenuation Using a Parallel Linear Method: To reduce the chattering in
presence of switching functions; linear controller is added to discontinuous part of sliding
mode controller. Linear controller is type of stable controller as well as conventional
sliding mode controller. In proposed methodology PD, PI or PID linear controller is used
in parallel with discontinuous part to reduce the role of sliding surface slope as a main
coefficient. The formulation of new chattering free sliding mode controller for robot
manipulator is;

T = Teq + Tdis—new (41)

Teq 1S equivalent term of sliding mode controller and this term is related to the nonlinear
dynamic formulation of joint. The new switching discontinuous part is introduced by
Tgis—new and this item is the important factor to resistance and robust in this controller. In
PD sliding surface, the change of sliding surface calculated as;

SPD=/1€+e—>SpD=/1e+e (42)
The discontinuous switching term (t4;5) is computed as

Tais—new = Kq *sgn(s) + Kb-s" ) (43)
Tgis—PD—new = Ko sgn(de + eg + Kp,-(Ade +¢) . (44)
Tais—pi-new = Ko sgn (2e + ©)? 3 e) + K, - (de + 52 Te) (45)

Tais—pip-new = Ko sgn(de + e+ 9)?Ye) + Ky~ (Ae + e+ (D?Te)  (46)
T="Teq+ Kq.58n(S) + +Kp,. S = [A‘l(q) X (N(q,q)) + S] x A(q) + K,.sgn(S) +
K,.S (47)
The formulation of PD-SMC is;

Tpp—smc-new = Ko sgn(de + &) + Ky, - (e + &) + [A71(q) x (N(q,q)) + §] x
A(q) o (48)
A(Q)ij +V(q,)q + 6(q) = Ay + V3, + G + Ko 5gn(S) + Kp. S (49)
Where A,V and G are the estimation of A(q),V(q, q) and G(q) and in this formulation
Ko =[Kqy Koy Kaz| and K = [Kpy, Kp,, Kp,]
Sinceqgg=g—Sandgyz=q4—S$

AS+ (V + K,)S = Af — K, sgn(S) (50)
Where Af = AAg+AV@g+AGandAA=A—-AAV =V —-Vand AG=G -G

the dynamic equation of joint can be written based on the sliding surface as
AS=-VS+AS+VS+G—1 (51)
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Assuming that it can be expressed by the following equation:

sT(A-2v)s=0 (52)

If the Lyaponuv function is written by;

V= %STA(q)S (53)

We can written the derivative of Lyapunov functions as;

V=5745+2 ST AS (54)
= ST(AS +VS)

= ST[—kypS + Af — kysgn(S)]
= Yo 1(Si[Afi — kaisgn(S)HD—STkyS.

and

V= %sTAs —STVS +ST(AS+VS+6—1)=ST(AS+VS+G—1) (55)
T =Ty +Tas = |A"1(V +G) + $]A + K, sgn(S) + Kp. S (56)
V=ST(AS+VS+G—-AS—VS—G—K,sgn(S) —K,.S=ST(AS+VS+G -
Ksgn(S) — K,.S) (57)
For k,; = |Af;| we always get S;[Af; — kqaisgn(S;)] < 0 and we can write:

V= 301(SiAf i — kaisgn(SOD—S"kpS < —STkpS < 0 (§+0) (58)

Chattering Attenuation Using Fuzzy Logic Method: Supposed that U is the universe
of discourse and x is the element of U, therefore, a crisp set can be defined as a set which
consists of different elements (x) will all or no membership in a set. A fuzzy set is a set
that each element has a membership grade, therefore it can be written by the following
definition;

A={x,pus(x)|x€EX};A€U (59)

Where an element of universe of discourse is x, u, is the membership function (MF) of
fuzzy set. The membership function (u4(x)) of fuzzy set A must have a value between
zero and one. If the membership function u,(x) value equal to zero or one, this set
change to a crisp set but if it has a value between zero and one, it is a fuzzy set. Defining
membership function for fuzzy sets has divided into two main groups; namely; numerical
and functional method, which in numerical method each number has different degrees of
membership function and functional method used standard functions in fuzzy sets. The
membership function which is often used in practical applications includes triangular
form, trapezoidal form, bell-shaped form, and Gaussian form. A Trapezoidal membership
function of fuzzy set is defined by the following equation

