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EDITORIAL PREFACE

Robots are becoming part of people's everyday social lives - and will increasingly become so. In
future years, robots may become caretaking assistants for the elderly or academic tutors for our
children, or medical assistants, day care assistants, or psychological counselors. Robots may
become our co-workers in factories and offices, or maids in our homes. It is the Fifth Issue of
Volume Two of International Journal of Robotics and Automation (IJRA). IJRA published six times
in a year and it is being peer reviewed to very high International standards.

The initial efforts helped to shape the editorial policy and to sharpen the focus of the journal.
Starting with Volume 3, 2012, IJRA appear with more focused issues. Besides normal
publications, IJRA intends to organize special issues on more focused topics. Each special issue
will have a designated editor (editors) — either member of the editorial board or another
recognized specialist in the respective field.

IJRA looks to the different aspects like sensors in robot, control systems, manipulators, power
supplies and software. IJRA is aiming to push the frontier of robotics into a new dimension, in
which motion and intelligence play equally important roles. IJRA scope includes systems,
dynamics, control, simulation, automation engineering, robotics programming, software and
hardware designing for robots, artificial intelligence in robotics and automation, industrial robots,
automation, manufacturing, and social implications etc. IJRA cover the all aspect relating to the
robots and automation.

The IURA is a refereed journal aims in providing a platform to researchers, scientists, engineers
and practitioners throughout the world to publish the latest achievement, future challenges and
exciting applications of intelligent and autonomous robots. IJRA open access publications have
greatly speeded the pace of development in the robotics and automation field. IJRA objective is to
publish articles that are not only technically proficient but also contains state of the art ideas and
problems for international readership.

In order to position IJRA as one of the top International journal in robotics, a group of highly
valuable and senior International scholars are serving its Editorial Board who ensures that each
issue must publish qualitative research articles from International research communities relevant
to signal processing fields.

IJRA editors understand that how much it is important for authors and researchers to have their
work published with a minimum delay after submission of their papers. They also strongly believe
that the direct communication between the editors and authors are important for the welfare,
quality and wellbeing of the Journal and its readers. Therefore, all activities from paper
submission to paper publication are controlled through electronic systems that include electronic
submission, editorial panel and review system that ensures rapid decision with least delays in the
publication processes.

To build its international reputation, we are disseminating the publication information through
Google Books, Google Scholar, Directory of Open Access Journals (DOAJ), Open J Gate,
ScientificCommons, Docstoc and many more. Our International Editors are working on
establishing ISI listing and a good impact factor for IJRA. We would like to remind you that the
success of our journal depends directly on the number of quality articles submitted for review.
Accordingly, we would like to request your participation by submitting quality manuscripts for
review and encouraging your colleagues to submit quality manuscripts for review. One of the
great benefits we can provide to our prospective authors is the mentoring nature of our review
process. IJRA provides authors with high quality, helpful reviews that are shaped to assist
authors in improving their manuscripts.

Editorial Board Members
International Journal of Robotics and Automation (IJRA)
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Abstract

Refer to the research, review of sliding mode controller is introduced and application to robot manipulator
has proposed in order to design high performance nonlinear controller in the presence of uncertainties.
Regarding to the positive points in sliding mode controller, fuzzy logic controller and adaptive method, the
output in most of research have improved. Each method by adding to the previous algorithm has covered
negative points. Obviously robot manipulator is nonlinear, and a number of parameters are uncertain, this
research focuses on comparison between sliding mode algorithm which analyzed by many researcher.
Sliding mode controller (SMC) is one of the nonlinear robust controllers which it can be used in uncertainty
nonlinear dynamic systems. This nonlinear controller has two challenges namely nonlinear dynamic
equivalent part and chattering phenomenon. A review of sliding mode controller for robot manipulator will
be investigated in this research.

Keywords: Robotic System, Nonlinear System, Robust Controller, Sliding Mode Controller.

1. INTRODUCTION

There are a lot of control methodologies that can be used for control of robot manipulators. These range of
various controllers applied from linear to nonlinear, to lots of non-classical non-linear and adaptive non-
classical non-linear. In this paper an attempted has been made to do a review of sliding mode control
(SMC) for robotics manipulator.
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Non linear control methodologies are more general because they can be used in linear and non linear
systems. These controllers can solve different problems such as, invariance to system uncertainties, and
resistance to the external disturbance. The most common non linear methodologies that have been
proposed to solve the control problem consist of the following methodologies: feedback linearization
control methodology, passivity-based control methodology, sliding mode control methodology, robust
Lyapunov-based control methodology, adaptive control methodology, and artificial intelligence- based
methodology [2].

Sliding mode controller (SMC) is a powerful nonlinear controller which has been analysed 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 [19, 21]. The main reason to select this controller in wide range area is have acceptable
control performance and solve two most important challenging topics in control which names, stability and
robustness [2; 17; 62]. However, this controller used in wide range but, pure sliding mode controller has
following disadvantages. Firstly, chattering problem; which can caused the high frequency oscillation of the
controllers output. Secondly, sensitivity; this controller is very sensitive to the noise when the input signals
very close to the zero. Last but not the least, nonlinear equivalent dynamic formulation; which this problem
is very important to have a good performance and it is difficult to calculation because it is depending on the
nonlinear dynamic equation [63, 25].

Chattering phenomenon can cause some problems such as saturation and heat for mechanical parts of
robot manipulators or drivers. To reduce or eliminate the chattering, various papers have been reported by
many researchers and classified in two most important methods, namely, boundary layer saturation
method and estimated uncertainties method [2, 19, 21-23, 27, 51, 53, 56].

In recent years, artificial intelligence theory has been used in sliding mode control systems. Neural
network, fuzzy logic, and neuro-fuzzy are synergically combined with sliding mode controller and used in
nonlinear, time variant, and uncertainty plant (e.g., robot manipulator). The strategies for robotics are
classified in two main groups: classical and non-classical methods, where the classical methods use the
mathematical models to control systems and non-classical methods use the artificial intelligence theory
such as fuzzy logic, neural networks and/or neuro-fuzzy.

After the invention of fuzzy logic theory in 1965 by Zadeh, this theory was used in wide range applications.
Fuzzy logic controller (FLC) is one of the most important applications in fuzzy logic theory. This controller
can be used to control of nonlinear, uncertain systems and transfer expert knowledge to mathematical
formulation. However pure FLC works in many areas but, it cannot guarantee the basic requirement of
stability and acceptable performance [53]. Some researchers applied fuzzy logic methodology in sliding
mode controllers (FSMC) to reduce the chattering and equivalent problems in pure sliding mode controller
so called fuzzy sliding mode controller [41, 46, 61] and the other researchers applied sliding mode
methodology in fuzzy logic controller (SMFC) to improve the stability of system that is most important
challenge in pure FLC [4, 23, 48-50].

Fuzzy sliding mode controller (FSMC) is a sliding mode controller which combined to fuzzy logic system
(FLS) to reduce or eliminate the high frequency oscillation (chattering), to compensate the unknown
system dynamics, and also to adjustment of the linear sliding surface slope. H.Temeltas [46] has proposed
FSMC to achieving robust tracking of nonlinear systems. C. L. Hwang et al. [8] have proposed a fuzzy
model based sliding mode control based on N fuzzy based linear state-space. A multi-input multi-output
FSMC to reduce the chattering and constructed to approximate the unknown system has been presented
for a robot manipulator [42].

Sliding mode fuzzy controller (SMFC) is a fuzzy logic controller based on sliding mode methodology to
reduce the fuzzy rules and to refine the stability of close loop system. Research on SMFC is significantly
growing as their applications, for instance, in control robot manipulator which, have been reported in [4, 23,
48-50]. H.K.Lee et al. [52] have presented self tuning SMFC to reduce the fuzzy rules, increase the
stability and to automatically adjusted control parameters. Palm R [23] has proposed SMFC to increase the
robustness and trajectory disturbance.
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Another method to intelligent control of robot manipulator is Artificial Neural Networks (ANNS) or Neural
networks (NNs). It is a parametric nonlinear function and the parameters are the weights of the NNs. It can
be used in two areas in robotics, namely, control robot manipulator and identification. Neural networks
control is very effective tool to control robot manipulator when robot manipulators have uncertainty in
dynamic part. With this method, researcher can design approximate for an unknown dynamical system
only by knowing the input-output data of systems (i.e., training data) [24-25].

Adaptive control used in systems whose dynamic parameters are varying and need to be training on line.
In general states adaptive control classified in two main groups: traditional adaptive method and fuzzy
adaptive method, that traditional adaptive method need to have some information about dynamic plant and
some dynamic parameters must be known but fuzzy adaptive method can training the variation of
parameters by expert knowledge. Combined adaptive method to artificial sliding mode controllers can help
to controllers to have better performance by online tuning the nonlinear and time variant parameters. F Y
Hsu et al. [54] have presented adaptive fuzzy sliding mode control, which can update fuzzy rules to
compensate nonlinear parameters and guarantee the stability robot manipulator controller. Y.C. Hsueh et
al. [43] have presented self tuning sliding mode controller which can resolve the chattering problem without
to use of saturation function.

This paper is organized as follows. In section 2, main subject of sliding mode controller and formulation are
presented. This section covered the following details, classical sliding mode control, classical sliding for
robotic manipulators, equivalent control and chatter free sliding control. A review of the fuzzy logic system
and application to sliding mode controller is presented and introduces the description and analysis of
adaptive artificial sliding mode controller is presented in section 3. In section 4, the conclusion is
presented.

2 SLIDING MODE CONTROL (VARIABLE STRUCTURE CONTROL) AND THE
ROBOT MANIPULATOR APPLICATIONS

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 = 07 by discontinuous method in the following form [19, 3];

. =[Tr{q,tj if 5;=0 (1)
@ " (g t) if S;i<0

where 5; is sliding surface (switching surface), i =1, 2,... ... .n for n-DOF robot manipulator, t;{g.t) is the
i™ torque of joint. Sliding mode controller is divided into two main sub controllers: discontinues
controller{Ty; ) and equivalent controller{z,,).

Discontinues controller causes an acceptable tracking performance at the expense of very fast switching.
In the theory of infinity fast switching can provide a good tracking performance but it also can provide some
problems (e.g., system instability and chattering phenomenon). After going toward the sliding surface by
discontinues term, equivalent term help to the system dynamics match to the sliding surface[1, 6].
However, this controller used in many applications but, pure sliding mode controller has following
challenges: chattering phenomenon, and nonlinear equivalent dynamic formulation [20].

Chattering phenomenon can causes some problems such as saturation and heat the mechanical parts of
robot manipulators or drivers that has shown in Figure 2.6. 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].

In boundary layer saturation method, the basic idea is the discontinuous method replacement by
saturation (linear) method with small neighborhood of the switching surface. This replacement caused to
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increase the error performance against with the considerable chattering reduction. Slotine and Sastry have
introduced boundary layer method instead of discontinuous method to reduce the chattering[21]. Slotine
has presented sliding mode with boundary layer to improve the industry application [22]. R. Palm has
presented a fuzzy method to nonlinear approximation instead of linear approximation inside the boundary
layer to improve the chattering and control the result performance[23]. Moreover, C. C. Weng and W. S.
Yu improved the previous method by using a new method in fuzzy nonlinear approximation inside the
boundary layer and adaptive method[24]. As mentioned [24]sliding mode fuzzy controller (SMFC) is fuzzy
controller based on sliding mode technique to simple implement, most exceptional stability and robustness.
Conversely above method has the following advantages; reducing the number of fuzzy rule base and
increasing robustness and stability, the main disadvantage of SMFC is need to define the sliding surface
slope coefficient very carefully. To eliminate the above problems control researchers have applied artificial
intelligence method (e.g., fuzzy logic) in nonlinear robust controller (e.g., sliding mode controller) besides
this technique is very useful in order to implement easily.

Estimated uncertainty method used in term of uncertainty estimator to compensation of the system
uncertainties. It has been used to solve the chattering phenomenon and also nonlinear equivalent
dynamic. If estimator has an acceptable performance to compensate the uncertainties, the chattering is
reduced. Research on estimated uncertainty to reduce the chattering is significantly growing as their
applications such as industrial automation and robot manipulator. For instance, the applications of artificial
intelligence, neural networks and fuzzy logic on estimated uncertainty method have been reported in [25-
28]. Wu et al. [30] have proposed a simple fuzzy estimator controller beside the discontinuous and
equivalent control terms to reduce the chattering. Their design had three main parts i.e. equivalent,
discontinuous and fuzzy estimator tuning part which has reduced the chattering very well. Elmali et al.
[27]and Li and Xu [29]have addressed sliding mode control with perturbation estimation method (SMCPE)
to reduce the classical sliding mode chattering. This method was tested for the tracking control of the first
two links of a SCARA type HITACHI robot. In this technique, digital controller is used to increase the
system’s response quality. Conversely this method has the following advantages; increasing the
controller’s response speed and reducing dependence on dynamic system model by on-line control, the
main disadvantage are chattering phenomenon and need to improve the performance.

X(i(t)

s=0

FIGURE 1: Chattering as a result of imperfect control switching [1]

Robot manipulators are one of the highly nonlinear and uncertain systems which caused to needed to
robust controller. This section provides introducing the formulation of sliding mode controller to robot
manipulator based on [1, 6]Consider a nonlinear single input dynamic system of the form [6]:

2™ =flx) + b (2)

Where u is the vector of control input, ™ is the nf* derivation ofx, x = [x.%, %, ..,x™ ¥]T is the state
vector, f{x) is unknown or uncertainty, and b{x] is of known sign function. The control problem is truck to

the desired state; xy = [xg.dg, &g, v x5 ™ P17, and have an acceptable error which is given by:
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F=x—xg=[%.. #0077 (3)

A time-varying sliding surface =(x, t} is given by the following equation:
s(x. 1) :{E-I—A]“‘lﬁfz 0 (4)

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

d r 5
sCet) = (—+ ! U Edt} =0 )
dt 0
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].
1d (6)
2
P 1 = - 1
St (x. ) {Is(x, t)|

where { is positive constant and in equation (6) forces tracking trajectories is towards sliding condition as
shown in Figure 2.

FIGURE 2: Sliding surface [2]

It $(0)>0- £5( < 3 (7)

To eliminate the derivative term, it is used an integral term from t=0 to t=t;z5.

[T L s@ <[ =5 Greaut) ~50) = ~Zltregen —0 ®

=0 di =0
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Where t,....+ is the time that trajectories reach to the sliding surface so, suppose S(tysz:x = 0} defined as

5(0) (9)
0 _S{D:] = _ﬂ{t‘reuchj = breach :—::T
and ISC0)|
S0 10
if 5(0) <0 — 0— 5000 = —qtrenen) = 500) = —{(treacn) = treach = e (10)
Equation (2.41) guarantees time to reach the sliding surface is smaller than M since the trajectories are
4
outside of 5(t}.
if S; . =S0) = error(x—x;) =0 (11)
suppose S is defined as
d e (12)
sz, t) :{E-'_Aj F=lx—gg) +ax —xy)
The derivation of S, namely, 5 can be calculated as the following;
$=F-%5) +alx-x4) (13)
suppose the second order system is defined as;
F=ftu =85=f+U-3; +Aaz-x%,) (14)

Where f is the dynamic uncertain, and also since § = 0 and & = 0, to have the best approximation ,I is
defined as )
U=—-f+&;— Az —%4) (15)

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

Udfs = E—HE.- t:] 'Sgﬂ{s:] (16)
where the switching function sgn.(5) is defined as
1 2= 0 (17)
sgnls) =4-1 g={
. 0 2=10
and the K(x.t) is the positive constant. Suppose by (16) the following equation can be written as,
1d X - - 1
—— e =8-S=[f-F-Ksgn(s)]-5=(F-F)-5 - KI5 (18)

2dt
and if the equation (17) instead ?f (18) the sliding surface can be calculated as

d 1
sCet) = (o + 2 ([ Edt) — — k) + 220 — %) — A20x — xg) (19)
o
in this method the approximation of U is computed as
U=—F+3; — 240k — %) +2%(x — x) (20)

To reduce or eliminate the chattering it is used the boundary layer method; in boundary layer method the
basic idea is replace the discontinuous method by saturation (linear) method with small neighborhood of
the switching surface. Figure 3 is shown the control law in boundary layer.
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u

Boundary layer

w(x,1)

FIGURE 3: Boundary layer applied in discontinuous part [2]

Bit) ={x|S)| < 0ho=0 (21)

Where @ is the boundary layer thickness. Therefore the saturation function Sat[sfﬂ} is added to the control

law as
U=KGE0D -Sat(¥/z) (22)

Where Sat (sj@) can be defined as
1 Clo=1 (23)
sat (S/p) = | -1 (*/5<1)
flo (1<%/z=1)

Based on above discussion, the control law for a multi degrees of freedom robot manipulator is
written as:
T = Teq + Teat (24)

Where, the model-based component ¢, is the nominal dynamics of systems and r,, can be calculate as

follows:
Toq=[MYB+C+6)+5]IM (25)
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Where t is n % 1 vector of actuation torque, M (q) is n xn symmetric and positive define inertia matrix,
E(g) is matrix of coriolis torques, Clg}is matrix of centrifugal torque, [§ glis vector of joint velocity that it
can give by: [§:1.G2.G4.G30eeeuGe-Gn.Ga-Gaan..]’ and [§]* is vector, that it can given by:
[4:%.425 42" ...]7and G(qg) is Gravity terms,

As mentioned above the kinetic energy matrix in n DOF is a #» xn matrix that can be calculated by the
following matrix [1, 6]

My My oo e s My, (26)
My o e My
Mig) =
n.d v Mpg

n(n—1ij

The Coriolis matrix (B) is a n % —— matrix which calculated as follows;

by Byz o bug bz o By o o Byggg (27)
byz - - bum bpa - o e Bagga

Blg) =
b2 v bpig i o bpp 1a

and the Centrifugal matrix (C) is a n x n matrix;

[C11 Cin (28)
clg) =] : . :
C1 G
And last the Gravity vector (G) is an = 1 vector;
(91 (29)
Glg) = g;z
L8n
and T4 is computed as;
Tgar = K - sat (5;@) (30)

the control output can be written as;
TEQ-I—K.sgn{S:] sl =@ (31)
T+ K5y sl <o
Figure 4 shows the position classical sliding mode control for robot manipulator. By (30) and (31) the
sliding mode control of robot manipulator is calculated as;

t=[M1B+C+6) +5]M+K-sat(S);) (32)

T=Te+ H’.sat(sl.-"g) =
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FIGURE 4: diagram of classical sliding mode controller [3, 10-14, 64]

3 INTRODUCTION TO FUZZY CONTROL AND ITS APPLICATION TO SMC

In recent years, artificial intelligence theory has been used in sliding mode control systems. Neural
network, fuzzy logic, and neuro-fuzzy are synergically combined with nonlinear classical controller and
used in nonlinear, time variant, and uncertainty plant (e.g., robot manipulator). Fuzzy logic controller (FLC)
is one of the most important applications of fuzzy logic theory. This controller can be used to control
nonlinear, uncertain, and noisy systems. This method is free of some model-based techniques as in
classical controllers. As mentioned that fuzzy logic application is not only limited to the modelling of
nonlinear systems [31-36]but also this method can help engineers to design easier controller. The
complete fuzzy rule base for conventional fuzzy controller is shown in Table 1.

Control robot arm manipulators using classical controllers are based on manipulator dynamic model.
These controllers often have many problems for modelling. Conventional controllers require accurate
information of dynamic model of robot manipulator, but these models are multi-input, multi-output and non-
linear and calculate accurate model can be very difficult. When the system model is unknown or when it is
known but complicated, it is difficult or impossible to use classical mathematics to process this model[32].

TABLE 1: Rule table for 2 DOF robot manipulator [40]

ele | NB |[NM NS |ZE | PS |PM | PB
NB [NB |NB |NB |NM | NS | NS | ZE
NM NB |NM |NM | NM | NS | ZE | PS
NS [NB |NM |NS |NS | ZE |PS | PM
ZE |[NB |[NM (NS (ZE |PS |PM | PB
PS |[NM NS |ZE |(PS |PS | PM | PB
PM |NS |ZE |PS |PM | PM | PM | PB
PB |ZE |PS |PS |(PM |PB |PB | PB
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The main reasons to use fuzzy logic technology are able to give approximate recommended solution for
unclear and complicated systems to easy understanding and flexible. Fuzzy logic provides a method which
is able to model a controller for nonlinear plant with a set of IF-THEN rules, or it can identify the control
actions and describe them by using fuzzy rules. It should be mentioned that application of fuzzy logic is not
limited to a system that’s difficult for modeling, but it can be used in clear systems that have complicated
mathematics models because most of the time it can be shortened in design but there is no high quality
design just sometimes we can find design with high quality. Besides using fuzzy logic in the main controller
of a control loop, it can be used to design adaptive control, tuning parameters, working in a parallel with
the classical and non classical control method [32].

However the application area for fuzzy control is really wide, the basic form for all command types of
controllers consists of;

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

e Fuzzy rule base (knowledge base)

e Inference engine

e Output defuzzification (fuzzy-to-binary [F/B] conversion) [5, 15-18].
The basic structure of a fuzzy controller is shown in Figure 5.

|
Lo Knowledge Base - - - 4 Controller
‘ Database Rule Base ‘
1 I
input Rules output'
‘ membership functions table membership functions ‘
1
Ref. I N
Cv—y fuzzy fuzzy . ‘
— MNormalisation Fuzzification Inference Enging Defuzzification Denomalization
‘ input output ‘
— — — — —_— — — —_— — —_— — —_— — — —_— —
crisp crisp
input output

Process or object under control

FIGURE 5: Block diagram of a fuzzy controller with details.