0 ,x<a
E, a<x<b
u =< 60
F&® u, c<x<d (60)
d—c
\0 ,x>d
A Triangular membership function of fuzzy set is defined by the following equation
0 ,x<a
E, as<x<b 61
=4
Hro =Y = o v <o D
c-b
\0 ,x>c
A Gaussian membership function of fuzzy set is defined by
—(x—c,r)2
llF(x) =e w (62)
and a Bell-shaped membership function of fuzzy set is defined by
1
HF() = Teny? (63)
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Figure 4. Most Important Membership Functions in Fuzzy Set: 1-Trianglar, 2-
Trapezoidal, 3-Gaussian, 4-Bell-shaped

Figure 4 shows the typical shapes of membership functions in a fuzzy set.

The union of two fuzzy set A and B (S — norm) is a new fuzzy set which the new
membership function is given by

S(a,b) = paypay = Max{iaq), Hpw ), Vu€eu (64)

The intersection of two fuzzy set A and B (T — norm) is a new fuzzy set which the
new membership function is given by

T(a,b) = panpay = Min{paq), pan} = Raqw- BB _ (65)
Racw) , e =1
= max(0, pau) + M) — 1) =1 HBw) v ifaa =1
0 , ifupw) Maw <1

In fuzzy set the min operation can resolve the statement A AND B and can be shown
by min(A4, B) operation. Using the same reason, the A OR B operation can be replace by
max operation in fuzzy set and at last the NOT A operation can be replace by 1 — A
operation in fuzzy set. The algebraic product of two fuzzy set A and B is the
multiplication of the membership functions which is given by the following equation

BaBw) = Ma@w) BB (66)
The algebraic Sum of two fuzzy sets A and B is given by the following equation
BazBu) = Haw)-MBw) — Ma@w)- BB (67)

Linguistic variable can open a wide area to use of fuzzy logic theory in many
applications (e.g., control and system identification). In a natural artificial language all
numbers replaced by words or sentences. In Figure 5 the linguistic variable is torque and
the linguistic values are Low,Medium and High.

If — then Rule statements are used to formulate the condition statements in fuzzy
logic. A single fuzzy If — then rule can be written by

If xisAThenyisB (68)

where A and B are the Linguistic values that can be defined by fuzzy set, the If —
part of the part of “x is A” is called the antecedent part and the then — part of the part
of “y is B” is called the Consequent or Conclusion part. The antecedent of a fuzzy if-then
rule can have multiple parts, which the following rules shows the multiple antecedent
rules:
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ifeisNBand éis MLthenT is LL (69)
where e is error, é is change of error, NB is Negative Big, ML is Medium Left, T is
torque and LL is Large Left.

« |Low Medium High

Membership Degree
0.5

I I I I I I I I I XTorgque(N.m)

0 10 20 30 40 50 60 70 80 920 100

Figure 5. Linguistic Variable and Linguistic Value

If — then rules have three parts, namely, fuzzify inputs, apply fuzzy operator and
apply implication method which in fuzzify inputs the fuzzy statements in the antecedent
replaced by the degree of membership, apply fuzzy operator used when the antecedent has
multiple parts and replaced by single number between 0 to 1, this part is a degree of
support for the fuzzy rule, and apply implication method used in consequent of fuzzy rule
to replaced by the degree of membership. Figure 6 shows the main three parts in If —
then rules.

ifeis N.B and eis M.L then Tis L.L
Ke Kt

min => L (-0.875,.5.17.T)
............ 0.23
;—5.17 T
-5.8 -3.33  -0.8 10 50 90
;=025
if (0.75)  and (0.25) Then Tig LL

min (0.75, 0.25) = 0.25

Figure 6. Main Three Parts in IF-THEN Rules in Fuzzy Set

The fuzzy inference engine offers a mechanism for transferring the rule base in fuzzy
set which it is divided into two most important methods, namely, Mamdani method and
Sugeno method. Mamdani method is one of the common fuzzy inference systems and he
designed one of the first fuzzy controllers to control of system engine. Mamdani’s fuzzy
inference system is divided into four major steps: fuzzification, rule evaluation,
aggregation of the rule outputs and defuzzification. Michio Sugeno use a singleton as a
membership function of the rule consequent part. The following definition shows the
Mamdani and Sugeno fuzzy rule base