The applications of artificial intelligence such as neural networks and fuzzy logic in modelling and control
are significantly growing especially in recent years. For instance, the applications of artificial intelligence,
neural networks and fuzzy logic, on robot arm control have reported in [37-39]. Wai et al. [37-38]have
proposed a fuzzy neural network (FNN) optimal control system to learn a nonlinear function in the optimal
control law. This controller is divided into three main groups: arterial intelligence controller (fuzzy neural
network) which it is used to compensate the system’s nonlinearity and improves by adaptive method,
robust controller to reduce the error and optimal controller which is the main part of this controller. Mohan
and Bhanot [40] have addressed comparative study between some adaptive fuzzy, and a new hybrid fuzzy
control algorithm for manipulator control. They found that self-organizing fuzzy logic controller and
proposed hybrid integrator fuzzy give the best performance as well as simple structure. Research on
combinations of fuzzy logic systems with sliding mode method is significantly growing as nonlinear control
applications. For instance, the applications of fuzzy logic on sliding mode controller have reported in [24,
41-45].

Research on applied fuzzy logic methodology in sliding mode controller (FSMC) to reduce or eliminate the
high frequency oscillation (chattering), to compensate the unknown system dynamics and also to adjust
the linear sliding surface slope in pure sliding mode controller considerably improves the robot manipulator
control process [42-43]. H.Temeltas [46] has proposed fuzzy adaption techniques for SMC to achieve
robust tracking of nonlinear systems and solves the chattering problem. Conversely system’s performance
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is better than sliding mode controller; it is depended on nonlinear dynamic equqation. C. L. Hwang et al.
[47]have proposed a Tagaki-Sugeno (TS) fuzzy model based sliding mode control based on N fuzzy based
linear state-space to estimate the uncertainties (Figure 6). A multi-input multi-output FSMC reduces the
chattering phenomenon and reconstructs the approximate the unknown system has been presented for a
robot manipulator [42].

-
i Reference Model
:._ X _4X_+BR

FIGURE 6: Fuzzy model base sliding mode controller [47]

Investigation on applied sliding mode methodology in fuzzy logic controller (SMFC) to reduce the fuzzy
rules and refine the stability of close loop system in fuzzy logic controller has grown specially in recent
years as the robot manipulator control [23]; [48-50]. Lhee et al. [48]have presented a fuzzy logic controller
based on sliding mode controller to more formalize and boundary layer thickness. Emami et al. [51]have
proposed a fuzzy logic approximate inside the boundary layer. H.K.Lee et al. [52] have presented self
tuning SMFC to reduce the fuzzy rules, increase the stability and to adjust control parameters control
automatically. Figure 7 is shown the sliding mode fuzzy rule table and the block diagram of SMFC.

— — : | Fuzzy | ‘
— - . - — | SR o S f— e
T LA LT i [ R

FIGURE 7: The structure of sliding mode fuzzy controller [52]

However the application of FSMC and SMFC are growing but the main SMFC drawback compared to
FSMC is calculation the value of sliding surface A pri-defined very carefully. Moreover, the advantages of
SMFC compared to FLC reduce the number of fuzzy rule base and increase the robustness and stability.
At last FSMC compare to the SMFC is more suitable for implementation action.

In various dynamic parameters systems that need to be training on-line adaptive control methodology is
used. Adaptive control methodology can be classified into two main groups, namely, traditional adaptive
method and fuzzy adaptive method. Fuzzy adaptive method is used in systems which want to training
parameters by expert knowledge. Traditional adaptive method is used in systems which some dynamic
parameters are known. In this research in order to solve disturbance rejection and uncertainty dynamic
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parameter, adaptive method is applied to artificial sliding mode controller. F Y Hsu et al. [54]have
presented adaptive fuzzy sliding mode control which can update fuzzy rules to compensate nonlinear
parameters and guarantee the stability robot manipulator controller. Y.C. Hsueh et al. [43] have presented
self tuning sliding mode controller which can resolve the chattering problem without to using saturation
function.

For nonlinear dynamic systems (e.g., robot manipulators) with various parameters, adaptive control
technique can train the dynamic parameter to have an acceptable controller performance. Calculate
several scale factors are common challenge in classical sliding mode controller and fuzzy logic controller,
as a result it is used to adjust and tune coefficient. Research on adaptive fuzzy control is significantly
growing, for instance, different adaptive fuzzy controllers have been reported in [40, 55-57].

Research on adaptive fuzzy sliding mode controller is significantly growing as many applications and it can
caused to improve the tracking performance by online tuning the parameters. The adaptive sliding mode
controller is used to estimate the unknown dynamic parameters and external disturbances. For instance,
the applications of adaptive fuzzy sliding mode controller to control the robot manipulators have been
reported in [24, 29, 45]. Generally, adaptive fuzzy sliding mode control of robot manipulator is classified
into two main groups’ i.e. multi-input multi-output (MIMO) and single-input single-output (SISO) fuzzy
systems.

Yoo and Ham [58]have proposed a MIMO fuzzy system to help the compensation and estimation the
torque coupling. In = — DOF robot manipulator with & membership function for each input variable, the
number of fuzzy rules for each joint is equal to 3k® that causes to high computation load and also this
controller has chattering. This method can only tune the consequence part of the fuzzy rules (Figure 8).

" | |

L a.4
ec o {  Robaot
_generator | | — i
i ]
Lot pgvearal— | |
7 M

FIGURE 8: The structure of adaptive fuzzy compensate control of robot [58]

Medhafer et al. [59] have proposed an indirect adaptive fuzzy sliding mode controller to control robot
manipulator. This MIMO algorithm, applies to estimate the nonlinear dynamic parameters. If each input
variable have Kz membership functions, the number of fuzzy rules for each joint is (m + 1JKT + K;.
Compared with the previous algorithm the number of fuzzy rules have reduced by introducing the sliding
surface as inputs of fuzzy systems.

Y. Guo and P. Y. Woo [60]have proposed a SISO fuzzy system compensate and reduce the chattering.
First suppose each input variable with K5 membership function the number of fuzzy rules for each joint is
K3 which decreases the fuzzy rules and the chattering is also removed. C. M. Lin and C. F. Hsu [61] can
tune both systems by fuzzy rules. In this method the number of fuzzy rules equal to K; with low
computational load but it has chattering (Figure 9). Shahnazi et al., have proposed a SISO PI direct
adaptive fuzzy sliding mode controller based on Lin and Hsu algorithm to reduce or eliminate chattering
with K5 fuzzy rules numbers. The bounds of PI controller and the parameters are online adjusted by low
adaption computation [44]. Table 2 is illustrated a comparison between computed torque controller[9, 15-
16], sliding mode controller[1, 3, 6, 10-14, 17-23, 26], fuzzy logic controller (FLC)[31-40], applied sliding
mode in fuzzy logic controller (SMFC)[23, 14, 48-50], applied fuzzy logic method in sliding mode controller
(FSMC)[10-14, 54-55, 60-61, 64] and adaptive fuzzy sliding mode controller [3, 10-14, 64].
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FIGURE 9: The structure of adaptive fuzzy sliding mode controller [61]

4 CONCLUSIONS

Refer to the research, review of sliding mode control and application to robot manipulator has explained in
order to design high performance nonlinear controller in the presence of uncertainties. Sliding mode
controller (SMC) is a significant nonlinear controller in certain and uncertain dynamic parameters systems.
This controller is used to present a systematic solution for stability and robustness which they can play
important role to select the best controller. Conversely, pure sliding mode controller is used in many
applications; it has two important drawbacks namely; chattering phenomenon, and nonlinear equivalent
dynamic formulation in uncertain dynamic parameter. One of the most important techniques to reduce or
remove above two challenges is applying non-classical (artificial intelligence) method in robust classical
such as sliding mode controller method. In order to solve the uncertain dynamic parameters and complex
parameters systems with an artificial intelligence theory, fuzzy logic is one of the best choice which it is
used in this research. However fuzzy logic method is useful to control complicated nonlinear dynamic
mathematical models but the response quality may not always be so high. This controller can be used in
main part of controller (e.g., pure fuzzy logic controller), it can be used to design adaptive controller (e.g.,
adaptive fuzzy controller), tuning parameters and finally applied to the classical controllers. As mentioned
above to improve stability and reduce the fuzzy rule base in fuzzy logic controller one of the major methods
is applied sliding mode controller in fuzzy logic methodology. Sliding mode fuzzy controller (SMFC) is fuzzy
controller based on sliding mode technique to simple implement, most excellent stability and robustness.
Conversely SMFC has the following advantages; reducing the number of fuzzy rule base and increasing
robustness and stability, the main disadvantage of SMFC is need to define the sliding surface slope
coefficient very carefully. As mentioned above sliding mode controller has some limitations which applied
fuzzy logic in sliding mode controller can causes to reduce the limitations. To compensate the nonlinearity
of dynamic equivalent control, several researchers are used model base fuzzy controller instead classical
equivalent controller. However FSMC has an acceptable performance but calculate the sliding surface
slope by experience knowledge is difficult, particularly when system has structure or unstructured
uncertainties, self tuning sliding surface slope fuzzy sliding mode controller is recommended.
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TABLE 2: Comparison of six important algorithms [3, 10-14, 64]

Type of method Advantages Disadvantages What to do?

1.CTC e Higher tracking accuracy e That is required accurate dynamic Design computed torque like
e Lower energy formulation controller or the other robust
e Easy to implement ¢ It has problem under condition of : controller such as SMC

uncertain system and external

disturbance

2. SMC e Good control e Equivalent dynamic formulation Applied artificial intelligent
performance for e Chattering method in SMC (e.g., FSMC
nonlinear systems e It has limitation under condition of : or SMFC)

¢ |In MIMO systems uncertain system and external
¢ |n discrete time circuit disturbance

3.FLC e Used in unclear and e Quality of design Applied adaptive method in
uncertain systems  Should be to defined fuzzy coefficient | FLC, tuning parameters and

e Flexible very carefully applied to classical linear or
e Easy to understand e Cannot guarantee the stability nonlinear controller
e Shortened in design e reliability
4. SMFC ¢ Reduce the rule base e Equivalent part Applied adaptive method, self
¢ Reduce the chattering ¢ Defined sliding surface slope learning and self organizing
¢ Increase the stability and coefficient very carefully method in SMFC
robustness e Difficult to implement

e Limitation in noisy and uncertain

system
5. FSMC e More robust ¢ Model base estimate the equivalent Design fuzzy error base like
¢ Reduce the chattering part equivalent controller and
e Estimate the equivalent e Limitation in noisy and uncertain applied adaptive method
e Easy to implement system
6. Adaptive FSMC e More robust * Model base estimate the equivalent
e eliminate the chattering part

e Estimate the equivalent
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Abstract

The developed control methodology can be used to build more efficient intelligent and precision
mechatronic systems. Three degrees of freedom robot arm is controlled by adaptive sliding mode fuzzy
algorithm fuzzy sliding mode controller (SMFAFSMC). This plant has 3 revolute joints allowing the
corresponding links to move horizontally. Control of robotic manipulator is very important in field of robotic,
because robotic manipulators are Multi-Input Multi-Output (MIMO), nonlinear and most of dynamic
parameters are uncertainty. Design strong mathematical tools used in new control methodologies to
design adaptive nonlinear robust controller with acceptable performance in this controller is the main
challenge. Sliding mode methodology is a nonlinear robust controller which can be used in uncertainty
nonlinear systems, but pure sliding mode controller has chattering phenomenon and nonlinear equivalent
part in uncertain system therefore the first step is focused on eliminate the chattering and in second step
controller is improved with regard to uncertainties. Sliding function is one of the most important challenging
in artificial sliding mode algorithm which this problem in order to solved by on-line tuning method. This
paper focuses on adjusting the sliding surface slope in fuzzy sliding mode controller by sliding mode fuzzy
algorithm.

Keywords: Mechatronic System, Robot arm, Adaptive Method, Sliding mode Fuzzy Algorithm, Fuzzy

Sliding Mode Algorithm, Robust Controller, Fuzzy Logic, Sliding Mode Controller, Sliding Surface Slope,
Sliding Function, Adaptive Sliding Mode Fuzzy algorithm Fuzzy Sliding Mode Controller.
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1. INTRODUCTION

A robot system without any controllers does not to have any benefits, because controller is the main part in
this sophisticated system. The main objectives to control of robot manipulators are stability and
robustness. Lots of researchers work on design the controller for robotic manipulators to have the best
performance. Control of any systems divided in two main groups: linear and nonlinear controller [1].

However, one of the important challenging in control algorithms is design linear behavior controller to
easier implementation for nonlinear systems but these algorithms have some limitation such as controller
working area must to be near the system operating point and this adjustment is very difficult specially when
the dynamic system parameters have large variations and when the system has hard nonlinearities [1-4].
Most of robot manipulators which work in industry are usually controlled by linear PID controllers. But the
robot manipulator dynamic functions are, nonlinear with strong coupling between joints (low gear ratio),
structure and unstructured uncertainty and Multi- Inputs Multi-Outputs (MIMO) which, design linear
controller is very difficult especially if the velocity and acceleration of robot manipulator be high and also
when the ratio between joints gear be small [2]. To eliminate above problems in physical systems most of
control researcher go toward to select nonlinear robust controller.

One of the most important powerful nonlinear robust controllers is Sliding Mode Controller (SMC).
However Sliding mode control methodology was first proposed in the 1950 but this controller has been
analyzed by many researchers in recent years. The main reason to select this controller in wide range area
is have an acceptable control performance and solve some main challenging topics in control such as
resistivity to the external disturbance and uncertainty. However, this controller has above advantages but,
pure sliding mode controller has following disadvantages i.e.chattering problem, sensitive and equivalent
dynamic formulation [3, 5-15].

After the invention of fuzzy logic theory in 1965 by Zadeh [16], this theory was used in wide range area
because 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 pure FLC works
in many engineering applications but, it cannot guarantee two most important challenges in control,
namely, stability and acceptable performance [16-25]. Some researchers applied fuzzy logic methodology
in sliding mode controllers (FSMC) to reduce the chattering and solve the nonlinear dynamic equivalent
problems in pure sliding mode controller and the other researchers applied sliding mode methodology in
fuzzy logic controller (SMFC) to improve the stability of systems, therefore FSMC is a controller based on
SMC but SMFC works based on FLC [26-40].

Adaptive control used in systems whose dynamic parameters are varying and/or have unstructured
disturbance and need to be training on line. Adaptive fuzzy inference system provide a good knowledge
tools for adjust a complex uncertain nonlinear system with changing dynamics to have an acceptable
performance. Combined adaptive method to artificial sliding mode controllers can help to controllers to
have a better performance by online tuning the nonlinear and time variant parameters [26-40].

This paper is organized as follows: In section 2, dynamic formulation of robot manipulator is presented.
Detail of mamdani fuzzy inference estimator is introduce and applied to sliding mode methodology is
presented in section 3. In section 4, design adaptive methodology and applied to propose method is
presented. In section 5, the simulation result is presented and finally in section 6, the conclusion is
presented.

2. APPLICATION: ROBOT MANIPULATOR DYNAMIC FORMULATION

The equation of an n-DOF robot manipulator governed by the following equation [1, 4, 33-40]:
Miglij+Nig.q)=r (1)

Where 1 is actuation torque, M (q) is a symmetric and positive define inertia matrix, N(g. 47 is the vector of

nonlinearity term. This robot manipulator dynamic equation can also be written in a following form [33-40]:
t=Mg)§ +Blg) g4l + Clg)[41* + ¢lg) (2)

Where B(q) is the matrix of coriolios torques, C(q) is the matrix of centrifugal torques, and G(q) is the

vector of gravity force. The dynamic terms in equation (2) are only manipulator position. This is a
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decoupled system with simple second order linear differential dynamics. In other words, the component §
influences, with a double integrator relationship, only the joint variableg;, independently of the motion of the
other joints. Therefore, the angular acceleration is found as to be [3, 33-40]:

g=M1g).lxr-Niq ¢} (3)
This technique is very attractive from a control point of view.

3. MAMDANI FUZZY INFERENCE ESTIMATOR SLIDING MODE METHODOLOGY
Sliding mode controller (SMC) is a influential nonlinear, stable and robust controller which it 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[1, 5-11, 33-40]. A time-varying sliding surface
=(x. t) is given by the following equation:

(4)

d
sz t) = {E+Aj”-15&= 0

where A is the constant and it is positive. The derivation of S, namely, 5 can be calculated as the following
formulation [5-11, 33-40]:
§=GE-&) +aE—xy) (5)

The control law for a multi degrees of freedom robot manipulator is written as:
U=Ug+U, (6)

Where, the model-based component U, is the nominal dynamics of systems and it can be calculate as
follows:
Ugg = [M~Y B +C+G)+5]M (7)

Where M{q) is an inertia matrix which it is symmetric and positive, Vig.¢) =B +C is
the vector of nonlinearity term and Gig) is the vector of gravity force and U, with
minimum chattering based on [33-40] is computed as;

Uy = K- (mu+b) (/) (8)

Where ¢, = mu + b = saturationg,.,, iS @ dead zone (saturation) function and, u and b are unlimited
coefficient, by replace the formulation (5) in (3) the control output can be written as;

VU K " (5 )_ Ug + K.sgn(s) ISl =0 (9)
= Ve +K.(mu +b)*/g U+ K5y Isl<®
Where the function of sgn(5) defined as;
g=10 (10)

sgnis) =1-1 s=0
0 £5=10
However the application area for fuzzy control is really wide, the basic form for all command types of
controllers consists of;
e Input fuzzification (binary-to-fuzzy[B/F]conversion)
e  Fuzzy rule base (knowledge base)
e Inference engine
e OQutput defuzzification (fuzzy-to-binary[F/B]conversion) [16-25, 33-40].
The basic structure of a fuzzy controller is shown in Figure 1.
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FIGURE 1: Block diagram of a fuzzy controller with details.

The fuzzy system can be defined as below [40]

M

FG) = Upary = 9 677G = ) )

where 8 = (6%,62,6%, ..., 6™)7,8(x) = (§*(x), {2 (), $(x), v, {0 )T
1 _ sz"ujxf_‘ux[ (12)

¢ () = E:‘F.jx:‘j
where & = (8*,8%,6°........,8™) is adjustable parameter in (8) and u_,;, is membership function.
error base fuzzy controller can be defined as

Ufuxx_].' = 4’{5:] (13)

In this work the fuzzy controller has one input which names; sliding function. Fuzzy controller with one
input is difficult to implementation, because it needs large number of rules, to cover equivalent part
estimation [16-25]. In this fuzzy inference system researcher is defined 7 linguistic variables. As a
summary the design of fuzzy inference system estimator based on Mamdani’s fuzzy inference method has
four steps , namely, fuzzification, fuzzy rule base and rule evaluation, aggregation of the rule output (fuzzy
inference system), and deffuzzification [16-18].

Fuzzification: the first step in fuzzification is determine inputs and outputs which, it has one input; namely
sliding function (5) and one output (®). The sliding function (§ = Ae+#) which related to the difference
between desired and actual output position and the difference between desired and actual velocity. The
second step is chosen an appropriate membership function for inputs and output which, for simplicity in
implementation and also to have an acceptable performance the researcher is selected the triangular
membership function which it is shown in Figure 2. The third step is chosen the correct labels for each
fuzzy set which, in this research namely as linguistic variable. The linguistic variables for input are;
Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive
Medium (PM), Positive Big (PB), and the linguistic variables to find the output are; Large Left (LL), Medium
Left (ML), Small Left (SL), Zero (Z), Small Right (SR), Medium Right (MR), Large Right (LR).

output vanabls “sutput’

FIGURE 2: Membership function: triangular
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Fuzzy Rule Base and Rule Evaluation: the first step in rule base and evaluation is provide a least
structured method to derive the fuzzy rule base which, expert experience and control engineering
knowledge is used because this method is the least structure of the other one and the researcher
derivation the fuzzy rule base from the knowledge of system operate and/or the classical controller. Design
the rule base of fuzzy inference system can play important role to design the best performance of fuzzy
sliding mode controller, that to calculate the fuzzy rule base the researcher is used to heuristic method
which, it is based on the behavior of the control of robot manipulator suppose that two fuzzy rules in this
controller are;

F.R': IFSis NB, THEN G is LL (14)

F.R%: IF eis PS THEN © is ML

The complete rule base for this controller is shown in Table 1. Rule evaluation focuses on operation in the
antecedent of the fuzzy rules in fuzzy inference system. This part is used AND fOR fuzzy operation in
antecedent part which AND operation is used.

TABLE 1: Rule table (Mamdani’sFIS)

S|NB|NM |NS|ZE |PS | PM | PB
@ |LL | ML |[SL |Z |SR | MR | LR

Aggregation of the Rule Output (Fuzzy inference): Max-Min aggregation is used to this work which the
calculation is defined as follows;

po G yie U) = pyp e (e v U) = max {‘-‘“fﬂ}":l I:.F"qu{kaJrklP‘pm ':Uj]} (15)
Deffuzzification: The last step to design fuzzy inference in our controller is defuzzification. This part is
used to transform fuzzy set to crisp set, therefore the input for defuzzification is the aggregate output and
the output of it is a crisp number. In this design the Center of gravity method {0} is used and calculated
by the following equation [25];

Y E[U[EIF=1M':ID:-}'D:-UI:' (16)

COC(x.y:) = T
The fuzzy division can be reached the best state when 5.5 < 0 and the error is minimum by the following
formulation

. . " 17
8" = arg min [Sup, .y | ZHET ) = Uggy ] (7
Where €”is the minimum error, sup, ;| £, 87 {(x) — 7.4, | is the minimum approximation error.
suppose K; is defined as follows
_EJ;LIE}[FA{SJ}] _ET!:' {5} (18)
= T 9
Where §; (5;) = 1¢1(5:).67(5;). 7 (5;). .. G (517
.um; (5;) (19)

1 — -
J {.5'1} B E[-_u.;,;:.} ()

where the y;is the positive constant.

According to the nonlinear dynamic equivalent formulation of robot manipulator the nonlinear equivalent
part is estimated by (8)

M
[M1(B+C+6G)+5]M= ZE—IET {(x)-AS-K (20)

Based on (3) the formulation of proposed fuzzy sliding mode controller can be written as;
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U=Uey, +Ur (21)

Where U, =[M'(B+C+G)+5M+ I, 6"¢(x) + K
Figure 3 is shown the proposed fuzzy sliding mode controller.

Desared mput 1) Sliding surface saturation part
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FIGURE 3: Proposed fuzzy sliding mode algorithm: applied to robot manipulator

4. DESIGN ADAPTIVE SLIDING MODE FUZZY ALGORITM: APPLIED TO
PROPOSED METHODOLOGY

However proposed FSMC has satisfactory performance but calculate the sliding surface slope by try and
error or experience knowledge is very difficult, particularly when system has uncertainties; sliding mode
fuzzy self tuning sliding function fuzzy sliding mode controller is recommended.

Use = % (K- (mx +b) - 5/p) (22)
Where Ugf is sliding mode fuzzy output function. The adaption low is defined as
B, =v54(5) (23)
where the y;is the positive constant and §; (5;) = [¢}(5;).¢7(5;). 3 (5;). .. (517
I
(5 = pan, (55) (24)
U VPRI

As a result proposed method is very stable with a good performance. Figure 4 is shown the block diagram
of proposed adaptive sliding mode fuzzy applied to fuzzy sliding mode controller.
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The fuzzy system can be defined as below

- 2
fx) = Tpuzey = Z:—lﬂrm} = leé) (25)
where 8 = (8%,6%,6%......8") 7. (x) = ({P(). P ). Bl M) T
{1 (-t} — LEFEIEJII (26)
Z:' Hixiy
where 8 = (8%,8%,8°.........8™) is adjustable parameter in (25) and u,,;, is membership function.
error base fuzzy controller can be defined as
SMF Online Tunable Gain
o s I
Sliding Function
| - |
r L1
| Dead Zone Function }‘hmdlnl'i FI5 Estimatorp———————p I
[k} 0y mu+b) iding funct
| {remave the ¢hiltrﬁnﬂ ng funciion I
L T ____________ |
1) Sliding surface saturation part
Pea———— R L EH T
Robotic Manipualator i
foq=[MUB+C+G)+5M
=1
i :.-::
-
i::l':
[
2yequnalad pat
Fuzzy nulbe base
5 leg] PeziScstion Dietbizoai stson [
Pn.m::llnuut
Engme
FIGURE 4: Proposed adaptive sliding fuzzy tune FSMC algorithm: applied to robot arm
Truzzy = Ple &) (27)

According to the formulation in sliding mode algorithm
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if § = 0then "¢ = e (28)
the fuzzy division can be reached the best state when 5. 5 < 0 and the error is minimum by the following
formulation

w . M T
6" = argmin [Sup,ep| ). 67 3(x) — Toq]

Where 8°is the minimum error, sup,.y| ZiZ; 87 {(x) —7.4,| is the minimum approximation error. The
adaptive controller is used to find the minimum errors of & — 8°.

(29)

suppose K; is defined as follows

_ E{il E} [P‘H{Sj}] _ ET?,' {5 } (30)
TG
Where §; (5;) = 1¢}(5:).¢7(5;). 7 (5;). .. G (517
(s) poa; (5)) (31)
Sl =
i Einnl 5))
the adaption low is defined as
B, =v54(5) (32)
where the y;is the positive constant.
According to the formulation in fuzzy indL?g and also sliding mode fuzzy
Miglg +Vig.q)q + 6lg) = ZE—IET {(x) —AS - K (33)
The dynamic equation of robot manipulator can be written based on the sliding surface as;
M§= —VS4+M5+VS 4G —1 (34)
It is supposed that
sT(#—2v)s=0 (35)
it can be shown that
M5+ WL+ AS=Af—K (36)

where af = [Miglg + Vig.g)g + Glg}] — XL, 87 T(x)
as a result ¥ is became

1. 1
V=_sTMs —sTvs +Z— ol o,
Z ¥

1
— T
=ST(—AS +Af—K) + E e o 0,

. 1
= Z[sj (Af,— K01 —STis + Z — o] 6,
= Yz

1
= ) [5;(af, — 67§, (5; 0] — 5T as +Z o of 8,
£

i

1

1
S, (Af; — (8;)7¢,(S;) + 07¢,(5, )0 - sTas +ZE of 8,

o

L

1
215 08— (@45 )1 =501+ D~ g, (5)5; + B
j=1 §

where &; = y,;5,{,(5;) is adaption law, 8, = —8; = —y;5;7;(S;),
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consequently V¥ can be considered by
m

. (37)
V=) 158f - ((6;)7¢,(5,) )1 - 57as
=1
the minimum error can be defined by
6w = 0f; — (€)7¢4(5))) (38)
I is intended as follows
m
V= Z[sj eyl — 5TAS
=1
= IS llemy| — ST AS
m
= Z 155 llem| —*11512
j=1
T
(39)
= Z |5; |'::|'3nu| —115;}
j=1
For continuous function g(x7}, and suppose = = [ it is defined the fuzzy logic
system in form of (27) such that
Sup, . ylflx) — gle)| < e (40)
the minimum approximation error (e,,;} is very small.
if L =a that al|S|>e, (5, #0) then V<0for (s, =0) (41)

5 SIMULATION RESULTS

PD sliding mode controller (PD-SMC), proposed PD fuzzy sliding mode controller (PD FSMC) and
proposed adaptive sliding mode fuzzy algorithm Fuzzy Sliding Mode Controller (SMFAFSMC) were tested
to Step response trajectory. This simulation applied to three degrees of freedom robot arm therefore the
first, second, and third joints are moved from home to final position without and with external disturbance.
The simulation was implemented in Matlab/Simulink environment. Trajectory performance, torque
performance, disturbance rejection, steady state error and RMS error are compared in these controllers. It
is noted that, these systems are tested by band limited white noise with a predefined 40% of relative to the
input signal amplitude which the sample time is equal to 0.1. This type of noise is used to external
disturbance in continuous and hybrid systems.

Tracking Performances: Figure 5 is shown tracking performance for first, second and third link in
SMC, FSMC and SMFAFSMC without disturbance for sinus trajectories. By comparing sinus response
trajectory without disturbance in SMC, FSMC and SMFAFSMC it is found that the SMC’s and FSMC’s
overshoot (4%) is higher than SMFAFSMC (0%), although all of them have about the same rise time.
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Timne

FIGURE 5: FSMC, SMFAFSMC and SMC: applied to robot manipulator.

Disturbance Rejection: Figure 6 has shown the power disturbance elimination in SMC, FSMC and
SMFAFSMC. The main target in these controllers is disturbance rejection as well as reduces the
chattering. A band limited white noise with predefined of 40% the power of input signal is applied to above
controllers. It found fairly fluctuations in SMC and FSMC trajectory responses.
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FIGURE 6: FSMC, SMFAFSMC and SMC with disturbance: applied to robot manipulator.
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Among above graph relating to trajectory following with external disturbance, FLC has fairly fluctuations.
By comparing some control parameters such as overshoot and rise time it found that the SMC’s and

FSMC’s overshoot (9%) is higher than SMFAFSMC (0%).

Error Calculation: Although SMC and FSMC have the same error rate but SMFAFSMC has a better
performance in presence of external disturbance (refer to Table 2 and Figure 7), they have oscillation
tracking which causes chattering phenomenon. As it is obvious in Table.2 FSMC is a SMC which estimate
the equivalent part so FSMC have acceptable performance with regard to SMC in presence of certain and
uncertainty. Figure 7 is shown steady state and RMS error in SMC and FSMC and SMFAFSMC in

presence of external disturbance.

TABLE 2: RMS Error Rate of Presented controllers

RMS Error Rate SMC FSMC | SMFAFSMC
Without Noise 1e-3 0.6e-3 0.6e-6
With Noise 0.012 0.0012 0.65e-6
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FIGURE 7: FSMC, SMFAFSMC and SMC steady state error with external disturbance:

applied to robot manipulator , , , ,
In these methods if integration absolute error (IAE) is defined by (15), table 3 is shown comparison

between these two methods.

IAE = f le(t)| dt (42)
0

Table 3: Calculate IAE

Method Traditional SMC FSMC SMFAFSMC

IAE 490.1 409 210

6 CONCLUSIONS

In this research, a sliding mode fuzzy adaptive fuzzy sliding mode algorithm is proposed in order to design
high performance robust controller in presence of structure unstructured uncertainties. The performance is
improved by using the advantages of sliding mode algorithm, artificial intelligence method and adaptive
algorithm while the disadvantages removed by added each method to previous method. Fuzzy logic
method by adding to the sliding mode controller has covered negative points in fuzzy and sliding
algorithms. Obviously robot manipulator dynamic parameters are nonlinear therefore design nonlinear
robust model free controller is a main goal with regard to sliding mode and fuzzy logic methodology. This
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paper focuses on comparison between sliding mode controller, fuzzy sliding mode controller and adaptive
sliding mode algorithm fuzzy sliding mode controller, to opt the best control method for the uncertain
second order system (e.g., robot manipulator). Higher implementation quality of response and model free
controller versus an acceptable performance in chattering, trajectory and error is reached by designing
adaptive sliding mode fuzzy algorithm fuzzy sliding mode controller. This implementation considerably
removes the chattering phenomenon and error in the presence of uncertainties. As a result, this controller
will be able to control a wide range of nonlinear second order uncertain system (e.g., robot manipulator)
with a high sampling rates because its easy to implement.
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Abstract

This research is focused on novel particle swarm optimization (PSO) SISO Lyapunov based fuzzy
estimator sliding mode algorithms derived in the Lyapunov sense. The stability of the closed-loop system is
proved mathematically based on the Lyapunov method. PSO SISO fuzzy compensate sliding mode
method design a SISO fuzzy system to compensate for the dynamic model uncertainties of the nonlinear
dynamic system and chattering also solved by nonlinear fuzzy saturation like method. Adjust the sliding
function is played important role to reduce the chattering phenomenon and also design acceptable
estimator applied to nonlinear classical controller so PSO method is used to off-line tuning. Classical
sliding mode control is robust to control model uncertainties and external disturbances. A sliding mode
method with a switching control low guarantees the stability of the certain and/or uncertain system, but the
addition of the switching control low introduces chattering into the system. One way to reduce or eliminate
chattering is to insert a nonlinear (fuzzy) boundary like layer method inside of a boundary layer around the
sliding surface. Classical sliding mode control method has difficulty in handling unstructured model
uncertainties. One can overcome this problem by applied fuzzy inference system into sliding mode
algorithm to design and estimate model-free nonlinear dynamic equivalent part. To approximate a time-
varying nonlinear dynamic system, a fuzzy system requires a large amount of fuzzy rule base. This large
number of fuzzy rules will cause a high computation load. The addition of PSO method to a fuzzy sliding
mode controller to tune the parameters of the fuzzy rules in use will ensure a moderate computational
load. The PSO method in this algorithm is designed based on the PSO stability theorem. Asymptotic
stability of the closed loop system is also proved in the sense of Lyapunov.
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1. INTRODUCTION

Robot manipulators have many applications in aerospace, manufacturing, automotive, medicine and other
industries. Robot manipulators consist of three main parts: mechanical, electrical, and control. In the
mechanical point of view, robot manipulators are collection of serial or parallel links which have connected
by revolute and/or prismatic joints between base and end-effector frame. The robot manipulators electrical
parts are used to links motion. Control part is used to adjust the timing between the subparts of robot
manipulator to reach the best performance (trajectory) [1].

It is a well known fact, the aim of science and modern technology has making an easier life. Conversely,
modern life includes complicated technical systems which these systems (e.g., robot manipulators) are
nonlinear, time variant, and uncertain in measurement, they need to have controlled. Consequently it is
hard to design accurate models for these physical systems because they are uncertain. At present, in
some applications robot manipulators are used in unknown and unstructured environment, therefore strong
mathematical tools used in new control methodologies to design nonlinear robust controller with an
acceptable performance (e.g., minimum error, good trajectory, disturbance rejection) [1-8].

Sliding mode controller (SMC) is one of the influential nonlinear controllers in certain and uncertain
systems which are used to present a methodical solution for two main important controllers’ challenges,
which named: stability and robustness. Conversely, this controller is used in different applications; sliding
mode controller has subsequent drawbacks i.e. chattering phenomenon, and nonlinear equivalent dynamic
formulation in uncertain systems[1-2]. 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, 9-20]. Sliding mode controller is divided into two main sub controllers:
discontinues controller{lUs:1 and equivalent controller{ﬁwj. Discontinues controller causes an acceptable
tracking performance at the expense of very fast switching. In the theory of infinity fast switching can
provide a good tracking performance but it also can provide some problems (e.g., system instability and
chattering phenomenon). After going toward the sliding surface by discontinues term, equivalent term help
to the system dynamics match to the sliding surface[1, 6]. However, this controller used in many
applications but, pure sliding mode controller has following challenges: chattering phenomenon, and
nonlinear equivalent dynamic formulation [20]. Chattering phenomenon 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, 10-14]. In
boundary layer saturation method, the basic idea is the discontinuous method replacement by saturation
(linear) method with small neighborhood of the switching surface. This replacement caused to increase the
error performance against with the considerable chattering reduction. Slotine and Sastry have introduced
boundary layer method instead of discontinuous method to reduce the chattering[21]. Slotine has
presented sliding mode with boundary layer to improve the industry application [22]. R. Palm has
presented a fuzzy method to nonlinear approximation instead of linear approximation inside the boundary
layer to improve the chattering and control the result performance[23]. Moreover, C. C. Weng and W. S.
Yu improved the previous method by using a new method in fuzzy nonlinear approximation inside the
boundary layer and adaptive method[24]. As mentioned [24]sliding mode fuzzy controller (SMFC) is fuzzy
controller based on sliding mode technique to simple implement, most exceptional stability and robustness.
Conversely above method has the following advantages; reducing the number of fuzzy rule base and
increasing robustness and stability, the main disadvantage of SMFC is need to define the sliding surface
slope coefficient very carefully. To eliminate the above problems control researchers have applied artificial
intelligence method (e.g., fuzzy logic) in nonlinear robust controller (e.g., sliding mode controller) besides
this technique is very useful in order to implement easily. Estimated uncertainty method used in term of
uncertainty estimator to compensation of the system uncertainties. It has been used to solve the
chattering phenomenon and also nonlinear equivalent dynamic. If estimator has an acceptable
performance to compensate the uncertainties, the chattering is reduced. Research on estimated
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uncertainty to reduce the chattering is significantly growing as their applications such as industrial
automation and robot manipulator. For instance, the applications of artificial intelligence, neural networks
and fuzzy logic on estimated uncertainty method have been reported in [25-28]. Wu et al. [30] have
proposed a simple fuzzy estimator controller beside the discontinuous and equivalent control terms to
reduce the chattering. Their design had three main parts i.e. equivalent, discontinuous and fuzzy estimator
tuning part which has reduced the chattering very well. Elmali et al. [27]and Li and Xu [29]have addressed
sliding mode control with perturbation estimation method (SMCPE) to reduce the classical sliding mode
chattering. This method was tested for the tracking control of the first two links of a SCARA type HITACHI
robot. In this technique, digital controller is used to increase the system’s response quality. Conversely this
method has the following advantages; increasing the controller’'s response speed and reducing
dependence on dynamic system model by on-line control, the main disadvantage are chattering
phenomenon and need to improve the performance.

In recent years, artificial intelligence theory has been used in sliding mode control systems. Neural
network, fuzzy logic, and neuro-fuzzy are synergically combined with nonlinear classical controller and
used in nonlinear, time variant, and uncertainty plant (e.g., robot manipulator). Fuzzy logic controller (FLC)
is one of the most important applications of fuzzy logic theory. This controller can be used to control
nonlinear, uncertain, and noisy systems. This method is free of some model-based techniques as in
classical controllers. As mentioned that fuzzy logic application is not only limited to the modelling of
nonlinear systems [31-40]but also this method can help engineers to design easier controller. Control robot
arm manipulators using classical controllers are based on manipulator dynamic model. These controllers
often have many problems for modelling. Conventional controllers require accurate information of dynamic
model of robot manipulator, but these models are multi-input, multi-output and non-linear and calculate
accurate model can be very difficult. When the system model is unknown or when it is known but
complicated, it is difficult or impossible to use classical mathematics to process this model[32]. The main
reasons to use fuzzy logic technology are able to give approximate recommended solution for unclear and
complicated systems to easy understanding and flexible. Fuzzy logic provides a method which is able to
model a controller for nonlinear plant with a set of IF-THEN rules, or it can identify the control actions and
describe them by using fuzzy rules. It should be mentioned that application of fuzzy logic is not limited to a
system that’s difficult for modeling, but it can be used in clear systems that have complicated mathematics
models because most of the time it can be shortened in design but there is no high quality design just
sometimes we can find design with high quality. Besides using fuzzy logic in the main controller of a
control loop, it can be used to design adaptive control, tuning parameters, working in a parallel with the
classical and non classical control method [32]. The applications of artificial intelligence such as neural
networks and fuzzy logic in modelling and control are significantly growing especially in recent years. For
instance, the applications of artificial intelligence, neural networks and fuzzy logic, on robot arm control
have reported in [37-39]. Wai et al. [37-38]have proposed a fuzzy neural network (FNN) optimal control
system to learn a nonlinear function in the optimal control law. This controller is divided into three main
groups: arterial intelligence controller (fuzzy neural network) which it is used to compensate the system’s
nonlinearity and improves by adaptive method, robust controller to reduce the error and optimal controller
which is the main part of this controller. Mohan and Bhanot [40] have addressed comparative study
between some adaptive fuzzy, and a new hybrid fuzzy control algorithm for manipulator control. They
found that self-organizing fuzzy logic controller and proposed hybrid integrator fuzzy give the best
performance as well as simple structure. Research on combinations of fuzzy logic systems with sliding
mode method is significantly growing as nonlinear control applications. For instance, the applications of
fuzzy logic on sliding mode controller have reported in [24, 41-45]. Research on applied fuzzy logic
methodology in sliding mode controller (FSMC) to reduce or eliminate the high frequency oscillation
(chattering), to compensate the unknown system dynamics and also to adjust the linear sliding surface
slope in pure sliding mode controller considerably improves the robot manipulator control process [42-43].
H.Temeltas [46] has proposed fuzzy adaption techniques for SMC to achieve robust tracking of nonlinear
systems and solves the chattering problem. Conversely system’s performance is better than sliding mode
controller; it is depended on nonlinear dynamic equqgation. C. L. Hwang et al. [47]have proposed a Tagaki-
Sugeno (TS) fuzzy model based sliding mode control based on N fuzzy based linear state-space to
estimate the uncertainties. A multi-input multi-output FSMC reduces the chattering phenomenon and
reconstructs the approximate the unknown system has been presented for a robot manipulator [42].
Investigation on applied sliding mode methodology in fuzzy logic controller (SMFC) to reduce the fuzzy
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rules and refine the stability of close loop system in fuzzy logic controller has grown specially in recent
years as the robot manipulator control [23]; [48-62]. Lhee et al. [48]have presented a fuzzy logic controller
based on sliding mode controller to more formalize and boundary layer thickness. Emami et al. [51]have
proposed a fuzzy logic approximate inside the boundary layer. H.K.Lee et al. [52] have presented self
tuning SMFC to reduce the fuzzy rules, increase the stability and to adjust control parameters control
automatically. However the application of FSMC and SMFC are growing but the main SMFC drawback
compared to FSMC is calculation the value of sliding surface 4 pri-defined very carefully. Moreover, the
advantages of SMFC compared to FLC reduce the number of fuzzy rule base and increase the robustness
and stability. At last FSMC compare to the SMFC is more suitable for implementation action.

The tuning-gain block has been designed at each input/output stage. The PSO has been used to obtain
the optimal value of the sliding surface slope. Off-line control method (e.g., PSO) is used in systems whose
dynamic parameters are varying and need to be trained off line. In general states PSO algorithm can be
tuned classical controller coefficient and fuzzy coefficient or membership function. PSO fuzzy inference
system provide a good knowledge tools to adjust a complex uncertain nonlinear system with changing
dynamics to have an acceptable performance [63-65] Combined PSO method to artificial sliding mode
controllers can help the controllers to have a better performance by off-line tuning the nonlinear and time
variant parameters [63-65].

In this research we will highlight the SISO PSO fuzzy sliding mode algorithm with estimates the equivalent

part derived in the Lyapunov sense. This algorithm will be analyzed and evaluated on robotic manipulators.
Section 2, serves as an introduction to the classical sliding mode control algorithm and its application to a
two degree of-freedom robot manipulator, describe the objectives and problem statements. Part 3,
introduces and describes the methodology algorithms and proves Lyapunov stability. Section 4 presents
the simulation results of this algorithm applied to a 2 degree-of-freedom robot manipulator and the final
section is describe the conclusion.

2. OBJECTIVES, PROBLEM STATEMENTS AND SLIDING MODE FORMULATION
When system works with various parameters and hard nonlinearities design linear controller technique is
very useful in order to be implemented easily but it has some limitations such as working near the system
operating point[2-20]. Sliding mode controller is used in wide range areas such as in robotics, in control
process, in aerospace applications and in power converters because it has an acceptable control
performance and solve some main challenging topics in control such as resistivity to the external
disturbance. Even though, this controller is used in wide range areas but, pure sliding mode controller has
the following disadvantages: chattering problem; which caused the high frequency oscillation in the
controllers output and equivalent dynamic formulation; calculate the equivalent control formulation is
difficult because it depends on the dynamic equation [20]. Conversely pure FLC works in many areas, it
cannot guarantee the basic requirement of stability and acceptable performance[30-40]. Although both
SMC and FLC have been applied successfully in many applications but they also have some limitations.
The linear boundary layer method is used to reduce or eliminate the chattering and fuzzy estimator is used
instead of dynamic equivalent equation to implement easily and avoid mathematical model base controller.
To reduce the effect of uncertainty in proposed method, self tuning sliding mode fuzzy method is applied in
fuzzy sliding mode controller in robot manipulator in order to solve above limitation.
The dynamic equation of an n-link robot manipulator is define as [53-62]

Miglg + clg.q) +Glg) =1 (1)

Where g € R™ is the vector of joint position, M{g) € R™™ is the inertial matrix, C{gq.4) € R™ is the matrix of
Coriolis and centrifugal forces, G(g) € R" is the gravity vector and = € R™ is the vector of joint torques.
This work focuses on two-degree-of-freedom robot manipulator.