Mamdani F.R':if xisAandyisB then zisC
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Sugeno F.R:if xisAandyisB then f(x,y)isC (70)

When x and y have crisp values fuzzification calculates the membership degrees for
antecedent part. Rule evaluation focuses on fuzzy operation (AND /OR ) in the antecedent
of the fuzzy rules. The aggregation is used to calculate the output fuzzy set and several
methodologies can be used in fuzzy logic controller aggregation, namely, Max-Min
aggregation, Sum-Min aggregation, Max-bounded product, Max-drastic product, Max-
bounded sum, Max-algebraic sum and Min-max. Two most common methods that used in
fuzzy logic controllers are Max-min aggregation and Sum-min aggregation. Max-min
aggregation defined as below

1y (e Vi U) = By pi (o Vi U) = max {minl_y [, (i Y10, by, ()]} (72)
The Sum-min aggregation defined as below

by (X, Vi U) = pyr_ pri(Xp Vi, U) = X ming_, [”qu(xk' yk)vﬂpm(U)] (72)
where r is the number of fuzzy rules activated by x, and y, and also
ﬂULr=1FRi(Xkryk; U) is a fuzzy interpretation of i — th rule. Defuzzification is the last step

in the fuzzy inference system which 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 crisp number. Centre of gravity method (COG) and Centre of area method
(COA) are two most common defuzzification methods, which COG method used the
following equation to calculate the defuzzification

_ ZiUi Y1 MGy Ui)

COC(xYI) = 5 Gy

and COA method used the following equation to calculate the defuzzification

iUipu (XY Us)

COACxi yi) = iy YioUi) (74)

Where COG(xy,y,) and COA(xy,yy) illustrates the crisp value of defuzzification
output, U; € U is discrete element of an output of the fuzzy set, py. (xk, vk, U;) is the
fuzzy set membership function, and r is the number of fuzzy rules.

Based on foundation of fuzzy logic methodology; fuzzy logic controller has played
important rule to design nonlinear controller for nonlinear and uncertain systems.
However, the application area for fuzzy control is really wide, the basic form for all
command types of controllers consists of;

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

e Fuzzy rule base (knowledge base)

o Inference engine

e Output defuzzification (fuzzy-to-binary [F/B] conversion).

Fuzzification is used to change the crisp set into fuzzy set. Knowledge base is used to
rule evaluation and determine the membership degree and if all fuzzy inputs activated by
the known input values. Fuzzy inference engine is used to transferring the rule base into
fuzzy set by Mamdani’s or Sugeno method based on aggregation of the rules output.
Deffuzification is the last part to calculate the fuzzy inference system.

Fuzzy logic theory is used to estimate the system’s chattering. This type of controller is
free of mathematical dynamic parameters of plant. However fuzzy logic controller used in
many applications, but pure fuzzy logic controller have problems in pre sense of
uncertainty condition (robust) and pre-define the inputs/outputs gain updating factors. To
solve the chattering challenge especially in uncertain system, sliding mode fuzzy
controller is recommended. The formulation of PD-SMC is;

(73)

Tpp—suc = Ko -sgn(de + &) + [A_I(Q) X (N(q,q) + S] X A(q) (75)
That Teq is;
Teqg = [A71(q) x (N(q,9)) + S| x A(q) (76)

When system works in uncertainty, the nonlinearity term of robot manipulator is not
equal to equivalent term of sliding mode controller and the amplitude of chattering can be
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increase. To solve this challenge in this research PD like fuzzy logic controller is
recommended as follows;

Tpp-smc = Kq - sgn(de + ) + UPD—fuzzy (77)

PD like fuzzy logic controller has two inputs, Proportional (P), and Derivative (D) if
each input defined by N linguistic variables has N x Nlinguistic variables. According to
fuzzy logic methodology definition;

Ufuzzy = (Zﬁl 0T f(x))e,z ee (78)
where 07 is gain updating factor and (x) is defined by;

_ Zik(xp)x;
¢(x) = i m(xp) (79)

And the u(x;) parameter is membership function.

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.
However the application of fuzzy logic controller is really wide, all types of fuzzy logic
controllers consists of the following parts;

e Choosing inputs
Scaling inputs
Input fuzzification (binary-to-fuzzy[B/F] conversion)
Fuzzy rule base (knowledge base)
Inference engine
Output defuzzification (fuzzy-to-binary[F/B] conversion)
Scaling output

Define the Inputs and Control Variables: In most of industrial controllers error and
the functional of error are used as inputs to design controller. According to design the PD-
like fuzzy controller, error and change of error are used to define as controllers’ inputs.
Therefore the antecedent part of rule base is comprised of two parts. In this part fuzzy
controller’s inputs are error (e) and change of error (¢) and the fuzzy controller output is
PD fuzzy output (Upp-— fuzzy )

Scaling inputs/outputs: in fuzzy logic controller to define membership function,
scaling the universe of discourse for all parts of rule base (consequent and antecedent
part) is very important. 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 moreover when the scale output is scaled, the gain
updating factor of the controller is scaled which it is 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. In this research the scaling factor
for error is [—0.1 to 0.1] and divided into eleven levels as follows:

e ={-0.1,—-0.08,—-0.06,—0.04,—-0.02,0,0.02,0.04, 0.06,0.08,0.1} and the scaling
factor of change of error is [—1 to 1] and divided into eleven levels as follows:

é={-1,-0.8,-0.6,—0.4,—0.2,0,0.2,0.4,0.6,0.8,1} and at last the scaling factor of
PD fuzzy output are between [—1.5 to 1.5].

Input Fuzzification (Binary-to-Fuzzy [B/F] Conversion):

This part is divided into three main parts;
e Linguistic variables
e Scaling factor (normalization factor)
¢ Inputs membership function

Copyright © 2016 SERSC 23



International Journal of Hybrid Information Technology
Vol.9, No.2 (2016)

In this research a linguistic variable is defined by;

e Symbolic name of inputs/outputs variables: error,change of error and
PD fuzzy output.

e Set of linguistic values that for error can take on: Negative Big (NB), Negative
Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive
Medium (PM), Positive Big (PB). The linguistic values for change of error are:
Negative (N), Zero (Z) and Positive (P) and the linguistic variables for PD fuzzy
output are: Negative Big (NB), Negative Medium (NM), Negative Small (NS),
Zero (Z), Positive Small (PS), Positive Medium (PM), Positive Big (PB).

e Scaling factor as actual physical domain over which the meaning of the linguistic
value, based on experience knowledge this range for error is [—0.1 to 0.1], for
change of error is [—1 to 1] and finally for PD fuzzy output is[ —1.5 to 1.5].

According to experience knowledge in this research, triangular membership function is
selected for inputs and output. Figures 7 to 9 show the fuzzification part for PD like fuzzy
controller system, this controller has two inputs (error and change of error) and one output
(PD fuzzy output), the first input (error) is described with seven linguistic values;
Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive
Small (PS), Positive Medium (PM), Positive Big (PB) and it is quantized into eleven
levels as follows: e = {—0.1,—0.08,—0.06,—0.04,—0.02,0,0.02,0.04,0.06,0.08, 0.1},
the second input (change of error) is described with three linguistic values; Negative (N),
Zero (Z) and Positive (P) and it is quantized into eleven levels as:
é ={-1,-0.8,-0.6,—0.4,—0.2,0,0.2,0.4,0.6,0.8,1} and the output (PD fuzzy output)
is described with seven linguistic values; Negative Big (NB), Negative Medium (NM),
Negative Small (NS), Zero (Z), Positive Small (PS), Positive Medium (PM), Positive Big
(PB) and triangular membership functions are used for inputs and output.
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]

Figure 7. Membership Function, Scaling and Linguistic Variables for Error

I z f

-0 -y A= L U

input variable "Derror”

Figure 8. Membership Function, Scaling and Linguistic Variables for
Change of Error
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Figure 9. Membership Function, Scaling and Linguistic Variables for