The dynamics of this robotic manipulator is given by [1, 6, 9-14]

T =M(q)§ +B(q@)lq ¢l + C(q@)[41° + G(q) 2
Where
myl? 4+ 2my 2 + 2myll cos g ma 1 + myl? cos g, (3)
Miq) = ) 2 2
myl” + m,1° cos g mn,l
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—zmzlei'l'i'z sin gz — ’mzlei'% sin l?z] (4)
m, %43 sin g,

Our target is to track the desired trajectories gz of the robotic manipulators (2) by using a sliding mode

controller. We extract g from C{g. g} in (2) and rewrite (2) as

Clg.q) =

T=Mlgld + clq.4)q ()
Where
. —mmy1* 43 sin g3 — my 1§y sin g2 — my 12§ sin q (6)
C{!}',l;':] = [ 3. .
g 17gy sin gq 0
We define the tracking error as
e=q-q (7)
Where g = [g:.9;]7, 92 = [912-922]"- The sliding surface is expressed as
5= é&+3de (8)

Where i = diag[y.%;] , ®; and %, are chosen as the bandwidth of the robot controller.
We need to choose t to satisfy the sufficient condition (9). We define the reference state as

1d : . - 9
Eaﬂz{x;ﬂ=5-5=[f—f—ffsgn{sj]-5={f—f}-.‘i—h’|.‘i| ®)
Ge=§—s=qg— e (10)

Now we pick the control input = as
=M §, + Cigq, — As — Ksgn(s) (11)

Where M" and ¢, are the estimations of M(g) and C.(g.§); A = diag[a;.a;] and K = diag[k,.k;] are
diagonal positive definite matrices. From (7) and (11), we can get
M: £ (€, + A)s = Af —Ksgn(s) (12)

Where Af =AM, +AC, g, , AM=M"-M and AC,=(, -C;, . We assume that the bound
|AF |pouna of Af(E = 1.2) is known. We choose K as

K; = |Afi| youna (13)
We pick the Lyapunov function candidate to be
! (14)
V= Es‘ Ms

Since M is positive symmetric definite, ¥ = 0 for = = 0. Take the derivative of M with respect to time in (6)
and we get

it [—z]mzfzﬁ"z sin gz — myl*§ysin q; (15)
| —my Py sing, 0
From (11) and (15) we get
. 0 2myl24, sin qy + myllg, sin g, (16)
M-2C, = 3. . . .
—2m,l° gy sin g, —m, 174, =in g4 0
Which is a skew-systemmetric matrix satisfying
sT(M—2cy)s=0 (17)

Then ¥ becomes X

V= s" Mi + E sTMs (18)
=sT(M& + Cy5)
= si[—ds +Af — Ksgnls)]

= ) Gilaf; — Kisgn(s)D) — 5T ds

i=1

For K; = |Af| , we always get 5;[Af — K:sgn(s;)] = 0. We can describe ¥ as
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: (19)
V= Z{sflﬂf[- —Kisgn(s)]) - sTAs<—s" As <0 (s = 0)
i=1
To attenuate chattering problem, we introduce a saturation function in the control law instead of the sign
function in (9). The control law becomes
t=M§,+ Ci§, — As— Ksat(s/®) (20)
In this classical sliding mode control method, the model of the robotic manipulator is partly unknown. To
attenuate chattering, we use the saturation function described in (20). Our control law changes to
t=M §,+ Ci§, — As — Ksat(s) (21)
The main goal is to design a position controller for robot manipulator with acceptable performances
(e.g., trajectory performance, torque performance, disturbance rejection, steady state error and RMS
error). Robot manipulator has nonlinear dynamic and uncertain parameters consequently; following
objectives have been pursuit in the mentioned study.
e To develop a chattering in a position pure sliding mode controller against uncertainties.
e To design and implement a position fuzzy estimator sliding mode controller in order to solve the
equivalent problems in the pure sliding mode control.
e To develop a position sliding mode fuzzy adaptive fuzzy sliding mode controller in order to solve
the disturbance rejection.
Figure 1 is shown the classical sliding mode methodology with linear saturation function to eliminate the
chattering.

Dieved mpat
é

+
e
[

Actusl mpist

&8¢ .
¥ F,= [MYB+C+G)+S|M

v

FIGURE 1: Classical sliding mode controller: applied to two-link robotic manipulator

3. METHODOLOGY: DESIGN A NOVEL PSO SISO LYAPUNOV BASED FUzZzY
ESTIMATOR SLIDING MODE ALGORITHM

First part is focuses on design chattering free sliding mode methodology using nonlinear saturation like

algorithm. A time-varying sliding surface ={x. t) is given by the following equation:

d
slxt) =(—+ " 1%=0 (22)
dt
where A is the constant and it is positive. The derivation of S, namely, 5 can be calculated as the following
formulation [5-16, 41-62]:
S=F@-%5) +alx—x4) (23)

The control law for a multi degrees of freedom robot manipulator is written as:
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U=Ug,+U, (24)

Where, the model-based component U, is the nominal dynamics of systems and it can be calculate as

follows:
Uy =[MUB+C+G)+35]M (25)

Where M{q) is an inertia matrix which it is symmetric and positive, Vig.g) =B +C is
the vector of nonlinearity term and Gig) is the vector of gravity force and U, with
minimum chattering based on [9-16] is computed as;

Uy = K- (mu+b) (/) (26)

Where @, = mu + b = Linear saturations,.;,, S a dead zone (saturation) function and, u and b are
unlimited coefficient, by replace the formulation (5) in (3) the control output can be written as;

v ek o (S Uy +K.sgn(S) IS| =0 (27)
oo + K. (o £ ) (/) U + K5/ sl <o
Where the function of sgn{5) defined as;
1 g2=10 (28)
sgnls) =4-1 g={
0 2=10

Fuzzy logic is a multivalued logic, which can transfer mathematical equation of nonlinear dynamic
parameter to expert mathematical knowledge [31]. A block diagram of fuzzy controller is shown in Figure 2.
Even though the application area for fuzzy logic control is really wide, the basic form for all command types
of controllers still consists of: Input fuzzification (binary-to-fuzzy [B/F] conversion), Fuzzy rule base,
Inference engine, and Output deffuzzification (fuzzy-to-binary [F/B] conversion) [32-35].

Controller

Fuzzy r,, ROBOT [ g 7
>
&

FIGURE 2: Fuzzy controller block diagram [40]

The basic structure of a fuzzy controller is shown in Figure 3.
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— | Fuzzifier Defuzzifier _:..
e.e
e¥.e” u
h 4
—| Fuzzy Inference
Engine

FIGURE 3: Structure of fuzzy logic controller [40]

To eliminate the chattering fuzzy inference system is used instead of linear saturation function to design
nonlinear sliding function which as a summary the design of fuzzy logic controller for SMC has five steps:
Determine inputs and outputs: This controller has one input {5} and one output (=). The input is sliding
function (5) and the output is coefficient which estimate the saturation function {a).

Find membership function and linguistic variable: The linguistic variables for sliding surface () are;
Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS), Positive
Medium (PM), Positive Big (PB), and the linguistic variables to find the saturation coefficient (&) are; Large
Left (LL), Medium Left (ML), Small Left (SL), Zero (Z), Small Right (SR), Medium Right (MR), Large Right
(LR).

Choice of shape of membership function: In this work triangular membership function was selected.

Design fuzzy rule table: design the rule base of fuzzy logic controller can play important role to design
best performance FSMC, suppose that two fuzzy rules in this controller are
F.R:IFSisZ THEN is Z. (29)
F.R%: IF S is (PB) THEN « is (LR).

The complete rule base for this controller is shown in Table 1.

TABLE 1: Rule table for proposed FSMC

S INB|NM NS | Z |[PS|PM | PB
LL | ML | SL Z SR | MR | LR

The control strategy that deduced by Table1 are
» If sliding surface (S) is N.B, the control applied is N.B for moving S to S=0.
» If sliding surface (S) is Z, the control applied is Z for moving S to S=0.

Defuzzification: The final step to design fuzzy logic controller is deffuzification , there are many

deffuzzification methods in the literature, in this controller the COG method will be used, where this is

given by

2 U Mgy (g ¥ Uy) (30)
iy (s i Up)

Second part is focuses on design fuzzy estimator to estimate nonlinear equivalent part. The fuzzy system

can be defined as below [38-40]

COG(xy.y;) =
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M

FG) = Upary = 9 677G = ) 31

where & = (8*,8%,6%, ..., 8™)7,{(x) = ({*(x), (), P xd, e, JM )T
1 _ sz"ujxf_‘ux[ (32)

¢ () = E:‘F.jx:‘j
where 8 = (8,67, 8%, ........8™) is adjustable parameter in (8) and u,,;, is membership function.
error base fuzzy controller can be defined as

Ufuxx_].' = 4’{5:] (33)

In this work the fuzzy controller has one input which names; sliding function. Fuzzy controller with one
input is difficult to implementation, because it needs large number of rules, to cover equivalent part
estimation [16-25]. Proposed method is used to a SISO fuzzy system which can approximate the residual
coupling effect and alleviate the chattering. The robotic manipulator used in this algorithm is defined as
below: the tracking error and the sliding surface are defined as:

e=q- qq (34)

s=é+ A (35)
We introduce the reference state as

Gr=q- 5= a4~ e (30)

fr=§— §= §g— e (37)

The control input is given by
t=MG, +Cig, — As— K (38)

Where 4 = diag[ay,.. ,ay] and a, .., &y are positive constants; K = [k, ...k ]" and K; is defined as the
fuzzy gain estimated by fuzzy systems.
The fuzzy if-then rules for the jth joint of the robotic manipulator are defined as

RY:if s, is A} .them y is B] (39)
Wherej=1...m and{=1,...M.

We define k; by
R PHEN) (40)

K,=—————=8Tz(s,)
ST ) B

Where .
£ {5';} = [E}{EJ}JE}I{S; }s---aE}“{S‘r}] ’ (41)
d(s) = Zi Byl (s;) (42)
T [ ()]

The membership function u,i(s;) is a Gaussian membership function defined in bellows:
)

5 — a} : (43)
ugs)= e |-(22) [ G= 1 m).
1
The Lyapunov function candidate is given by
1 (44)

1501
V=osTMs+o ) —olo,
Z 2I=1YSJ
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Where &; = — 8. The derivative of Vis
1 (45)
V=s"Mi+—-—s"Ms+ z —G}rﬁ}
- o Ye

Since M — 2C, is a skew-symmetric matrix, we can get s™ Ms + fsfﬂ-&’s = 57 (Ms + C, s). From (2) and (36),

we get
T=Miglj+clgglg+ Glgd =M §.+Cy4, +G —As—K (46)

Since §-= g —sand g, = § —sin (44) and (45), we get
M+ (C; +A4)s =AF—K (47)

Where AF = AM§, + AC, G, + AG, AM=M"—M, AC,=C,-C,and G= G —G.thenV becomes
= sTCMs + Cy5) + E}’;l:;a}é}
= —sT(-As+ Af —K) + X7, iafé}
= EJ llsj{ﬂ.fj Kr}]—s As+ EJ 1 G'J Gj
= Tmy[s;(af,— 6T &5 )] — s As+ EJ.:lEa}ré}
= E}'Ll{sj [ﬂ.fj - {E}}s,{sj} + G}EJ{SJ]]} -sTAs+ By Lﬁ}ré}

= It 1{51 [ﬂf; {EJ}EJ{SJ}]}_ sTAs+ on 1( ﬁ‘; [TEJSJEJ{SJ}+ G‘JD

We choose the adaptation law &; = i) gi(s;). Since &; = —6; = —yz;5;5(s;), ¥ becomes
V= E_, 1(5'_, [ﬂl._f_r {E_r EJ{SJ}]) —sT (48)
We define the minimum approximation error as
T
w = Af; — {E}:} EJ{SJ} (49)

Then ¥ change to
V= E}Eﬁ'} wy — sTAs
m

< Z|s_,||m,| ~ sTAs
=1

[\.{]a

{Is_r"“_rl - ﬂ_rs_r]

—
Il
-

PASE

(ISJI{I‘*’JI - ﬂ,rls_r[}) (50)

Il
=

i

According to Universal Approximation theorem in sliding mode algorithm, the minimum approximation error
c; is as small as possible. We can simply pick a; to make a;|s;| = | ;| (s; = 0). Then we get V" < O for

== 0

The fuzzy division can be reached the best state when 5.5 < 0 and the error is minimum by the following
formulation

M
8" = arg min [Sup,.y| Z 87 () — Uggy |]

Where 8%is the minimum error, sup, .| E“ 87 {(x) — 7.4 | is the minimum approximation error.

(51)

suppose K; is defined as follows
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EJ{“: 1 E} [pa 'IL-':"; }]

K=——""—/———"=8 5
=T s )
Where §; (5;) = [24(5:).¢7(5,). 2 (5,). - (S N7
meat (5))
Hs) =1

INTIRHEN
where the y,;is the positive constant.

(52)

(53)

According to the nonlinear dynamic equivalent formulation of robot manipulator the nonlinear equivalent

part is estimated by (8)
M
[M~Y(B + C+G) +$]M=Z 6T {(x) —AS - K
I=1

Based on (3) the formulation of proposed fuzzy sliding mode controller can be written as;

U=U +U,

e urzy

Where U =[MYB+C+6)+5]M+IM 6T x) + K

EQfurzy

Figure 4 is shown the proposed fuzzy sliding mode controller.

(54)

(55)

Sliding Funetinn

8 *Mamdani FIS to eliminate the V=0_+U

IE'_ chattering O 9 fuzzy
+

::| 9 fuzgy
/R MNonlinear cquivalent dymamic

5 —-I Mamadani's FIS Estimator

FIGURE 4: Proposed fuzzy estimator sliding mode algorithm: applied to robot manipulator

Figure 5 is shown the fuzzy instead of saturation function.
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PE
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FIGURE 5: Nonlinear fuzzy inference system applied to linear saturation function

Parts three is focused on PSO algorithm and tune the coefficient of sliding function. Particle Swarm
Optimization (PSO) is one of the evolutionary optimization algorithms in the branch of swarm intelligence
developed by Eberhart and Kennedy in 1995[4]. This algorithm was inspired by the social movement
behavior of the birds in the flock searching for food. Compared to the other evolutionary algorithms, the
main excellences of this algorithm are: Simple concept, easy to implement, robustness in tuning
parameters, minimum storage space and both global and local exploration capabilities. These birds in a
flock are symbolically described as particles. These particles are supposed to a swarm “flying” through the
problem space. Each particle has a position and a velocity. Any particle’s position in the problem space
has one solution for the problem. When a particle transfers from one place to another, a different problem
solution is generated. Cost function evaluated the solution in order to provide the fitness value of a particle.
“Best location” of each particle which has experienced up to now, is recorded in their memory, in order to
determine the best fitness value. Particles of a swarm transmit the best location with each other to adapt
their own location according to this best location to find the global minimum point. For every generation,
the new location is computed by adding the particle’s current velocity to its location. PSO is initialized with
a random population of solutions in N-dimensional problem space, the i particle changes and updates its
position and velocity according to the following formula:

V['d =W X {Vfd + ['.'1 X f‘ﬂ:l'idl = {Pfd — de:] + Cz X Tﬂ.ﬂdz X {Pgd — de:]:] (56)

Where X, is calculated by
Xig=Xig+ Vig (57)

Where Wy is the inertia weight implies the speed of the particle moving along the dimensions in a problem
space. €; and C; are acceleration parameters, called the cognitive and social parameters; rand; and
rand; are functions that create random values in the range of (0, 1). X;; is the particle’s current location;
Py (personal best) is the location of the particle experienced its personal best fitness value; Py (global
best) is the location of the particle experienced the highest best fitness value in entire population; d is the
number of dimensions of the problem space; . W is the momentum part of the particle or constriction
coefficient [5] and it is calculated based on the following equation;

W=2/(@2- ¢ — o —49) (58)
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o=CisC; , @>4 (59)

Equation 56 needs each particle to record its location X;3, its velocity ¥z, its personal best fitness value P
is» and the whole population’s best fitness value P,. On the basis of following equation the best fitness
value X; is updated at each generation, where the sign f (.} represents the cost function; X; (.} indicated
the best fitness values; and t denotes the generation step.

' ' 60
X(t+1)= { X;(e) FflPst+1)) = X;(D (60)

FlPy @+ 1)) fPs(t+ 1)) = Xx;(D

In PSO, the knowledge of each particle will not be substituted until the particle meets a new position vector
with a higher competence value than the currently recorded value in its memory [6]. External disturbances
influence on tracking trajectory, error rate and torque which result in chattering. But the values are not such
a great values and these oscillations are in all physical systems. So, the sliding mode controller can reject
perturbations and external disturbances if these parameters adjust properly. So the methodology which is
applied in this paper in order to select the best values for these deterministic coefficients to accomplish
high performance control is the particle swarm optimization algorithm. This algorithm tunes the gains and
determines the appropriate values for these parameters in harmony with the system which was introduced
in rear part.

4. RESULTS

Sliding mode controller (PD-SMC) and PSO SISO Lyapunov based fuzzy estimator sliding mode (PSO-
FSMC) algorithms were tested to desired response trajectory. In this research the first and second joints
are moved from home to final position without and with external disturbance. The simulation was
implemented in Matlab/Simulink environments. Trajectory performance, torque performance and
disturbance rejection are compared in these controllers. It is noted that, these systems are tested by band
limited white noise with a predefined 40% of relative to the input signal amplitude. This type of noise is
used to external disturbance in continuous and hybrid systems.

Tracking performances: From the simulation for first and second trajectory without any disturbance with
sinus trajectory, it was seen that both of controllers almost have the same performance, because these
controllers are adjusted and worked on certain environment. Figure 6 is shown tracking performance in
certain system and without external disturbance these two controllers.

___________

...................................

_________

———————————————————————————————————

———————————————————————————————————————————————

10

FIGURE 6: SMC Vs. PSO-FSMC: applied to 2-DOF serial robot manipulator
By comparing trajectory response in above graph it is found that the PSOFSMC undershoot (0%) is lower
than SMC (8.8%), although both of them have about the same overshoot.
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Disturbance Rejection: Figure 7 has shown the power disturbance elimination in SMC and PSOFSMC.
The main target in these controllers is disturbance rejection as well as reduces the chattering. A band
limited white noise with predefined of 40% the power of input signal is applied to above controllers. It found
fairly fluctuations in SMC trajectory responses.

FIGURE 7: SMC Vs. PSO-FSMC with disturbance: applied to 2-DOF serial robot manipulator

Among above graph, relating to sinus trajectory following with external disturbance, pure SMC has slightly
fluctuation. By comparing overshoot, rise time, and settling time; PSO SMC’s overshoot (0%) is lower than
SMC's (11%) and SMC’s rise time (0.66 sec) is considerably the same as PSO SMC’s (0.61 sec).

Chattering Phenomenon: Chattering is one of the most important challenges in sliding mode controller

for this reason the major objectives in this research is eliminate the chattering in controller’s output. Figure
8 has shown the power of boundary layer (saturation) method to reduce the chattering in SMC.
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Monlinear Boundary layer Lke Method

.......... Slgn f|_’|r'|l::.'1]I:lr|
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FIGURE 8: Sign Vs. Nonlinear boundary layer like method in PSO-FSMC: applied to 2-DOF serial robot
manipulator

Figure 8 has indicated the power of chattering rejection in PSO-FSMC, with and without nonlinear
boundary layer like method using fuzzy algorithm. Overall in this research with regard to the sinus
response, PSO SMC has the steady chattering compared to the pure SMC in uncertain or/and external
disturbance area with regard to nonlinear boundary layer like method using fuzzy inference system.

Error Calculation: Table 2 and Table 3are shown error performance in SMC and PSO-FSMC in presence
of external disturbance. SMC has oscillation in tracking which causes chattering phenomenon.

TABLE 2: RMS Error Rate of Presented controllers

RMS Error Rate SMC PSO-FSMC
Without Noise 1e-3 0.9e-3
With Noise 0.012 0.00012

In these methods if integration absolute error (IAE) is defined by (61), table 2 is shown comparison
between these two methods.

IAE = J‘m|g{tj| dt (61)
]

TABLE 3: Calculate IAE

Method Traditional SMC PSO-Fuzzy Estimator SMC

IAE 430 209.1

5. CONCLUSION

In this work, a SISO PSO fuzzy estimate sliding mode controller is design, analysis and applied to robot
manipulator. This method focuses on design PSO-FSMC algorithm with the formulation derived in the
Lyapunov sense. The stability of the closed-loop system is proved mathematically based on the Lyapunov
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method. The first objective in proposed method is removed the chattering which non linear boundary layer
method using fuzzy inference system is used to solve this challenge. The second target in this work is
compensate the model uncertainty by SISO fuzzy inference system, in the case of the m-link robotic
manipulator, if we define k, membership functions for each input variable, the number of fuzzy rules
applied for each joint is K; which will result in a low computational load. In finally part PSO algorithm is
used to off-line tuning and adjusted the sliding function and eliminates the chattering with minimum
computational load. In this case the performance is improved by using the advantages of sliding mode
algorithm, artificial intelligence compensate method and PSO algorithm while the disadvantages removed
by added each method to previous method. Fuzzy logic method by adding to the sliding mode controller
has covered negative points in fuzzy and sliding algorithms.
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Abstract

In this research, a Multi Input Multi Output (MIMO) position Field Programmable Gate Array (FPGA)-based
fuzzy estimator sliding mode control (SMC) design with the estimation laws derived in Lyapunov sense and
application to robotic manipulator has proposed in order to design high performance nonlinear controller in
the presence of uncertainties. Regarding to the positive points in sliding mode controller, fuzzy inference
methodology and Lyapunov based method, the controllers output has improved. The main target in this
research is analyses and design of the position MIMO artificial Lyapunov FPGA-based controller for robot
manipulator in order to solve uncertainty, external disturbance, nonlinear equivalent part, chattering
phenomenon, time to market and controller size using FPGA. Robot manipulators are nonlinear, time
variant and a number of parameters are uncertain therefore design robust and stable controller based on
Lyapunov based is discussed in this research. Studies about classical sliding mode controller (SMC) show
that: although this controller has acceptable performance with known dynamic parameters such as stability
and robustness but there are two important disadvantages as below: chattering phenomenon and
mathematical nonlinear dynamic equivalent controller part. The first challenge; nonlinear dynamic part; is
applied by inference estimator method in sliding mode controller in order to solve the nonlinear problems in
classical sliding mode controller. And the second challenge; chattering phenomenon; is removed by linear
method. Asymptotic stability of the closed loop system is also proved in the sense of Lyapunov. In the last
part it can find the implementation of MIMO fuzzy estimator sliding mode controller on FPGA; FPGA-based
fuzzy estimator sliding mode controller has many advantages such as high speed, low cost, short time to
market and small device size. One of the most important drawbacks is limited capacity of available cells
which this research focuses to solve this challenge. FPGA can be used to design a controller in a single
chip Integrated Circuit (IC). In this research the SMC is designed using Very High Description Language
(VHDL) for implementation on FPGA device (XA3S1600E-Spartan-3E), with minimum chattering.

Keywords: Mathematical Tunable, FPGA, MIMO Fuzzy Estimator, Fuzzy Sliding Mode Based
Lyapunov Algorithm, Robot Manipulator, Chattering Phenomenon, VHDL language.
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1. INTRODUCTION, MOTIVATION AND BACKGROUND

Robot manipulators have many applications in aerospace, manufacturing, automotive, medicine and other
industries. Robot manipulators consist of three main parts: mechanical, electrical, and control. In the
mechanical point of view, robot manipulators are collection of serial or parallel links which have connected
by revolute and/or prismatic joints between base and end-effector frame. The robot manipulators electrical
parts are used to links motion, which including the following subparts: power supply to supply the electrical
and control parts, power amplifier to amplify the signal and driving the actuators, DC/stepper/servo motors
or hydraulic/pneumatic cylinders to motion the links, and transmission part to transfer data between robot
manipulator subparts. Control part is used to adjust the timing between the subparts of robot manipulator
to reach the best performance (trajectory). It provides four main abilities in robot manipulators: controlling
the manipulators movement in correct workspace, sensing the information from the environment, being
able to intelligent control behavior and processing the data and information between all subparts.
Research about mechanical parts and control methodologies in robotic system is shown; the mechanical
design, type of actuators, and type of systems drive play important roles to have the best performance
controller. More over types of kinematics chain, i.e., serial Vs. parallel manipulators, and types of
connection between link and join actuators, i.e., highly geared systems Vs. direct-drive systems are
presented in the following sentences because these topics played important roles to select and design the
best acceptable performance controllers[1-6]. A serial link robot is a sequence of joints and links which
begins with a base frame and ends with an end-effector. This type of robot manipulators, comparing with
the load capacitance is more weightily because each link must be supported the weights of all next links
and actuators between the present link and end-effector[6]. Serial robot manipulators have been used in
automotive industry, medical application, and also in research laboratories. In contrast, parallel robot
manipulators design according to close loop which base frame is connected to the end-effector frame with
two or more kinematic chains[6]. In the other words, a parallel link robot has two or more branches with
some joints and links, which support the load in parallel. Parallel robot have been used in many
applications such as expensive flight simulator, medical robotics (l.e., high accuracy, high repeatability,
high precision robot surgery), and machinery tools. With comparison between serial and parallel links robot
manipulators, parallel robots are used in higher speed loads, better accuracy, with used lighter weigh
robot manipulator but one of the most important handicaps is limitation the workspace compared to serial
robot. From control point of view, the coupling between different kinematic chains can generate the
uncertainty problems which cause difficult controller design of parallel robot manipulator[7-12]. One of the
most important classifications in controlling the robot manipulator is how the links have connected to the
actuators. This classification divides into two main groups: highly geared (e.g., 200 to 1) and direct drive
(e.g., 1 to 1). High gear ratios reduce the nonlinear coupling dynamic parameters in robot manipulator. In
this case, each joint is modeled the same as Single Input Single Output (SISO) systems. In high gear robot
manipulators which generally are used in industry, the couplings are modeled as a disturbance for SISO
systems. Direct drive increases the coupling of nonlinear dynamic parameters of robot manipulators. This
effect should be considered in the design of control systems. As a result some control and robotic
researchers’ works on nonlinear robust controller design[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]. Sliding
mode controller (SMC) is a significant nonlinear controller in certain and uncertain dynamic parameters
systems. This controller is used to present a systematic solution for stability and robustness which they
can play important role to select the best controller. Conversely, pure sliding mode controller is used in
many applications; it has two important drawbacks namely; chattering phenomenon, and nonlinear
equivalent dynamic formulation in uncertain dynamic parameter [1, 6, and 20]. To reduce or eliminate the
chattering this research is used linear saturation boundary layer function [13-20]. In boundary layer
saturation method, the basic idea is the discontinuous method replacement by saturation (linear) method
with small neighborhood of the switching surface. This replacement caused to increase the error
performance against with the considerable chattering reduction. Slotine and Sastry have introduced
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boundary layer method instead of discontinuous method to reduce the chattering[21]. Slotine has
presented sliding mode with boundary layer to improve the industry application [22]. R. Palm has
presented a fuzzy method to nonlinear approximation instead of linear approximation inside the boundary
layer to improve the chattering and control the result performance[23]. Moreover, C. C. Weng and W. S.
Yu improved the previous method by using a new method in fuzzy nonlinear approximation inside the
boundary layer and adaptive method[24]. As mentioned [24]sliding mode fuzzy controller (SMFC) is fuzzy
controller based on sliding mode technique to simple implement, most exceptional stability and robustness.
Conversely above method has the following advantages; reducing the number of fuzzy rule base and
increasing robustness and stability, the main disadvantage of SMFC is need to define the sliding surface
slope coefficient very carefully. To eliminate the above problems control researchers have applied artificial
intelligence method (e.g., fuzzy logic) in nonlinear robust controller (e.g., sliding mode controller) besides
this technique is very useful in order to implement easily. One of the most important techniques to reduce
or remove above two challenges is applying non-classical (artificial intelligence) method in robust classical
such as sliding mode controller method. Estimated uncertainty method used in term of uncertainty
estimator to compensation of the system uncertainties. It has been used to solve the chattering
phenomenon and also nonlinear equivalent dynamic. If estimator has an acceptable performance to
compensate the uncertainties, the chattering is reduced. Research on estimated uncertainty to reduce the
chattering is significantly growing as their applications such as industrial automation and robot manipulator.
For instance, the applications of artificial intelligence, neural networks and fuzzy logic on estimated
uncertainty method have been reported in [25-28]. Wu et al. [30] have proposed a simple fuzzy estimator
controller beside the discontinuous and equivalent control terms to reduce the chattering. Their design had
three main parts i.e. equivalent, discontinuous and fuzzy estimator tuning part which has reduced the
chattering very well. Elmali et al. [27]and Li and Xu [29]have addressed sliding mode control with
perturbation estimation method (SMCPE) to reduce the classical sliding mode chattering. This method was
tested for the tracking control of the first two links of a SCARA type HITACHI robot. In this technique,
digital controller is used to increase the system’s response quality. Conversely this method has the
following advantages; increasing the controller’s response speed and reducing dependence on dynamic
system model by on-line control, the main disadvantage are chattering phenomenon and need to improve
the performance. In order to solve the uncertain dynamic parameters and complex parameters systems
with an artificial intelligence theory, fuzzy logic is one of the best choice which it is used in this research.
However fuzzy logic method is useful to control complicated nonlinear dynamic mathematical models but
the response quality may not always be so high. This controller can be used in main part of controller (e.g.,
pure fuzzy logic controller), it can be used to design adaptive controller (e.g., adaptive fuzzy controller),
tuning parameters and finally applied to the classical controllers [31-40]. Research on combinations of
fuzzy logic systems with sliding mode method is significantly growing as nonlinear control applications. For
instance, the applications of fuzzy logic on sliding mode controller have reported in [24, 41-45]. Research
on applied fuzzy logic methodology in sliding mode controller (FSMC) to reduce or eliminate the high
frequency oscillation (chattering), to compensate the unknown system dynamics and also to adjust the
linear sliding surface slope in pure sliding mode controller considerably improves the robot manipulator
control process [42-43]. H.Temeltas [46] has proposed fuzzy adaption techniques for SMC to achieve
robust tracking of nonlinear systems and solves the chattering problem. Conversely system’s performance
is better than sliding mode controller; it is depended on nonlinear dynamic equqation. C. L. Hwang et al.
[47]have proposed a Tagaki-Sugeno (TS) fuzzy model based sliding mode control based on N fuzzy based
linear state-space to estimate the uncertainties. A multi-input multi-output FSMC reduces the chattering
phenomenon and reconstructs the approximate the unknown system has been presented for a robot
manipulator [42].

As mentioned above sliding mode controller has some limitations which applied fuzzy logic in sliding mode
controller can causes to reduce the limitations [48-53]. However FSMC has an acceptable performance but
calculate the sliding surface slope by experience knowledge is difficult, particularly when system has
structure or unstructured uncertainties, mathematical model free on-line tunable gain is recommended. F Y
Hsu et al. [54]have presented adaptive fuzzy sliding mode control which can update fuzzy rules to
compensate nonlinear parameters and guarantee the stability robot manipulator controller. Y.C. Hsueh et
al. [43] have presented self tuning sliding mode controller which can resolve the chattering problem without
to using saturation function. For nonlinear dynamic systems (e.g., robot manipulators) with various
parameters, adaptive control technique can train the dynamic parameter to have an acceptable controller
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performance. Calculate several scale factors are common challenge in classical sliding mode controller
and fuzzy logic controller, as a result it is used to adjust and tune coefficient. Research on adaptive fuzzy
control is significantly growing, for instance, different adaptive fuzzy controllers have been reported in [40,
55-57]. Research on adaptive fuzzy sliding mode controller is significantly growing as many applications
and it can caused to improve the tracking performance by online tuning the parameters. The adaptive
sliding mode controller is used to estimate the unknown dynamic parameters and external disturbances.
For instance, the applications of adaptive fuzzy sliding mode controller to control the robot manipulators
have been reported in [24, 29, 45]. Generally, adaptive fuzzy sliding mode control of robot manipulator is
classified into two main groups’ i.e. multi-input multi-output (MIMO) and single-input single-output (SISO)
fuzzy systems.

Commonly, most of nonlinear controllers in robotic applications need a real time operation. FPGA-based
controller has been used in this application because it is small device in size, high speed, low cost, and
short time to market. Therefore FPGA-based controller can have a short execution time because it has
parallel architecture. Research on FPGA-based control of systems is considerably growing as their
applications such as industrial automation, robotic surgery, and space station's robot arm demand more
accuracy, reliability, high performance. For instance, the FPGA-based controls of robot manipulator have
been reported in [63-70]. Shao and Sun [64]have proposed an adaptive control algorithm based on FPGA
for control of SCARA robot manipulator. They are designed this controller into two micro base controller,
the linear part controller is implemented in the FPGA and the nonlinear estimation controller is
implemented in DSP. Moreover this controller is implemented in a Xilinx-FPGA XC3S400 with the 20 KHz
position loop frequency. The FPGA based servo control and inverse kinematics for Mitsubishi RV-M1
micro robot is presented in[65, 67] which to reduce the limitation of FPGA capacitance they are used 42
steps finite state machine (FSM) in 840 n second. Meshram and Harkare [68-69] have presented a
multipurpose FPGA-based 5 DOF robot manipulator using VHDL coding in Xilinx ISE 11.1. This controller
has two most important advantages: easy to implement and flexible. Zeyad Assi Obaid et al. [71] have
proposed a digital PID fuzzy logic controller using FPGA for tracking tasks that yields semi-global stability
of all closed-loop signals. The basic information about FPGA have been reported in [63, 69-73]. A review
of design and implementation of FPGA-based systems has been presented in [63]. The FPGA-based
sliding mode control of systems has been reported in [74-77]. Lin et al. [74] have presented low cost and
high performance FPGA-based fuzzy sliding mode controller for linear induction motor with 80% of flip
flops. The fuzzy inference system has 2 inputs (5 & 57 and one output K with nine rules. Ramos et al. [79]
have reported FPGA-based fixed frequency quasi sliding mode control algorithm to control of power
inverter. Their proposed controller is implemented in XC4010E-3-PC84 FPGA from XILINX with acceptable
experimental and theoretical performance. FPGA-based robust adaptive backstepping sliding mode control
for verification of induction motor is reported in [76]. A FPGA chip has programmed by Hardware
Description Language (HDL) which contains two types of languages, Very High Description Language
(VHDL) and Verilog. VHDL is one of the powerful programming languages that can be used to describe the
hardware design. VHDL was developed by the Institute of Electrical and Electronics Engineers (IEEE) in
1987 and Verilog was developed by Gateway Design Automation in 1984 [63, 72]. This research focuses
on FPGA-based sliding mode control of robot manipulator and it is implemented in XA3S1600E FPGA
from Xilinx in Xilinx-ISE 9.2i software using VHDL code.

In this research we will highlight the MIMO mathematical model-free adaptive fuzzy estimator sliding mode
algorithm with estimates the equivalent part derived in the Lyapunov sense. This algorithm will be analyzed
and evaluated on robotic manipulators. Section 2, serves as an introduction to problem formulation of
controller and its application to a three degree of-freedom robot manipulator, describe the objectives and
problem statements. Part 3, introduces and describes the methodology algorithms and proves Lyapunov
stability. Section 4 presents the simulation results of this algorithm applied to a 3 degree-of-freedom robot
manipulator and the final section is describe the conclusion.

2. CONTROL FORMULATION, OBJECTIVES AND PROBLEM STATEMENTS

Fist part is focused on nonlinear dynamic of PUMA 560 robot manipulator. Dynamic equation is the study
of motion with regard to forces. Dynamic modeling is vital for control, mechanical design, and simulation. It
is used to describe dynamic parameters and also to describe the relationship between displacement,
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velocity and acceleration to force acting on robot manipulator. To calculate the dynamic parameters which
introduced in the following lines, four algorithms are very important: Inverse dynamics, in this algorithm,
joint actuators are computed (e.g., force/torque or voltage/current) from endeffector position, velocity, and
acceleration. It is used in feed forward control. Forward dynamics used to compute the joint acceleration
from joint actuators. This algorithm is required for simulations. The joint-space inertia matrix, necessary
for maps the joint acceleration to the joint actuators. It is used in analysis, feedback control and in some
integral part of forward dynamics formulation. The operational-space inertia matrix, this algorithm maps
the task accelerations to task actuator in Cartesian space. It is required for control of end-effector.

The field of dynamic robot manipulator has a wide literature that published in professional journals and
established textbooks[1, 6]. Several different methods are available to compute robot manipulator dynamic
equations. These methods include the Newton-Euler (N-E) methodology, the Lagrange-Euler (L-E)
method, and Kane’s methodology[1]. The Newton-Euler methodology is based on Newton’s second law
and several different researchers are signifying to develop this method[1]. This equation can be described
the behavior of a robot manipulator link-by-link and joint-by-joint from base to endeffector, called forward
recursion and transfer the essential information from end-effector to base frame, called backward
recursive. The literature on Euler-Lagrange’s is vast but a good starting point to learn about it is in[1].
Euler-Lagrange is a method based on calculation kinetic energy. Calculate the dynamic equation robot
manipulator using E-L method is easier because this equation is derivation of nonlinear coupled and
quadratic differential equations. The Kane’s method was introduced in 1961 by Professor Thomas Kane[1,
6]. This method used to calculate the dynamic equation of motion without any differentiation between
kinetic and potential energy functions. The equation of a multi degrees of freedom (DOF) robot manipulator
is calculated by the following equation[6]:

M(gdj + N(g.q) =1 (1)

Where t is n x 1 vector of actuation torque, M (q) is n ®xn symmetric and positive define inertia matrix,
Nig.q) is the vector of nonlinearity term, and q is n x 1 position vector. In equation 1 if vector of
nonlinearity term derive as Centrifugal, Coriolis and Gravity terms, as a result robot manipulator dynamic
equation can also be written as [78-79]:

Nigq.q) = Vig. ) + Glgq) (2)
Vig.q) = Blg)q ] + clg)l4]? (3)
T =Mg)§ + Blg)lg 4]l + €lg) 141 + Glg) (4)

Where,

E(g) is matrix of coriolis torques, Clg}is matrix of centrifugal torque, [§ glis vector of joint velocity that it
can give by: [G1-§2.61Gz. . §1-G . G2- §2.--- .. 17, and [4]* is vector, that it can given by: [§:%.d2%.§2" ... 17.
In robot manipulator dynamic part the inputs are torques and the outputs are actual displacements, as a
result in (4) it can be written as [1, 6, 80-81];

§=M1g).lt —N(g.4)} ®)

To implementation (5) the first step is implement the kinetic energy matrix (M) parameters by used of
Lagrange’s formulation. The second step is implementing the Coriolis and Centrifugal matrix which they
can calculate by partial derivatives of kinetic energy. The last step to implement the dynamic equation of
robot manipulator is to find the gravity vector by performing the summation of Lagrange’s formulation.

The kinetic energy equation (M) is a n % n symmetric matrix that can be calculated by the following
equation;
M) = myJ 5 [y + 55 Tt + maliale + 105 2] ar + ma)ials + 1057 1a) w3 + mafiaf s (6)
ms] s Tus + JLE 5] us +mal el s + J06 6] ut
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As mentioned above the kinetic energy matrix in n DOF is a n x n matrix that can be calculated by the
following matrix [1, 6]

My Mp oo o e My, (7)
le wa wa wana o MZ‘H-

Mg) =
n.l MTJ..TJ-

The Coriolis matrix (B) is a n = % matrix which calculated as follows;

b1z buz o buw bz oo by o o Bigoan (8)
b1z v byy bpmy o e e baggga

Blg) =
Lby 2 w byin E e Bppg

and the Centrifugal matrix (C) is a n ® n matrix;

€y~ Cp (9)
Cgp=|: ™~
Cn1 - Cim
And last the Gravity vector (G) is an x 1 vector;
o (10)
Glg) = gz
L9n

Robotic control is one of the most active research areas in the field of robotics and one of the well-known
robot manipulator in the field of academic and industries is PUMA 560 robot manipulator. To position
control of robot manipulator, the second three axes are locked the dynamic equation of PUMA robot
manipulator is given by [78-79];

61 818, b1 1 (11)
M8 |92 | + B(8) | 6,6, + C(B) |63 + GI(B) :FZ]
B: 8203 b3 T3
Where
My My My 0O 0 0 (12)
My My My 0 0 0
_|M3zy M3p M 0 My 0
M@="90 o0 0 M, 0 0
0 0 0 0 Mg 0

0 0 0 0 0 Mg

M is computed as
My =gy + 1 +1I3% EDS{EEJ EDS{EEJ + f;rsi.'ﬂ.{ﬁg + Eg]ﬁiﬂ{ﬁg + Eg] + Imsi.n{ﬁg + Eg] (13)
Illgi'ﬂ{ﬂz]l:ﬂsiﬂz] + Iz]_SiIl{ﬂz + Eg]ﬁﬂ{ﬂz + Egj + 2 + [I;CﬂS{Ez]Siﬂ{ﬂz + a ] + IlzCDS
Eg] -I- Ilgsi.'ﬂ[:ﬂz -I- Egjﬁﬂ(ﬂz + Eg] + II,ECDS(Ez]Siﬂ(Ez + Eg] + Izzgi.ﬂ(ﬂz + E;ﬁCDS(Ez + |

MIZ = I_'Si.ﬂ{ﬂz] + Iaﬂﬂﬁ{ﬂz + E_:;] + IgEDS{Ezj + Imﬂﬂiﬂz +53] —IIBCDS{EZ + Eg] (14)

My; = Igcos(8, + 83) + Iigsin(8; + 8;) — Iigcos(8, +85) (15)
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Mzz = Imz ‘I‘ Iz + I,E, + z[IESi'ﬂ(EE:] + IlchS(Ezj + 115 + I]ﬁﬁﬂ(ﬂg]
MHZIm;‘i‘I,ﬁ‘I‘le;
M35 =I5 + Iyg

M_“_ = IT:I'H-+I].-I-

=
|

= I + Iy
M'E-E = I'r:rnﬁ +Iz;
My = My; My =My; and M3; = My

and Corilios (B) matrix is calculated as the following

by bgz 0 bys 0 by 0O 0 0 0 O 0 0 0 0
0 © byy 0 O by O by 0 0 by 0 0 0 0
B@=|? © bua 0 0 0 0 0 00 0 00 00
byy bayy O by 0 O O O 00 O 00 0 O
0 O bys O 0O 0 O 0O OO0 O OO0 O O
0 0 0 0 0 0 0 0 0 o0 0 0 0 0 O

Where,
By = 2[— I3sin(@;) cos(8;) + Iscos(8, + 63 + 83) + I;sin(8, + 6;) cos(B; +6;) — Ip:

8;) — Iz 2sin(6y + 03)cos(By + B;) +11c0s(By + 65 + 83) + Iysinl6; + 03)cos(By + ¢
2sin (8; + 83)sin(8; + 83))] + I19(1 — 2sin(8, + 83)sin(0; + 8;)) + Iy (1 — 2sin(8;)sin

By = 2[Iscos(8;)cos(8, + 8;) + I;sin (8, +8;)cos(8, + 8;3) — Iypcos(8,)sin(8, + 6,
83)cos(8; + 8;) + Iy, cos(6;)cos(8; + 83) + Iysin(B; + 6;)cos(6; + 63) + Izg{l - Zsin
83)sin(@; + 83))] + Iy (1 — 2sin (8, + 63)sin(8; + 63))

bllE = ZI—SiII.{EZ + Eg]CDS{Ez + Eg] +11525i.'ﬂ|:52 + Eg]CDS{Ez + Eg] +I:|_,5CDS|:EZ:ICDS{E;
JzzCDS(Ez + Eg]CDS(Ez + Eg]]

byyy = 2[—Igsin(8; + 83) + I13c0s(8; + 83) + Iigsin(8; + 83) ]

By = Iyysin(8; + 83) + Igsin(@y + 8;3) + ZIysin(@; + 63)(1 - 0.5)
byyg = Zl—Iusiuf,Es:l + 151:05{53:] + Iy cus{ﬂs:] ]