PD Fuzzy Output

Fuzzy rule Base: 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 Expert experience and knowledge base
e Learning based on operators’ control action
o 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. According to
fuzzification the error has seven linguistic variables, the change of error has three
linguistic variables and the PD fuzzy output has seven linguistic variables. Therefore PD
like fuzzy controller has 21 rule-bases in five parts as follows:
Part 1:

FRY:IFeisPSandéisZthenUppis NS
FR%*.IFeisZand éisZthenUppisZ
FR3:IFeis NSand éis Z then Upy is PS

According to first three rule-base error is positive or negative small or zero and change
of error is zero. In this case the system’s output (Upp) has close deviation around the
desired level. Therefore these three rules are related to steady state system’s output
behavior. In this case if error is positive small to estimate it, the controllers output needs
to change the direction with the same power.

Part 2:

FR*:IFeisPBandéis N thenUppisZ
FR>:IF e is PM and é is N then Upp is PS

In this part the error is Positive Big or medium, therefore based on error formulation
(e = q4 — q,) the desired input is considerably above the actual input. In this time the
rate of error is negative, it means that actual input is moving towards to the desired input
and caused to reduce the error towards to zero. The control action should to tune the rate
of reduce the error. For example when error is Positive Big and change of error is
Negative, no control action is recommended because the actual input will be estimate by
the speed of change of error due to the desired input.

Part 3:

FRO:IF e is PS and é is N then Upp is PM
FR7:IFeisZand éis N thenUpp is PB
FR8: IFeis NSand éis N thenUpp is PB
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FR?:IF e is NM and é is N then Up is PB
FR':IF eis NBand éis N then Upp, is PB

In this part the actual input is near the desired input (e(t) is Positive Small, Zero or
Negative Small) or the actual input is drastically above it (e(t) is Negative Medium or
Negative Big) and at this time the rate of error is negative, it means the rate of actual input
is greater than desired input and caused to actual input moving away from desired input.
In this time, the role of controller is to reverse this trend and caused actual input start to
moving toward to the desired input. According to part 3 rule bases the trend of error will
be reduces.

Part 4:

FR':.IFeis NM and é is P then Upp is NS
FR2:IFeisNBand éis PthenUpp is Z
FR3:IFeis NM and é is Z then Upp is PM
FR“:IFeis NBand éis Z then Upy is PB

For this group the actual input is drastically below the desired input (e(t) is Negative
Medium or Negative Big) and at this time the rate of error is Positive or Zero, it means the
rate of actual input is lower than desired input and caused to actual input moving toward
to desired input. In this time, the role of controller is to speed control to reduce the error.

Part 5:

FR'S:IFeis NS and éis P thenUpp is NM
FR':IFeisZand éis P thenUpp is NB
FRY:IFeis PSandéis P thenUpp is NB
FR'8:IFeis PM and éis P then Upp is NB
FRY:IFeis PBand éis P then Upp is NB
FR?*:IFeis PM and éis Z thenUpp is NM
FR?*:IFeis PB and é is Z then Upy is NB

This part is very similar to part 3. In this group, the actual input is near the desired
input (e(t) is Negative Small, Zero or Positive Small) or the actual input is drastically
below it (e(t) is Positive Medium or Positive Big) and at this time the rate of error is
positive or Zero, it means the rate of actual input is lower than desired input and caused to
actual input moving away from desired input. In this time, the role of controller is to
reverse this trend and caused actual input start to moving toward to the desired input.

The PD like fuzzy rule table shows in Table 1.

Table 1. Rule Table in PD Like Fuzzy Logic Controller

e
e

P |NB| NB | NB | NB

PB| PM | PS|] Z | NS| NM | NB

N
M NS | Z
NB|{NM|NS| Z | PS| PM | PB

z
N | Z PS |PM| PB | PB| PB | PB

Inference Engine (Fuzzy Rule Processing): The fuzzy inference engine recommends
a fuzzy method to transfer the fuzzy rule base to fuzzy set. Mamdani and Sugeno methods
are two main techniques of fuzzy rule processing. In this research Mamdani fuzzy
inference engine is used as fuzzy rule processing. To inference analysis, two following
rule bases are defined as bellows:
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F.R:ifeisNM and éisN then UisPB
F.R?ifeisNB and éisN then UisPB
If two positions are selected to this analyze: e = —0.06664 and é = —0.6 and
according to Figures 3.10 to 3.12, all three membership degree are: ey, = 1, for
é(N) = 0.5 and enp) = 0.
According to fuzzy rule base, the connection words is AND, the activation degrees is
computed as
fpr, = Min|pevmy (—0.06664), teypy(—0.6)] = min[1,0.5] = 0.5