By = 2[Igcos(8;) + 155 ]

bgu_ = zllzﬂgiﬂtﬂz + Eg] (1 — 0. 5]] + I]}Siﬂ(ﬂz + Eg] + Ilggiﬂtﬂz + Eg]
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b_“_z = bzu_ = —[JH_SiII.(Ez + Eg] + Irgﬁﬂ(ﬂz + Egj + ZIzﬂsiﬂ(Ez ‘I‘ Eg] (1 b I] 5]]
bys = —Iysin(8; + 8;) — Iy7sin(8; + 85)

bsiy = —bys = Iypsin(By + 83) + Iysin(6; + 63)

consequently coriolis matrix is shown as bellows;

byys-q1g3 + byi3-qiq3 + 0+ bysz. 2937
0+ byp3.q2q3 +0+0

0

byyz-q192 + bz qaq3 + 0

0

0

Blg).qq =

Moreover Centrifugal (€) matrix is demonstrated as

Where,

0 Cp Cy 0 0 0

Cyy 0 Cyp 0 0 O
|€y € 0 0 0 0
C@=1"3" 9" 0 00 0
Cy Cz 0 0 0 0

0 0 0 00O

Cyz = I‘_CDS{Ezj —Issi'ﬂ{ﬂz +53] —Iggiﬂ{ﬂz] +IHCDS|:EZ + Eg] + III.B Si.'ﬂ':ﬂz + Egj

cy3 = 0.5byy3 = —Igsin(8; + 8;) + Iy3c05(85 + 8;3) + I1gsin(8; + 8;)

cy = —0. Ebllz = Isﬂﬂ{ﬂz]CDS{E ] - IECDS(EZ + Ez + Es] - Irﬂﬂ{ﬂz + Es] CDSEEZ + E:
Ez + Eg] +I:|_5251ﬂf.ﬂz + Eg]CDS{Ez + Eg] —Ilﬁcﬂsiﬂz + Ez + Eg] - Izlﬂuiﬂz + E_;]Cﬂs{f
I55(1— 2sin(8; + 8; )sin (8, + 83)) — 0.5I,(1 — 2sin(8; + 8;)sin(8, + 8;)) —
0.51,(1 — 2sin(8,)sin(8,))

l:'zz = I]. Ebzza = —Ilz Si.'ﬂ(:ﬂgj + I;CDS{E;] + Il.ﬁl:ﬂsf_ﬂgj

€3 = —0.5byy3 = —Iscos(@z)cos(8; + @3) — I7sin(@; + 83 )cos(8; + 03) + Ipo0s(6;):
!lgzsiﬂ{ﬂz + Eg]CDS{Ez + Eg] - Ilﬁl:DS{Ez]CﬂS{EZ + Eg] - Iz]_Si.'ll{Ez + EEJCDS{EZ + 93] '
2sin (8, + 83)sin(@; + 83)) — 0.5I,9(1 — 2sin(8; + B3)sin(6; + 83))

l:'31 = —l:'z; = Ilzﬂiﬂtﬂgj —I;CDS[E;] —Ilﬁcus(ﬂaj

cyy = —0.5by5 = Siﬂ{ﬁz + ﬂg]ﬁﬂs{ﬁz + Eg] - IIEZﬂu{Ez + Eg]EDS{Eg + Eg] - Ilﬁcﬂﬁi{ﬁg
Ipcos(8; + 8;3)cos(8; + 65)

Cgy = —I], EbZZE = —Ilﬁcus(ﬂaj - Izz

In this research g, = g5 =g; = 0, as a result
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) 2 -
C112-92 + €13-93 (47)
rd rd
€31-41 T €13-93
rd r4 rd
Clg).q" =|€u.q1 + cn-42
0
rd rd
C5y. 41 + C53- 43
.l] d
Gravity (&) Matrix can be written as
07 (48)
gz
_ |93
Glg) ={%
s
I]_
Where,
Gy = gicos (8;) + gasin(f, + 83) + gssin (8;) + gycos (8; + 03) + gssin (B3 + 8;) (49)
G3 = g2 Si'ﬂ{ﬂz + Eg] + Fycos I:Ez + Eg] + g;siu I[:Ez + Eg] (50)
G = gssin (8; + 8;) (51)
Suppose i is written as follows
g=M1(g).{r - [B(g)qq + Clg)4* + g(g)]} (52)
and X is introduced as
K={-[Blgqq+clgq® +glg)l} (83)
g can be written as
g=M1(g).K (54)
Therefore & for PUMA robot manipulator is calculated by the following equations
Ky =1y — [ biypdads + by1adida + 0+ byzadada]l — [ €12 62° + €383 71— g4 (55)
Ky = 13 — [ bzad2d43] — [ Cng1” + Cunda’l — g (56)
Hy=13— [Csllh Ly Csz!i'zz] — g3 (57)
Ky =14 — [ bapquqz + baaaq143] — 94 (58)
Ks = 15— [ C5141° + C5242°]1 — g5 (59)
Hﬁ = 1.',5 (60)

An information about inertial constant and gravitational constant are shown in Tables 1 and 2 based on
[78-79].
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TABLE 1: Inertial constant reference (Kg.n’)

[, =143+ 0.05

I, =175+ 007

I, =133 1 0.05

I, =069 £ 0.02

I =0372 £ 0.031

[, = 0,333 + 0L016

I.=0.298 + 0.029

[, = 0134 + 0.014

I, =0.0238 £ 0.012

I = —0.0213 + 0.0022

I, = —0.0142 + 0.0070

I,; = —0.011 + 0.0011

I, = -0.00379 1 0.0009

I, =0.00164 + 0.000070

Iz = 0.00125 £ 0.0003

I = 0.00124 1 0.0003

I = 0.000642 + 0.0003

I,z = 0.000431 + 0.00013

I, = 0.0003 + 0.0014

I =-0.000202 £+ 0.0008

I, = —0.0001 + 0.0006

I,z = —0.000058 £ 0.00001

I;; = 0.00004 + 0.00002

Iy = 114 1 0.27

I, =4.71+40.54 I = 0.827 +0.003

Ins = 0.2+ 0.016 Ies = 0.179 £ 0.014

=0.193 £+ 0.016

TABLE 2: Gravitational constant (N.m)

g, = —37.2 £0.5 g = —8.44 1 0.20

gz = 1.02 + 0.50 g, = 0.249 + 0.025

gs = —0.0282 + 0.0056

Second part is focused on sliding mode formulation and its challenge. We define the tracking error as

e=4q—qq (61)
Where g = [g,.4:]7, g2 = [g12.924]". The sliding surface is expressed as
s= &+ e (62)

Where i. = diag[.%;] , #; and %; are chosen as the bandwidth of the robot controller.
We need to choose 7 to satisfy the sufficient condition (63). We define the reference state as

%f%ﬂ =§.S=[f—F —Rsgn(s)]- 5= (F—F) -5 — KIS| (63)
Je=q—5=qq— e (64)
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Now we pick the control input = as R
t=Mg,+Cq,+Blggl+ G- As — Ksgn(s) (65)

Where M" and ¢, are the estimations of M(g) and C.(g.§); A = diag[a;.a;] and K = diag[k,.k;] are
diagonal positive definite matrices. From (61) and (65), we can get
Mi +(C+B+ G+ A)s =Af — Ksgn(s) (66)

Where Af = AM§, + ACq, + AB[44] + G , aM =M"—M and AC=C"—C . We assume that the bound
|AF lpoune of Af (i = 1.2...,N) is known. We choose K as

K; = |Afil yound (67)
We pick the Lyapunov function candidate to be
1 (68)
V=-5"Ms
2
Which is a skew-systemmetric matrix satisfying
sST(M-20C+B+G+4))s=0 (69)
Then ¥ becomes
1.
V=s" Mi+ 2 sTMs (70)
=s"(Mi+(C+B+ G+ A)s)
= sTv[—As +4f — Ksgnls)]
= > (silaf; - KisgnisD) — 5" s
i=1
For K; = |Af] , we always get s;[Af — K:sgn(s;)] £ 0. We can describe V' as
N (71)

V= Z{sf[ﬁ.f[- —R;sgn(s)])—sTAds = —sT As <0 (s = 0)
i=1

To attenuate chattering problem, we introduce a saturation function in the control law instead of the sign
function in (63). The control law becomes
t=MG,+ Cg,+Blggl + G — As — Ksat(s/®) (72)

In this classical sliding mode control method, the model of the robotic manipulator is partly unknown. To
attenuate chattering, we use the saturation function described in (72). Our control law changes to

t=M§,+Cq,+ Blgql + ¢ — As — Ksat(s) (73)
The control law for a multi degrees of freedom robot manipulator is written as:
U=Ug+U, (74)

Where, the model-based component U, is the nominal dynamics of systems and it can be calculate as
follows:
Ug = [M~1(B +C +6) + 3]M (75)

Where M{gq) is an inertia matrix which it is symmetric and positive, Vig.g) =B +C is
the vector of nonlinearity term and &i{g) is the vector of gravity force and U, with
minimum chattering based on [5-11] is computed as;

Uy = K- (mu +b) (/) (76)
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Where @, = mu + b = saturationg,,, is a dead zone (saturation) function and, u and b are unlimited
coefficient, by replace the formulation (76) in (74) the control output can be written as;

. Ug + K.sgn(s) .Is| z 0 (77)
U= Uy + K. (mu + ) (5/) U+ K5/; ISl <o
Where the function of sgn{5) defined as;
1 =10 (78)
sgnis) =1-1 s=0
0 s=10

The main goal is to design a FPGA based adaptive mathematical model free MIMO fuzzy estimator
sliding mode controller. Based on above robot manipulator has nonlinear and highly uncertain parameters
consequently; following objectives have been pursuit in this paper.

e To develop a chattering in a position pure sliding mode controller against uncertainties via linear

boundary layer method.

e To design and implement a MIMO fuzzy estimator sliding mode controller in order to solve the
equivalent problems in the pure sliding mode control with minimum rule base based on Lyapunov
formulation.

e To develop a mathematical model free adaptive fuzzy estimator sliding mode controller in order to

solve the disturbance rejection and reduce the fuzzy rule base.

e To design and implement a FPGA based mathematical model free adaptive fuzzy estimator sliding

mode controller
Figure 1 is shown the classical sliding mode methodology with linear saturation function to eliminate the
chattering.

Dieswed input

-
; Saturation Function
o+

foq = [M7U(B+C+6G)+SM

FIGURE 1: Classical sliding mode controller: applied to 6-link robotic manipulator

Zadeh introduced fuzzy sets in 1965. After 40 years, fuzzy systems have been widely used in different
fields, especially on control problems. Fuzzy systems transfer expert knowledge to mathematical models.
Fuzzy systems used fuzzy logic to estimate dynamics of our systems. Fuzzy controllers including fuzzy if-
then rules are used to control our systems. However the application area for fuzzy control is really wide,
the basic form for all command types of controllers consists of;

e Input fuzzification (binary-to-fuzzy[B/F]conversion)
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e Fuzzy rule base (knowledge base)

e Inference engine

e Qutput defuzzification (fuzzy-to-binary [F/B] conversion) [30-40].
The basic structure of a fuzzy controller is shown in Figure 2.

|
Lo Knowledge Base - - - 4 Controller
‘ Database Rule Base ‘
1 I
input Rules output'
‘ membership functions table membership functions ‘
1
Ref. I N
Cv—y fuzzy fuzzy . ‘
— MNormalisation Fuzzification Inference Enging Defuzzification Denomalization
‘ input output ‘
— — — — —_— — — —_— — —_— — —_— — — —_— —
crisp crisp
input output

Process or object under control

FIGURE 2: Block diagram of a fuzzy controller with details.

Conventional control methods use mathematical models to controls systems. Fuzzy control methods
replace the mathematical models with fuzzy if then-rules and fuzzy membership function to controls
systems. Both fuzzy and conventional control methods are designed to meet system requirements of
stability and convergence. When mathematical models are unknown or partially unknown, fuzzy control
models can used fuzzy systems to estimate the unknown models. This is called the model-free approach
[31, 35].

3. METHODOLOGY: DESIGN A NOVEL FPGA BASED MIMO ADAPTIVE
MATHEMATICAL MODEL FREE LYAPUNOV BASED FUZZY ESTIMATE SLIDING
MODE CONTROL

Conventional control models can use adaptive control methods to achieve the model-free approach. When
system dynamics become more complex, nonlinear systems are difficult to handle by conventional control
methods. Fuzzy systems can approximate arbitrary nonlinear systems. In practical problems, systems can
be controlled perfectly by expert. Experts provide linguistic description about systems. Conventional
control methods cannot design controllers combined with linguistic information. When linguistic information
is important for designing controllers, we need to design fuzzy controllers for our systems. Fuzzy control
methods are easy to understand for designers. The design process of fuzzy controllers can be simplified
with simple mathematical models. Adaptive control uses a learning method to self-learn the parameters of
systems. For system whose dynamics are varying, adaptive control can learn the parameters of system
dynamics. In traditional adaptive control, we need some information about our system such as the
structure of system or the order of the system. In adaptive fuzzy control we can deal with uncertain
systems. Due to the linguistic characteristic, adaptive fuzzy controllers behave like operators: adaptively
controlling the system under various conditions. Adaptive fuzzy control provides a good tool for making use
of expert knowledge to adjust systems. This is important for a complex unknown system with changing
dynamics. We divide adaptive fuzzy control into two categories: direct adaptive fuzzy control and indirect
adaptive fuzzy control. A direct adaptive fuzzy controller adjusts the parameters of the control input. An
indirect adaptive fuzzy controller adjusts the parameters of the control system based on the estimated
dynamics of the plant.

We define fuzzy systems as two different types. The firs type of fuzzy systems is given by
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M (79)
flx) = Za‘a‘ (x) = 87&(a)
=1
. 'uﬂi.l:x'::l
Where 8 =(6%,...6"7,e(x) = (E*(x), ..M ()T and E'(x) =TT, ——FX (II%, pu(x). B ....8™
are adjustable parameters in (18) . u 41 Cry v ar(xy) are given membership functions whose parameters
will not change over time.

The second type of fuzzy systems is given by

: 80
Eji‘il gl [HELIEK[J (_ (E[;Tﬂ::) )] (80)

Iz, exp (_ (%:Jz )]

Where 8", a! and 5! are all adjustable parameters.
From the universal approximation theorem, we know that we can find a fuzzy system to estimate any
continuous function. For the first type of fuzzy systems, we can only adjust &' in
(79). We define f"(x|@) as the approximator of the real function f(x).

flixlg) = 8T=(x) (81)

£

We define 8* as the values for the minimum error:

8" = arg I:;:IEirtll le:r.[:-'l |_f\{:n:|ﬂ:] - 3{xj|] (82)

Where 11 is a constraint set for #. For specific x ,sup,cy1f (x]6*) — £(x)| is the minimum approximation
error we can get.

We used the first type of fuzzy systems (79) to estimate the nonlinear system (75) the fuzzy formulation
can be write as below;

flx|8) = 87 (x) (83)
526 )]
o OEP (gl

Where &*,....8" are adjusted by an adaptation law. The adaptation law is designed to minimize the
parameter errors of & — #*. A MIMO (multi-input multi-output) fuzzy system is designed to compensate
the uncertainties of the robotic manipulator. The parameters of the fuzzy system are adjusted by
adaptation laws. The tracking error and the sliding surface state are defined as (58-62)

e=q- qq (84)

s=é+ A (85)
We define the reference state as

Gr=d- 5= q—Je (89)

fr=§— §= §g— e (87)

The general MIMO if-then rules are given by
Riifx,is A} .x,is A} ... x, is AL .then y,is B} ...y, is B, (88)
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Where | = 1.2,.., M are fuzzy if-then rules; x = {xy....x,)" and v = (. ....3, ) are the input and output
vectors of the fuzzy system. The MIMO fuzzy system is define as

flx)=a" e(x) (89)
Where
6L.e7.....81 (90)
1ol .. 6M

= (g B)T = | 92

gl. e .84

elx) = (*(x), ... M ()Y, 1(x) = H[’_lu‘q:(xl]fﬂ LI ,_uﬂn':xl]] and uA:(xl] is defined in (82). To

reduce the number of fuzzy rules, we divide the fuzzy system in to three parts:
Flaq) =0 s(q.4q) . (91)
= [0t'2(2.4),..04" £ (0.4) ]

F(q.iy) = 07 &(q.dy) -; (92)
[51 £ (q.4,)....6% = (g ,) ]

Fli) =0 ¢(q.q . (93)
=[o1'c@a. .00 @) ]

The control input is given by
t=Mg,+ Cig,+ G +Fg.q) + F*(q.4,) + F*(q.§) — Kps — Wsgn(s) (94)

Where M", €, are the estimations of M(g) and C,(q.4): K, = diag [Kp,. ... Kpm]and Ky, . .... Ko, are
positive constants; W = diag [W},.... W, ] and W;, ..., W}, are positive constants. The adaptation law is
given by

E} = —Fusjsiq,!’.']

ﬂjz = _FZJ'S] E(q.- !.il'rj (95)

EJS = —F;ISJE(!],!"."]

Where j =1....mand I}; - I3; are positive diagonal matrices.
The Lyapunov function candidate is presented as

m heid m
1 1 1 ., 1 1 - 1 ) (96)
V=csTMst ) —ofols o> —oF gt 4o —ol o}
2 2;=1rla|' 2Jr=lrz.-|' 2Jr=1r3.l'

Where a} = a}' — a}, a}? = a}?' - ;3}? and a}? = a}?' - ;3? we define
Flg.q. 4,.4) = F'lq.q) + F*(q.4,) + F*(q. &) (97)

From (83) and (82), we get ) ) )
M(g)g + C1(q.q)q + Glg) =M'§, + €14, + G + F(g.q. §r.4) — Kps —Wsgn(s)  (98)

Since 4= §—s and§,= § —35 , we get
Ms + (€, + Kp)s + Wsgn(s) = —AF + Flgq.q. §,.4) (99)

Then M3 + C,s can be written as
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Mi + Cys = -AF +Flgq.4. §,.4) — Kps — Wsgn(s) (100)

Where AF = aﬁlﬁir‘l‘ flﬁlr-l- Gr_uﬁl =M —M"\ ,f:l = ':n_l_ f:l and CT =&— G;‘:
The derivative of ¥ is
V=sTMs+1 sTMs+Z}"1 -of T +E}"1 -0} T 2 +E}"1—913Ta1 (101)

We know that s M + - 2 sThs = sT(M: + €,5) from (100). Then
T

U=—sT[- Kﬂs+wsgn{s]+ar Flq.q. 4.4 + If; raj 6f + X r az o + I —c (102

)

We define the minimum approximation error as

w=AF - [Fq.41 0V )+ F(q.4.1 6% )+ FPlq.41 6%)] (103)
We plug (103) in to (102)
V= —sT[-Kps+ ngﬂ'f,ﬂ + AF =F(q.q. ij,.i)] + m 1[— oF o +

1 27 52 137 43
E}'Llf—zraj B + Xy 7 :;s B

=—ET[—Hﬂs+w33n{sJ+m+rl{q,¢|e"}+rz{q,ﬁ,|EF'}+ Flg.i4 %) -Flg.q+
1 T 1 T
FX(q.4,) + F* (g §)] +EJ.-1[— ol ot + Eﬂlr_z, o} a}+2}’;1[—” o &}

=-5 Hﬂs— s ngﬂ{s] -sTw— I lsijTE{q,q]— Z}’ilsjﬁfﬁiq,ﬁr]— E}'Llsjﬁfﬁ'iq,ﬁ] +
Ity G'ITGJ + I I;_G.r 6f + Ity GJ'BTGI

T T T I . 1 -1 m 2T .
— s Kps— s"TWsgnls) —sTw-FX", 06! (s,elg.q) — ghy— Em.@ (selg§.) —
b g =19 (5;2lq9.9 I ) =18 (550, gy

RS- 37 =y L a3
o, 01 I8 (sy5(g.45) ry 1)

u . 1. T ;
—sTKps— sTWsgn(s) —STM—E}"IG} (s;(q.q) +£_—”GJ.I:] - X G,j'! (s;2(q.4,) +
1.
r—zfaﬁj i lraj (s;=(q. qu+ rajj

This section focuses on, self tuning gain updating factor for sliding function in SMC, namely, sliding surface
slope (4). The block diagram for this method is shown in Figure 2. In this controller the actual sliding
surface gain (4) is obtained by multiplying the sliding surface with gain updating factor (a). The gain
updating factor (a) is calculated on-line by fuzzy dynamic model independent which has sliding surface (S)
as its inputs. The gain updating factor is independent of any dynamic model of robotic manipulator
parameters. It is a basic fact that the system performance in SMC is sensitive to gain updating factor, A.
Thus, determination of an optimum A4 value for a system is an important problem. If the system parameters
are unknown or uncertain, the problem becomes more highlighted. This problem is solved by adjusting the
sliding function of the sliding mode controller continuously in real-time. In this way, the performance of the
overall system is improved with respect to the classical sliding mode controller. Gain tuning-SMC has
strong resistance and solves the uncertainty problems. In this controller the actual sliding function (Apgy) is
obtained by multiplying the old sliding function (&44)with the output of supervisory mathematical free
model controller{a).

A =20 kg (104)
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Tuning FPGA based SMC method can tune automatically the scale parameters using new method. To
keep the structure of the controller as simple as possible and to avoid heavy computation, a mathematical
supervisor tuner is selected [13-14]. In this method the tuneable controller tunes the input scaling factors
using gain updating factors. In this method the sliding function, &, is updated by a new coefficient factor, a,
Where  is a function of system error. Figure 3 is shown the proposed method.

r,—r, ) (105)
a=ez——( z mmj +r
1+ |el

Tmin

_a) - elt—1)
v = z(0) (106)

ce eon | elt) if ele) = &lt —1)

ife@={,;" if @) <8t — 1)

W

Adaptive
ical

Model free
=g -
28 W
U=U,+U, P )

Desedipt @2 — . X is % |

U = K(x, t).Sat (S/Q)) U, . o T H—

. ; : y 4B

.g e S=Ade+e + E B A

Ueg =[M7'(B+C+6)+S|Mp,
[ -

M
()= D 6le' () = oTe)

FuzzETfICompensaie

FIGURE 3: Adaptive MIMO Fuzzy Compensate Fuzzy Sliding Mode Algorithm

FPGA supports thousands of gates, it is a high operational speed, accurate in response, low cost, short
time to market and small size device, research on FPGA is considerably growing as the application of
nonlinear (e.g., robotic) systems. The block diagram and part of VHDL code of the FPGA-based sliding
mode control systems for a robot manipulator is shown in Figure 4.
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FIGURE 4: FPGA-based Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm

FPGAs Xilinx Spartan 3E families are one of the most powerful flexible Hardware Language Description
(HDL) programmable IC’s. The last part is focused on the design FPGA based sliding mode controller in
Xilinx ISE 9.1. As a result the number of fundamental programmable functional element are used in the
XA3S1600E FPGA equal: the LUT’s (610 out of 29504), CLB (77 out of 3688), Slice (305 out of 14752),
Multipliers (27 out of 36), registers (397), Block RAM memory (648 K) and as a Map report Peak memory
usage is 175 MB.

4. RESULTS AND DISCUSSION

Sliding mode controller (SMC) and adaptive MIMO fuzzy compensate SMC and FPGA-based adaptive
MIMO fuzzy compensate were tested to Step response trajectory. In this simulation the first, second, and
third joints are moved from home to final position without and with external disturbance. The simulation
was implemented in Matlab/Simulink and Xilinx-ISE 9.1 environments. It is noted that, these systems are
tested by band limited white noise with a predefined 40% of relative to the input signal amplitude which the
sample time is equal to 0.1. This type of noise is used to external disturbance in continuous and hybrid
systems.

Tracking performances: Figure 5 is shown the tracking performance in SMC and adaptive MIMO fuzzy
compensate SMC without disturbance for Step trajectories. The best possible coefficients in Step SMC are;
K,=K,=K; =30, &, = 0, =0; =0.1,and 1, = 3,1, = 6,4; =6 . From the simulation for first, second,
and third links, different controller gains have the different result. Tuning parameters of SMC and adaptive
MIMO fuzzy compensate SMC for this type trajectories in PUMA robot manipulator are shown in Table 3.

TABLE 3: Tuning parameters of Step SMC

/11 kl ¢1 /'12 k2 ¢2 23 k3 ¢3 SSerror, | SSerror, | SSerror, RMS error
datat & 30 0.1 6 30 0.1 6 30 0.1 0 0 -5.3e-15 0
data2 | 30 | 30 J o1 | 60 ] 30 | 0.1 ] 60 ] 30 ] 0.1 -5.17 14.27 -1.142 0.05
data3 | 3 ] 300 ]| 0.1 6 | 300 | 0.1 6 ] 300 ] o.1 2.28 0.97 0.076 0.08
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FIGURE 5: SMC Vs. Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm: Trajectory performance.

Figure 6 is shown the tracking performance in FPGA-based adaptive MIMO fuzzy compensate SMC
without disturbance for Step trajectory.
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oll sample_clk 1
- - o=
M actual_displacement[29:0] a000000 { \K a000000
i . L=
B actual_dis_bufl39:0] 5000000 H \’( 5000000
W dsired_displacement[28:0] a000000 @( 000000
B desired_dis_buf[39:0] 5000000 @( a000000
. ke
B error[33:0) 0 (i i]
- - =y
B error_difff39:0] 0 % i
B error_gain[45:0] 0 {Ip i}
; F=y
B =[39:0) a 0 i]
A K1 _mul_satured_s[45:0] i 1]
- o=y
B k2_mul_s[45:0] ] % i]
B tata_dis_buf[29:0] 0 (I n
- - N =y
B teta_dis1[34:0] 1063318 0} Q{ -1053318
- - Pt
B teta_dis2[34:0] 0 (I i
B tata_dis3[34:0) ] i 1]

FIGURE 6: FPGA based Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm: Trajectory
performance.
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As mentioned above graphs (Figure 5 and 6), in certain (structured and unstructured) environment it is
shown that both of sliding mode controller and adaptive MIMO fuzzy compensate sliding mode algorithm
removed the chattering because these controller are used linear boundary layer saturation method.

Disturbance Rejection: Figure 7 is indicated the power disturbance removal in SMC and adaptive MIMO
fuzzy compensate sliding mode algorithm. As mentioned before, SMC is one of the most important robust
nonlinear controllers. Besides a band limited white noise with predefined of 40% the power of input signal
is applied to the step SMC and adaptive MIMO fuzzy compensate sliding mode algorithm; it found slight
oscillations in SMC trajectory responses. As a result, by comparing SMC and adaptive MIMO fuzzy
compensate sliding mode algorithm, it found that adaptive MIMO fuzzy compensate sliding mode algorithm
is more robust than SMC with regards to the same external disturbance.

----- SMC
Adaptve MIMO fuzzy estmate SMC Adaptve MIMO fuzzy estimate SMC
] e . T
S crmape
) R __J:_________..________d_____.__.L........a-..-..-... _4_________L________4_________L________4: __________
0 i ; ; i i i i i
1] ] 10 15 20 25 20 25 a0
Second link
o e e DR
S ) T ' e
P R R e R LR 45F----- _4: ................................................
D 1 1 1 1 1 4 : 1 1 1 1 ]
1] 10 15 20 25 0 0 ] 10 15 20 25 30
Thircd ik Thirc lirik;
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A A hnnE e e LT LR e L e P R P e TR SEERP e Y e e
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Tirne: Tirne:
FIGURE 7: SMC Vs. Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm: Disturbance rejection.

Figure 8 is shown the tracking performance in FPGA-based adaptive MIMO fuzzy compensate SMC with
external disturbance for Step trajectory.
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FIGURE 8: FPGA based Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm: Disturbance

rejection

Chattering Phenomenon: Figure 9 has presented the power of adaptive MIMO fuzzy compensate SMC.
These figures have illustrated the power chattering elimination in SMC as well as in adaptive MIMO fuzzy
compensate SMC, with external disturbance. By comparing these controllers, conversely SMC has slight
fluctuations; adaptive MIMO fuzzy compensate SMC is steadily stabilized. As a result, with respect to the
external disturbance adaptive MIMO fuzzy compensate SMC has an acceptable performance.
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FIGURE 9: SMC Vs. Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm: Chattering.

Figure 10 is shown the chattering phenomenon in FPGA-based adaptive MIMO fuzzy compensate SMC
with external disturbance for Step trajectory.
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FIGURE 10: FPGA based Adaptive MIMO Fuzzy Compensate Sliding Mode Algorithm: chattering rejection

5. CONCLUSION AND EXTENSION

Refer to the research, a position FPGA-based mathematical model free adaptive fuzzy estimator sliding
mode control Lyapunov based design and application to PUMA robot manipulator has proposed in order to
design high performance robust and stable FPGA based nonlinear controller in the presence of structure
and unstructured uncertainties. The stability of the closed-loop system is proved mathematically based on
the Lyapunov method. The first objective in proposed method is removed the chattering which linear
boundary layer method is used to solve this challenge. The second target in this work is compensate the
model uncertainty by MIMO fuzzy inference system, in the case of the m-link robotic manipulator, if we
define ky membership functions for each input variable, the number of fuzzy rules applied for each joint is

&, which will result in a low computational load. The third target in this research is applied mathematical

model free to MIMO fuzzy estimator sliding mode algorithm and eliminate the chattering with minimum
computational load and the final main goal is design FPGA based proposed methodology which in this
case the performance is improved by using the advantages of sliding mode algorithm, artificial intelligence
compensate method, adaptive algorithm and FPGA while the disadvantages removed by added each
method to previous method. Fuzzy logic method by adding to the sliding mode controller has covered
negative points in fuzzy and sliding algorithms. Higher implementation speed and small chip size versus an
acceptable performance is reached by designing FPGA-based sliding mode controller. This
implementation considerably reduces the chattering phenomenon and error in the presence of certainties.
The controller works with a maximum clock frequency of 63.29 MHz and the computation time (delay in
activation) of this controller is 0.1,,-. As a result, this controller will be able to control a wide range of robot

manipulators with a high sampling rates because its small size versus high speed markets.
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Abstract

In this paper, Takagi-Sugeno (T-S) fuzzy descriptor proportional multiple-integral derivative
(PMID) and proportional derivative (PD) observer methods that can estimate the system states
and actuator faults simultaneously are proposed. T-S fuzzy model is obtained by linearsing
satellite/spacecraft attitude dynamics at suitable operating points. For fault estimation, actuator
fault is introduced as state vector to develop augmented descriptor system and robust fuzzy
PMID and PD observers are developed. Stability analysis is performed using Lyapunov direct
method. The convergence conditions of state estimation error are formulated in the form of LMI
(linear matrix inequality). Derivative gain, obtained using singular value decomposition of
descriptor state matrix (E), gives more design degrees of freedom together with proportional and
integral gains obtained from LMI. Simulation study is performed for our proposed methods.

Keywords: Fault, Descriptor Systems, Estimation, Fuzzy Model, Observers, Robustness, Linear
Matrix Inequality, Quadratic Stability.

1. INTRODUCTION

A fault is termed as an unexpected change in the system’s behavior that deteriorates the normal
functioning of the system. The process of estimating the magnitude of the fault occurring in the
system is coined as fault estimation [3]. In order to accomplish successful space missions the
safety of satellite/spacecraft attitude control systems is crucial. Actuators and sensors are
essential components of satellite control systems. If they get faulty, fault diagnosis must be
carried out in order to avert the danger involved in space missions. Using sliding mode observers
[6, 7] and adaptive observers [9], fault diagnosis is carried out extensively.

Integral actions are helpful to achieve steady-state accuracy in control systems. The design of
proportional-integral (Pl) observers were established [10] with the introduction of integral action in
observer design. Till now, such observers have attracted many researchers.

The problem of constructing the observers for descriptor linear systems has been studied by
many researchers parallel to the standard linear control systems. The design of full-order
observers and reduced-order observers for descriptor linear systems can be found in fault
diagnosis literature.

In real sense of words, the satellite attitude dynamics show non-linearity. So, Takagi-Sugeno (T-
S) fuzzy model [11] can be used to linearise the satellite attitude dynamics at suitable operating
points. [4] introduced fuzzy proportional multiple-integral observer method for robust actuator fault
estimation. The idea of generalized proportional integral derivative (GPID) and proportional
multiple-integral derivative (PMID) observers is proposed by [1, 2].
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In this paper, we propose fuzzy PMID and PD observer based methods for robust actuator fault
estimation. In our design, derivative gain gives more design degrees of freedom as compared to
fuzzy PMI observers. The design constraints in our fuzzy PMID method are not strict for observer
gains as compared to PMID or PID observers mentioned above.

In Section 2, we formulate the problem for actuator fault estimation of satellite control systems.
The T-S fuzzy PMID & PD descriptor observers are designed in Section 3 and Section 4
respectively. Simulation studies are performed in order to validate the proposed methods in
Section 5.

2. PROBLEM FORMULATION

2.1 ATTITUDE DYNAMICS
The equation of rotational motion of rigid satellite/spacecraft body is:

M:J%{)+wx(1w+hw) (1)
M=J aa—f’+ S@(Jo+h,) )

In (2) we define as follows:

do,
dt ) 0 -0 o
@, Z
Qo _|do, | o, | Sol=l o, 0 -o andM =T, +T,.
ot dt ) o 0
da)Z @, y X
dt
Therefore,
Jo+S(@f\Jw+h,)=T, +T, 3)

where inertia matrix of satellite is J , @ is angular velocity with respect to inertial frame, T, is output

torque of the flywheels, T, is the disturbance from environment and#,, is the angular momentum
of three flywheels [4].

With @ as the state variable and actuator fault f, , the state space system for (3) is represented
as:

x=-JS(w\Jw+h, )+ T, +J7'T, +T 7' f,,
y=Cx.

Now (4) can be written as [4]:

x= f(x)+Bu+Dd +Ff,,

y=Cx
where f(x)=-J"'S(w)Jo+h, ) B=D=F=J"and C=1,,

(4)

()

2.2 T-S Fuzzy Model

The T-S fuzzy model consists of an if-then rule base. The antecedent of each rule [8] comprises
of scheduling variables and fuzzy sets. The consequent of each rule is a simple functional
expression.
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The i-th rule is described as

Model rule 1.
If z)is Z{and ... and z,is Z! then y=F,(z)

where the vector z has p components,z.; j =1, 2... p, and stands for the vector of scheduling

variables and their values determine the degree to which rules are active. The sets, Z; J=1,2, ...
, p; i =1,2, ..., m where mis the number of the rules, are the antecedents fuzzy sets. The
values of a scheduling variable z; belong to a fuzzy set Z; with a truth value given by the

membership function 4, : E —[0, 1]. The truth value for an entire rule is determined based on the
individual premise variables, using a conjunction operator as:

Z):H/q“ij(zj) (6)

The fuzzy weights are determined as

@/ fiqoj 8

)=0and z )=1 (7)
The T-S fuzzy system for (5) can be written as:
_z NAx+Bu+Dd+F,f ).
y= Zi=1 w, (2)C;x, 8)

where F; e R™ .

Each linearised model for satellite can be obtained as [4]:
%= Alw, )x+Bu+Dd + Ff,,

y=Cx.
where A(w, )=-J 'S(w,)J.B=D=F=J"", C=1,, and o, is the operating point.

So we [4] have
_z (Ax+Bu+Dd+Ff )

y=2,.=1w,- 2)C,x (10)

3. T-S FUZZY DESCRIPTOR PMID OBSERVER

Consider the following fuzzy descriptor system
Ei= Z: (z)NA;x+Bu+Dd +Ff,)

y= Z z)Cx—Cx

where xe R" is the descriptor state vector, ue R™ and ye R’ are, respectively, the control input

(11)

and output vectors, f, € R*is unknown actuator fault. The matrix £ may be singular.
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The g-th derivative of the fault is assumed to be bounded. The fault considered in this paper
allows g =1 as the first derivatives of faults with time are bounded.

Consider the following system with proportional, multiple integral and derivative weights of the
output estimation error

Ex = z,[; w; (z)(Aifc+Bu+L[7 (y— Cfc)+ L, (y— C);C))-i- Ffa,

=3 wL(-ci) (13)

Here, e R" is an estimation of the descriptor state vectorx, and f/' e R*(i=12....q)is an
estimation of (g—i)-th derivative of the fault; the proportional gainL,e R™”, the derivative

gain L, € R™" and the integral gain L, € R are design matrices.

In order to estimate the actuator fault, we construct an augmented descriptor system as follows:
Let & = £l (i=12.....q) (14)

Using (12), (13) and (14), we get:
Ex= z; w; (2)A;x + Bu+Dd +GfJ,

y=Cx (15)
where,
s=[. el er] B=[p"00..0] .D=[p" 00.0]

G =0.1,.0...0]",.c =[c.0,0.0],

(4, 0 - 0 F] EO0 - 00
0 0 - 00 01 00
A=[0 1 -0 0| E=|} t "t
00 10
0 0 I 0 0 0 0 I
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Now we develop observer for augmented system (15) as:
. » v —
b=>" w(\& -L,CR+Bu+L,y,

_(B+L,0) (b+L,5) (18)
=(F+ 2, (X WA T, 4 BT, v+ T,5)
where,

L, =[t.00.0]
Add L,y to the both sides of (15), and then we have

x= (E+ L,c)’ (Z:W’(Z)((Z’ —Z,,E))‘c+§u+5d+Gfaq +Z,,y+Zdy)) (17)

The dynamic state error equation is:

~

=

; E+,0)" (z; wi (W& -, -Dd-Gr ))
~(E+L,C)" (Z; w (2@, - L, E)z_M;))

(18)
- [= d
where Md = [D G]{ }
fd
Condition 1: The trio (E, A,,C) is completely observable if
ranl{E} =n, rank{SE - A'} =n (19)
C C
A, F
Condition 2: ranl{ ! }z n+k
c 0 (20)

Theorem 1: If conditions 1 and 2 are satisfied, there exists a robust fuzzy observer in the form of
(16) for the plant (15), which can make the steady estimator error dynamics as small as any

desired accuracy. The derivative gain is such that S =E +L,C is non-singular and the gain L, is

solved from the following linear matrix inequalities if there exists a common positive definite
matrix Pe R0 and matrix Y, such that
A ¢ T 14 _TyT _y o _ pe-l
ASTTP+PS A; c; Y, -Y,C+I PSZM <0 1)
-M"SsTP -y
: T _ op-l
with y>0then L, =SP™Y;

Proof: Under the conditions 1 and 2, the trio (E,Zif) is completely observable. Then derivative
gain must be chosen such that Sis non-singular.
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For rank(E)=m, singular value decomposition of descriptor state matrix E gives two orthogonal
matrices I"and = such that

Am 0 T I m 0 Am 0 T
E=T =t =T =
0 0 o ollo 1,,

where A,, =diag(¥,,¥,,...,¥, ) with ¥, >0,k =12,...m.

Then, we get
1

T _|'m 0
I"E®= ,
0 0

co=[c, ¢,]

In order that trio (E, A, C) is completely observable,
rank(C,)=n-m

Thus, one has derivative gain as below [12]:
0

fa = F{n cre,)'ex } 22

where 7, is any positive number.

We can compute as below [12]:
E+L,C r{ K 0 } (23)
+L,C= —1
Va (CzTcz) CzTC1 Yalnm
which implies that E+L,C is non-singular. Now by using E,L,,andC, we can say that
S=E+L,C is non-singular too.

Stability analysis is performed using Lyapunov direct method. The convergence conditions of
state estimation error are formulated in the form of LMI (linear matrix inequality). The proportional
and integral gains are determined from obtained LMI (21).

When a system is quadratically stable it implies that it is stable. However, the reverse is not
necessarily true. So, the conditions obtained using the Lyapunov function are only sufficient. The
unforced T-S model is quadratically stable if the Lyapunov function decreases and tends to zero
when time approaches to infinity for all trajectories of error in our case.

The goal of robust actuator fault estimation is to determine proportional and integral gains
(together with derivative gains) that cause the asymptotic convergence of error towards zero as
time tends to infinity in case of disturbances and perturbations.

Consider the following Lyapunov function candidate,
V(e)=e" Pe,
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Vie)=e' Pe+e’ Pe

—e (X7 s @ -T, 057 ||+ | 27 i) (e7(5 1,2 57 )|-aTu s T Jpe

=3 w, (z)ET[PS_I (a-z,¢)+(a,-L,c)f S‘TP}E—ZETPS_IME

Define L, = SP™'¥, and consider the Lyapunov function V such that
Vie)+eTe—y*d"d <0

Thus integrating this expression leads to

Y (e(es) -V (2(0)) < j VaTd -z

Since T-S model is asymptotically stable and with zero initial conditions, we obtain
0< I y*d"d-e"edr
0

which is equivalent to

Jere<r[ara orfel, <Al -~
0 0

Now, the stability conditions are obtained as in (25) below
veleTe-pratd= 3" w (Z)zf[pyl (A -L,¢)+(a —Z,,E)TS’TP]E—ZETPS’1M3+ETE—723TJ
— - — _ _ 25
» [_T —T] ASTP+PST'A -CTY," —v,C+1 —-PS'M||e (29
= 'ZIW'(Z)e d T T 2 7
d -M's7'p -7’1 ||d

4. T-S FUZZY DESCRIPTOR PD OBSERVER

Consider the following fuzzy descriptor system with proportional and derivative weights of the
output estimation error

Ei= z; w; (z)(A[fc +Bu+lL, (y-Cr)+ L, (y - Cfc)),
y=C%, (26)
$=C

where L,and L, are respectively the proportional and derivative gain matrices. Derivative gain is
determined using (22).

In order to obtain the estimation of actuator fault, we introduce fault as an auxiliary state vector in
(11) and get the following augmented system,

E);cz_z;wi(z)zi)_c+§u+5d, (27)
y=Cx
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_ x| = A I3 = |I; O — |B| —
where x, =Ff, x=|" |, A, = JE= ,F=1,,B=|"_|,D=[D 0].
T x, 0 0 0 Iy 0

If there exists an observer as (28) for the plant (27), then actuator fault and the states of the
system can be estimated simultaneously.

ézz;wi(z)zi —LPE))_AC+§M +L,y,

)%:(E+ Ldf)_l(d>+Ldy),

)
= (E+ LdE)_l -(Z[:

plw[(z)((zi—L,,E))%+Eu+L,,y+Ldy)) (28)

Add L,y to the both sides of (27), and then we have

x=(E+L,C)" (Z;Wi(z)((zi —LPE)}+§u+5d+pr+Ldy)j (29)

The dynamic state error equation is:

A

e=x—Xx

_(E+L, 5)‘1(2; wi( )@ -L,Ch + Bd))

Theorem 2: If conditions 1 and 2 are satisfied, there exists a robust fuzzy observer in the form of
(28) for the plant (27), which can make the steady estimator error dynamics as small as any

desired accuracy. The derivative gain is such that S = E + L,C is non-singular and the gain L,is

solved from the following linear matrix inequalities if there exists a common positive definite
matrix Pe R and matrix ¥; such that
2 o T 13 _ ATyl _ vy~ _pe-lpy
ASTP+PS ﬁ"'T (; Y, -Y,C+1 PSZD <0 (30)
-D"sP -y’
: _ -1
with y>0then L, =SP"Y,

Proof: Proof is similar to theorem 1. Derivative gain and proportional gains are obtained in the
same fashion as in theorem 1. The only difference is that we have removed multiple integrals.

Remark: As we have introduced the actuator fault as an auxiliary state vector in the plant (11), the
matrix F =1,and not the inverse of inertia matrix J. The actuator fault can be directly isolated

from estimated state x .

X
Since x, = Ff, 32{ }
xa

Therefore,
2,=l0 5]xthen f,=F7'[0 1,]x

5. SIMULATION RESULTS

In order to obtain the T-S fuzzy model, suitable operating points are chosen in the vicinity of zero
and we employ triangular membership function in this case. The actuator faults [4] along three
axes are
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0 t<0
fue =40.01(r —60)+0.4 60 <1< 80
0.8 >80
0 0<r<30
_ 0.03(t—30) 30<1<50 31)
@ 1-0.02(1—50)+0.6 50<1<80
0 >80
0 t <40
Jor = {0.2 sin((0.5231)-1.57) > 40

The simulation data is borrowed from [4]. The proportional and integral gains are obtained using
proper index y for fuzzy PMID. In case of fuzzy PD, only proportional gains are determined using

(30).