Hrr, = Min|ey.5)(—0.06664), us(ns)(—0.6)] = min[0,0.5] =
The activation degrees of the consequent parts for F. R* and F. R? are computed as:
trg, (—0.06664, —0.6,U) = min|upg, (—0.06664, —0.6), uy(ppy| = min[0.5, ty(pp]
Hrr,(—0.06664, —0.6,U) = min[ugg, (—0.06664, —0.6), iy (pp) | = min[0, ty(pp)]
Fuzzy set Upg (1) and Upp () have three elements:

F.F'(-0.06664,—0.6,U) = {(0,1.002), (0.5,1.5), (0,1.998)}
F.F2(—0.06664,—0.6,U) = {(0,1.002), (0,1.5), (0,1.998)}
The aggregation degree is the aggregate two neighbouring fuzzy rules and makes a new
consequent part. The Max-min aggregation is in above instance is;
Ky, (—0.06664,—0.6,U) = 112 p1(—0.06664,—0.6,U)

= max{ulg (—0.06664, —0.6,U)pp , i2p(—0.06664,—0.6,U)p5 }

AD;, = {(0,1.002), (0.5,1.5), (0,1.998)}

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 crisp humber. Centre of gravity
method (COG) and Centre of area method (COA) are two types method to calculate the
defuzzifications.

In this research COG method is used for defuzzification:
COG = [(0 x 1.002) + (0.5 x 1.251) + (0.5 x 1.5) + (0.5 x 1.749) + (0 x

1.998)][0 + 0.5 + 0.5 + 0.5 + 0]~ 225_+15

Therefore the output PD-like fuzzy controller for two rule-bases is 1.5. Figure 10 shows
the output rule base viewer in PD like fuzzy controller.
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Figure 10. Rule Viewers in PD-Like Fuzzy Controller
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According to design fuzzy logic controller, Figure 11 shows PD like fuzzy logic
controller.

[q4] e

PD-Like

Froxy Logle b System A
Controller )

Figure 11. PD-Like Fuzzy Logic Controller

4

Table 2 shows the PD like fuzzy logic controller lookup Table.

Table 2. Lookup Table in PD Like Fuzzy Logic Controller

éf* 01 | -0.08 | -0.06 | -0.04 | -0.02 0 0.02 |1 0.04 | 006 | 0.08 1

-1 140 | 140 | 140 1.38 128 | 125 | 104 | 088 | 0.62 | 0.391 0
0.8 140 | 132 | 131 12 127 | 124 | 103 | 0.877 | 061 | 0.291 0
06 | 140 | 112 | 0923 | 0.888 | 0.635 | 0.619 | 0464 | 0222 | 01 | -011 | -03
04 | 137 105 | 088 | 0695 | 0441 | 03 | 0109 |-0.074|-0223| 08 | -0.62
0.2 | 137 1.04 | 0877 | 0.622 | 0.291 0 |[-0291)-0.623(-0878| -1.04 | -1.32

0 128 1.04 | 0877 | 0.622 | 0.291 0 |-0291)-0623| -09 | -1.04 | -1.32
0.2 120 | 1.04 | 0877 | 0622 | 0291 0 |-0291)-0623| -09 | -1.04 | -1.32
04 | 0619 | 0464 | 0222 | 008 | 011 | -03 [-0441|-0695| 09 | -11 | -1.34
06 | 0298 | 0109 | -0.074 | -0.222 | -0.646 | -0.619 |-0.635| -0.89 | -0.924 | -1.33 | -1.35
0.8 ~0 |[-0201| -0622 | -087 | -104 | -134 | -1.32 | -1.34 | -133 | -1.35 | -1.37

1 0 0291 | -0.63 | -0.88 | -1.04 | -125 | -1.32 | -1.34 | -1.35 | -1.36 | -1.38

4. Results

In this part conventional sliding mode controller, chattering attenuation boundary layer
method, chattering attenuation intelligent method and chattering attenuation PD parallel
method are compared for 3-D joint.

Comparison of the Tracking Data and Information: the trajectory following for
conventional sliding mode controller, chattering attenuation boundary layer method,
chattering attenuation intelligent method and chattering attenuation PD parallel method
are compared in this section. According to Figure 12, traditional sliding mode controller
has high frequency oscillation chattering. To chattering attenuation three methods are
compare: chattering attenuation boundary layer method, chattering attenuation intelligent
method and chattering attenuation PD parallel method. However boundary layer method
can reduce the chattering but this method has two challenges: proof the stability and
quality of performance. To solve these two challenges, parallel linear sliding mode
controller and intelligent chattering attenuation sliding mode controller are used. Based on
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the following Figure, eliminating the sign function in sliding mode controller using
saturation function caused to eliminate the chattering however, robustness of control and
accuracy are lost. The trajectory following and chattering elimination is illustrated in
Figure 12. According to Figure 12, fuzzy sliding mode controller is faster than parallel
linear sliding mode controller and saturation sliding mode controller because the rise time
in fuzzy like sliding mode controller is about 0.47 second, in parallel sliding mode
controller is 0.55 second and in saturation sliding mode controller is 3.14 second. In error
point of view, parallel linear SMC is better than intelligent sliding mode control and
boundary layer SMC. However, boundary layer sliding mode controller can reduce the
chattering but this method is caused to increase undershoot and error. According to Figure
12, intelligent sliding mode control and parallel linear sliding mode controller have
accurate trajectory response and they can eliminate the chattering as well as reduce the
error.
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Figure 12. Chattering Attenuation: SMC, Saturation SMC, Fuzzy SMC and
Parallel Linear SMC

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 sliding mode controller, parallel linear sliding mode
controller, boundary layer sliding mode controller and intelligent fuzzy sliding mode
algorithm. In Figures 13, trajectory accuracy is shown. According to this graph, however
intelligent fuzzy sliding mode controller has suitable steady state error in presence of
uncertainty but it is robust than parallel linear sliding mode controller and more robust
than boundary layer sliding mode controller. Boundary layer sliding mode controller has
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very much fluctuations in presence of external disturbance. In error point of view,
intelligent sliding mode control is better than parallel linear SMC. Both intelligent sliding
mode control and parallel linear SMC are better than boundary layer SMC in certain and
uncertain condition. However, boundary layer sliding mode controller can reduce the
chattering but this method is caused to increase undershoot and error. However, these
three methodology can eliminate the chattering but they have challenges in presence of
uncertainty and external disturbance.
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Figure 13. Chattering Attenuation: SMC, Saturation SMC, Fuzzy SMC and
Parallel linear SMC in Presence of Uncertainty

5. CONCLUSION

This research is concerned with development of mathematical models and control
methods investigation about a certain and uncertain type of three dimensions joint.
Three dimension of joint is a novel type of actuator that closely mimics human
skeletal muscles in size and power capabilities, which is considered for use in
exoskeletons to be worn by humans for strength augmentation and for use as
actuators in robotic systems.  Since 3-D joints are nonlinear and time-varying,
perfect knowledge of 3D joint characteristics i s impossible. Moreover, the
inertial parameters of robot manipulators, which depend on the payload, are
often unknown and changing. Therefore, precise dynamical models of robot
manipulators actuated by 3D joints are usually unavailable.

Sliding mode is a well-known robust  control  approach due to its strong
insensitivity to system parameters variation. The discontinuous switching control
strategy of sliding mode is designed such that a constringency property dominates
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the closed-loop dynamics of the nonlinear system. In this way, it induces a
stabilization on the sliding surface hence the desired tracking trajectories are
obtained. This part of sliding mode controller caused chattering phenomenon. To
attenuation of this challenge in sliding mode controller, three types methodology
are introduced: boundary layer algorithm, parallel PD control and intelligent fuzzy
PD controller. Regarding to results, parallel PD control and intelligent fuzzy PD
controller are more suitable than boundary layer method for chattering attenuation
in three dimensions joint. According to this research, intelligent method has
minimum error in uncertain condition but it has some challenges in real time
situations.
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