The T-S Fuzzy PMID Descriptor Observer shows satisfactory performance when g=1. The
simulation results shown below are obtained using MATLAB/SIMULINKsoftware.

In order to get the T-S fuzzy model, linearization method is employed using suitably choosen 8
different operating points in the vicinity of equilibrium point (0,0,0). The reasonable index y is

choosen in such a way that feasible solution is obtained for LMIs in (21) & (30).

Derivative gain is obtained from (22) and proportional-integral gains are determined from (21) for
fuzzy descriptor PMID observer. The fuzzy descriptor system (15) and fuzzy descriptor observer
(16) are simulated in SIMULINK to get the outputs shown in this section. Similar procedure is
followed for fuzzy descriptor PD observer using (22), (27), (28), and (30).

Actuator fault estimation using T-S fuzzy descriptor PMID and PD observers is shown in figures
1 — 6. It can be infered from these figures that proposed fuzzy descriptor PMID observer
outperforms fuzzy descriptor PD observer. So, the multiple integral actions introduced in observer
estimate the fault more better.

In order to have better idea, the figures for estimated error are also obtained that clearly
represents that fuzzy descriptor PMID performs better than fuzzy descriptor PD observer.

The derivative gain can give us more design degrees of freedom. It can make us obtain fuzzy
PMID and PD observer only with original coefficient matrices together with proportional or
proportional-integral gains. Further, the effects of faults and disturbances are reduced with
smaller values of S~ as we increase the derivative gain. Due to such effect, faults are estimated
more accurately.

In the present design, we have to take only the original system matrices into consideration which

clearly indicates that the simultaneous observer is state-space observer. So it is more easy in
computation and reliable in many applications [12].
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FIGURE 1: Actuator fault estimation along X-axis using T-S fuzzy descriptor PMID observer
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FIGURE 2: Actuator fault estimation along Y-axis using T-S fuzzy descriptor PMID observer
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FIGURE 3: Actuator fault estimation along Z-axis using T-S fuzzy descriptor PMID observer
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FIGURE 4: Actuator fault estimation along X-axis using T-S fuzzy descriptor PD observer
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FIGURE 5: Actuator fault estimation along Y-axis using T-S fuzzy descriptor PD observer
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FIGURE 6: Actuator fault estimation along Z-axis using T-S fuzzy descriptor PD observer
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FIGURE 8: Estimated error for fault along Y-axis using T-S fuzzy descriptor PD observer
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FIGURE 9: Estimated error for fault along Z-axis using T-S fuzzy descriptor PD observer
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FIGURE 11: Estimated error for fault along Y-axis using T-S fuzzy descriptor PMID observer
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FIGURE 12: Estimated error for fault along Z-axis using T-S fuzzy descriptor PMID observer
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In our proposed work, the multiple integral actions assumed for fault estimation reduced as
compared to other observers in the literature available. We have assumed g=1 and as it can be
noticed that [4] has assumed g=2. The less number of integral actions considered in our work is
sufficient and better enough for observer design to reduce computational cost. As we increase
the order of the faults, less integral actions would be required as per proposed work. Such
difference arises due to derivative gain added in previously available fuzzy PMI observer.

The more design degrees of freedom given by derivative gain reduces the multiple integral
actions and make observer design simpler. It should also be noticed that together with , we

have y, index that makes fault estimation better. The main contribution of this paper is design of
fuzzy PMID and fuzzy PD observers.

The results shown above in figures 1-6 support the proposed methods. It can be noticed that the
estimated error in the fuzzy PMID observer is less than the fuzzy PD observer. The comparison
of fig.7 and fig. 10 gives better picture that error in fig.7 is more. Similar conclusions can be made
about figures for estimated error.

The figures 1-3 clearly show the good estimation of original fault along three dimensions. In order
to get better notion, fig. 2 and fig. 5 should be compared. In fig. 2 original fault is estimated far
better than in fig. 5. Thus, the conclusion can be drawn that the fuzzy PMID is better than fuzzy
PD observer in terms of estimation of time varying faults.

Artificial neural networks are better approximator of nonlinear systems as compared to fuzzy logic
methods. The extension of this research would include the construction of neuro-fuzzy observer.
The fuzzy weights determined using linearization method can act as weights of neural networks
and by choosing suitable activation function, artificial neural networks can be brought into play.

A better fault tolerant scheme can be designed for such observers. We have considered only the
fault estimation. Fault diagnosis is another essential extension.

The continuous time-invariant system is considered for fault estimation here, the discrete time or
continuous time variant systems can also be considered giving better application in real world
problems.

The time delay systems (A (t + At), B (t + At), etc) with reduced order observer can also be
designed providing less computational costs for observer design. While considering nonlinear
models, modeling uncertainty should be taken into consideration which is of importance in the
field of fault diagnosis.

6. CONCLUSION

The fuzzy descriptor proportional multiple integral derivative (PMID) and proportional derivative
(PD) observers are proposed to estimate the actuator fault of satellite attitude control systems.
The convergence condition of state estimation error is formulated in the form of LMI. The
proposed observers are robust since they have been synthesized to decouple and attenuate both
the effects of disturbances and fault approximated error. The main contribution can be noticed in
terms of more design degrees of freedom added by derivative gain which enhances the system
response. Simulation study reveals fuzzy descriptor PMID outperforms fuzzy descriptor PD
observer in terms of robust actuator fault estimation.
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Abstract

This paper expands a Multi Input Multi Output (MIMO) fuzzy estimator variable structure control
(VSC) which controller coefficient is on-line tuned by fuzzy backstepping algorithm. The main goal
is to guarantee acceptable trajectories tracking between the internal combustion engine (IC
engine) air to fuel ratio and the desired input. The fuzzy controller in proposed fuzzy estimator
variable structure controller is based on Lyapunov fuzzy inference system (FIS) with minimum
model based rule base. The input represents the function between variable structure function,
error and the rate of error. The outputs represent fuel ratio, respectively. The fuzzy backstepping
methodology is on-line tune the variable structure function based on adaptive methodology. The
performance of the MIMO fuzzy estimator VSC which controller coefficient is on-line tuned by
fuzzy backstepping algorithm (FBAFVSC) is validated through comparison with VSC and
proposed method. Simulation results signify good performance of fuel ratio in presence of
uncertainty and external disturbance.

Keywords: Internal Combustion Engine, Variable Structure Controller, Fuzzy Backstepping
Controller, Chattering Phenomenon, Adaptive Methodology, Proposed Fuzzy Estimator Variable
Structure Controller, Lyapunov Based Controller.

1. MOTIVATION, INTRODUCTION AND BACKGROUND

Motivation: Internal combustion (IC) engines are optimized to meet exhaust emission
requirements with the best fuel economy. Closed loop combustion control is a key technology that
is used to optimize the engine combustion process to achieve this goal. In order to conduct
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research in the area of closed loop combustion control, a control oriented cycle-to-cycle engine
model, containing engine combustion information for each individual engine cycle as a function of
engine crank angle, is a necessity. Air-to-fuel (A/F) ratio is the mass ratio of air to fuel trapped
inside a cylinder before combustion begins, and it affects engine emissions, fuel economy, and
other performances. In this research, a fuzzy backstepping adaptive MIMO fuzzy estimator
variable structure control scheme is used to simultaneously control the mass flow rate of port fuel
injection (PFl) systems to regulate the A/F ratio of PFl to desired levels. One of the most
important challenges in the field of IC engine is IC engine control, because this system is MIMO,
nonlinear, time variant parameter and uncertainty [63-71]. Presently, IC engines are used in
different (unknown and/or unstructured) situation consequently caused to provide complicated
systems, as a result strong mathematical theory are used in new control methodologies to design
nonlinear robust controller. Classical and non-classical methods are two main categories of
nonlinear plant control, where the conventional (classical) control theory uses the classical
method and the non-classical control theory (e.g., fuzzy logic, neural network, and neuro fuzzy)
uses the artificial intelligence methods. However both of conventional and artificial intelligence
theories have applied effectively in many areas, but these methods also have some limitations [1-
2].

Introduction: Modeling of an entire IC engine is a very important and complicated process
because engines are nonlinear, multi inputs-multi outputs and time variant. One purpose of
accurate modeling is to save development costs of real engines and minimizing the risks of
damaging an engine when validating controller designs. Nevertheless, developing a small model,
for specific controller design purposes, can be done and then validated on a larger, more
complicated model. [63-71]. Dynamic modeling of IC engines is used to describe the behavior of
this system, design of model based controller, and for simulation. The dynamic modeling
describes the relationship between nonlinear output formulation to electrical or mechanical source
and also it can be used to describe the particular dynamic effects to behavior of system[1]. In an
internal combustion engine, a piston moves up and down in a cylinder and power is transferred
through a connecting rod to a crank shaft. The continual motion of the piston and rotation of the
crank shaft as air and fuel enter and exit the cylinder through the intake and exhaust valves is
known as an engine cycle. The first and most significant engine among all internal combustion
engines is the Otto engine, which was developed by Nicolaus A. Otto in 1876 (Figure 1). In his
engine, Otto created a unique engine cycle that consisted of four piston strokes. These strokes
are: intake stroke, compression stroke, expansion stroke and exhaust stroke [63-71].
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FIGURE 1: The Four Stroke Engine Cycle [1]

Controller (control system) is a device which can sense information from linear or nonlinear
system (e.g., IC engine) to improve the systems performance [3-20]. There are two control
systems: open-loop and close-loop (feedback), by using the open-loop system the control action
is independent of the output and in close-loop system the control action depends on the output. In
feedback control system considering that there are many disturbances and also variable dynamic
parameters something that is really necessary is keeping plant variables close to the desired
value. Feedback control system development is the most important thing in many different fields
of engineering. The feedback controllers also have classified into two general groups’; positive
feedback and negative feedback, which in positive the feedback signal can amplify the effect of
the input signal and in negative the feedback signal can reduce the effect of the input signal.
Figure 2 shows a basic block diagram of a simple negative feedback system with single-input,
single-output (SISO). The main targets in designing control systems are stability, good
disturbance rejection, and small tracking error[5-29]. It is a well known fact, the aim of science
and modern technology has making an easier life. Conversely, modern life includes complicated
technical systems which these systems are nonlinear, time variant and uncertain in
measurement, they need to have controlled. Consequently it is hard to design accurate models
for these physical systems because they are uncertain. From the control point of view uncertainty
is divided into two main groups: uncertainty unstructured inputs (e.g., noise, disturbance) and
uncertainty structure dynamics (e.g., parameter variations). At present, in some applications I1C
engines are used in unknown and unstructured environment, therefore strong mathematical tools
used in new control methodologies to design nonlinear robust controller with an acceptable
performance (e.g., minimum error, good trajectory, disturbance rejection). One of the best
nonlinear robust controllers is variable structure control which is used in nonlinear uncertain
systems.
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FIGURE 2: Block diagram of a feedback control[3]

One of the nonlinear robust controllers is variable structure controller, although this controller has
been analyzed by many researchers but the first proposed was in the 1950 [41-62].This controller
is used in wide range areas such as in robotics, in control process, in aerospace applications and
in IC engines because this methodology can solve some main challenging topics in control such
as resistivity to the external disturbance and stability. Even though, this controller is used in wide
range areas but, pure variable structure controller has two drawbacks: Firstly, output oscillation
(chattering); which caused the heating in the mechanical parameters. Secondly, nonlinear
dynamic formulation of nonlinear systems which applied in nonlinear dynamic nonlinear
controller; calculate this control formulation is absolutely difficult because it depends on the
dynamic nonlinear system’s equation [20-23]. Chattering phenomenon can causes some
problems such as saturation and heats the mechanical parts of IC engine or drivers. To reduce or
eliminate the oscillation, various papers have been reported by many researchers which one of
the best method is; boundary layer saturation method [1]. In boundary layer linear saturation
method, the basic idea is the discontinuous method replacement by linear continuous saturation
method with small neighborhood of the switching surface. This replacement caused to
considerable chattering reduction. Estimated uncertainty method used in term of uncertainty
estimator to compensation of the system uncertainties. It has been used to reduce the chattering
phenomenon and also solve nonlinear dynamic formulation. This research introduced novel
applied MIMO fuzzy inference engine to variable structure controller to estimate the nonlinear
control formulation with low computation load. In recent years, artificial intelligence theory has
been used in variable structure control systems. Neural network, fuzzy logic, and neuro-fuzzy are
synergically combined with nonlinear classical controller and used in nonlinear, time variant, and
uncertainty plant (e.g., IC engines). Fuzzy logic controller (FLC) is one of the most important
applications of fuzzy logic theory [30-41]. This controller can be used to control nonlinear,
uncertain, and noisy systems. This method is free of some model-based techniques as in
classical controllers. As mentioned that fuzzy logic application is not only limited to the modelling
of nonlinear systems [31-36]but also this method can help engineers to design easier controller.
Control IC engines using classical controllers are based on IC engines dynamic modelling. These
controllers often have many problems for modelling. Conventional controllers require accurate
information of dynamic model of IC engines, but these models are MIMO, non-linear and
calculate accurate dynamic modelling is definitely difficult. When the system model is unknown or
when it is known but complicated, it is difficult or impossible to use classical mathematics to
process this model[32]. The main reasons to use fuzzy logic technology are able to give
approximate recommended solution for unclear and complicated systems to easy understanding
and flexible. Fuzzy logic provides a method which is able to model a controller for nonlinear plant
with a set of IF-THEN rules, or it can identify the control actions and describe them by using fuzzy
rules. It should be mentioned that application of fuzzy logic is not limited to a system that’s
difficult for modeling, but it can be used in clear systems that have complicated mathematics
models because most of the time it can be shortened in design but there is no high quality design
just sometimes we can find design with high quality. Besides using fuzzy logic in the main
controller of a control loop, it can be used to design adaptive control, tuning parameters, working
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in a parallel with the classical and non classical control method [32]. Research on applied fuzzy
logic methodology in variable structure controller (FVSC) to reduce or eliminate the high
frequency oscillation (chattering) and to compensate the unknown system dynamics pure variable
structure controller considerably improves the nonlinear plant control process [42-43].
Investigation on applied variable structure methodology in fuzzy logic controller (VSFC) to reduce
the fuzzy rules and refine the stability of close loop system in fuzzy logic controller has grown
specially in recent years as the nonlinear plant control [23]; [48-50]. However the application of
FVSC and VSFC are growing but the main VSFC drawback compared to FVSC is calculation the
value of structure surface 4 pri-defined very carefully. The advantages of VSFC compared to
fuzzy logic controller (FLC) is reduce the number of fuzzy rule base and increase the robustness
and stability. At last FVSC compare to the VSFC is more suitable for implementation action. In
various dynamic parameters systems that need to be training on-line adaptive control
methodology is used. Fuzzy adaptive method is used in systems which want to training
parameters by expert knowledge. Traditional adaptive method is used in systems which some
dynamic parameters are known. In this research in order to solve disturbance rejection and
uncertainty dynamic parameter, adaptive method is applied to artificial variable structure
controller.

Background: Slotine and Sastry have introduced boundary layer method instead of
discontinuous method to reduce the chattering[21]. Slotine has presented variable structure
method with boundary layer to improve the industry application [22]. R. Palm has presented a
fuzzy method to nonlinear approximation instead of linear approximation inside the boundary
layer to improve the chattering and control the result performance[23]. Moreover, C. C. Weng and
W. S. Yu improved the previous method by using a new method in fuzzy nonlinear approximation
inside the boundary layer and adaptive method[24]. Wu et al. [30] have proposed a simple fuzzy
estimator controller beside the discontinuous and equivalent control terms to reduce the
chattering. Their design had three main parts i.e. equivalent, discontinuous and fuzzy estimator
tuning part which has reduced the chattering very well. Elmali et al. [27]and Li and Xu [29]have
addressed variable structure control with perturbation estimation method (VSCPE) to reduce the
classical variable structure chattering. Wai et al. [37-38]have proposed a fuzzy neural network
(FNN) optimal control system to learn a nonlinear function in the optimal control law. This
controller is divided into three main groups: arterial intelligence controller (fuzzy neural network)
which it is used to compensate the system’s nonlinearity and improves by adaptive method,
robust controller to reduce the error and optimal controller which is the main part of this controller.
Mohan and Bhanot [40] have addressed comparative study between some adaptive fuzzy, and a
new hybrid fuzzy control algorithm for manipulator control. They found that self-organizing fuzzy
logic controller and proposed hybrid integrator fuzzy give the best performance as well as simple
structure. H.Temeltas [46] has proposed fuzzy adaption techniques for VSC to achieve robust
tracking of nonlinear systems and solves the chattering problem. Conversely system’s
performance is better than variable structure controller; it is depended on nonlinear dynamic
equgation. C. L. Hwang et al. [47]have proposed a Tagaki-Sugeno (TS) fuzzy model based
variable structure control based on N fuzzy based linear state-space to estimate the uncertainties.
A MIMO FVSC reduces the chattering phenomenon and reconstructs the approximate the
unknown system has been presented for a nonlinear system [42]. Yoo and Ham [58]have
proposed a MIMO fuzzy system to help the compensation and estimation the torque coupling.
This method can only tune the consequence part of the fuzzy rules. Medhafer et al. [59] have
proposed an indirect adaptive fuzzy variable structure controller to control nonlinear system. This
MIMO algorithm, applies to estimate the nonlinear dynamic parameters. Compared with the
previous algorithm the numbers of fuzzy rules have reduced by introducing the variable structure
surface as inputs of fuzzy systems. Y. Guo and P. Y. Woo [60]have proposed a SISO fuzzy
system compensate and reduce the chattering. C. M. Lin and C. F. Hsu [61] can tune both
systems by fuzzy rules. Shahnazi et al., have proposed a SISO PI direct adaptive fuzzy variable
structure controller based on Lin and Hsu algorithm to reduce or eliminate chattering. The bounds
of Pl controller and the parameters are online adjusted by low adaption computation [44].

In this research we will highlight the MIMO adaptive backstepping fuzzy variable structure
algorithm with estimates the nonlinear dynamic part derived in the Lyapunov sense. This
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algorithm will be analyzed and evaluated on IC engine. Section 2, serves as an introduction to the
variable structure formulation algorithm and its application to an IC engine, describe the
objectives and problem statements. Part 3, introduces and describes the methodology algorithms
and proves Lyapunov stability. Section 4 presents the simulation results of this algorithm applied
to an IC engine and the final section is describe the conclusion.

2. OBJECTIVES, PROBLEM STATEMENTS AND VARIABLE STRUCTURE
FORMULATION APPLIED TO IC ENGINE

Dynamic of IC engine: In developing a valid engine model, the concept of the combustion
process, abnormal combustion, and cylinder pressure must be understood. The combustion
process is relatively simple and it begins with fuel and air being mixed together in the intake
manifold and cylinder. This air-fuel mixture is trapped inside cylinder after the intake valve(s) is
closed and then gets compressed [13]. When the air-fuel mixture is compressed it causes the
pressure and temperature to increase inside the cylinder. Unlike normal combustion, the cylinder
pressure and temperature can rise so rapidly that it can spontaneously ignite the air-fuel mixture
causing high frequency cylinder pressure oscillations. These oscillations cause the metal
cylinders to produce sharp noises called knock, which it caused to abnormal combustion. The
pressure in the cylinder is a very important physical parameter that can be analyzed from the
combustion process. Since cylinder pressure is very important to the combustion event and the
engine cycle in spark ignition engines, the development of a model that produces the cylinder
pressure for each crank angle degree is necessary. A cylinder pressure model that calculates the
total cylinder pressure over 720 crank angle degrees was created based upon the following
formulation [63-71]:

Pc}'[{E:] :Pm{ﬂ:] +Pngf{5:] (1)

where P, (8) is pressure in cylinder, B, (#) is Wiebe function, and P,.. (6] is motoring pressure
of a cylinder. Air fuel ratio is the mass ratio of air and fuel trapped inside the cylinder before
combustion starts. Mathematically it is the mass of the air divided by the mass of the fuel as
shown in the equation below:

Mg i (2)

Whiyel
If the ratio is too high or too low, it can be adjusted by adding or reducing the amount of fuel per
engine cycle that is injected into the cylinder. The fuel ratio can be used to determine which fuel
system should have a larger impact on how much fuel is injected into the cylinder. Since a direct
fuel injector has immediate injection of its fuel with significant charge cooling effect, it can have a
quicker response to the desired amount of fuel that is needed by an engine [66].

Air to Fuel =

Variable structure methodology: Based on variable structure discussion, the control law for a
multi degrees of freedom robot manipulator is written as [18-24]:
U = Unoniinear + Ugis (3)

Where, the model-based component Uymiinear 1S compensated the nominal dynamics of
systems. Therefore Uygmimear Can calculate as follows:

Uﬁ.’mimear = [M_I{Pm{ﬂ:] +Pner{ﬂj} + S]M (4)
Where
My My]t My M
M= [ 11 1z] _ [ 1 1z]
My My M My My

A simple solution to get the variable structure condition when the dynamic parameters have

uncertainty is the switching control law:
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Ugic = K{I:, t)- sgn':s:] (5)

where the switching function sgn (%) is defined as

1 s=0 (6)
sgnls) ={—1 s=0
o s=0

and the K(Z.t) is the positive constant.
the lyapunov formulation can be written as follows,

1
V= E.ET.M.S 0
the derivation of ¥ can be determined as,
v=2sT.0.5+5T M5 (8)
the dynamic equation of IC engine can be written based on the structure variable surface as
MS5=_-VS+M$+P, (8 +P,..(8) (9)
it is assumed that
ST (Bt — 2P, (8) + Poee(6) )5 =0 (10)
by substituting (15) in (14)

1 .. 11
V= ESTM’S — §TPy(8) + Ppp(8)S + 5T (MS + Pp(8) + Py (815) =57 (MS + P, (8) + P, (1)
suppose the control input is written as follows

U = Uyontonear + Vg = [M-1(P,,(8) + P,..(8)) + 3]M + K.sgn(s) + P,,(8) + P, (8)s  (12)

by replacing the equation (18) in (17)

V=ST(M5 + P,(8) + P, (8) — M5 — P,,(8) + P, (8)S — Ksgn(s) = (13)
ST (M5 + P, (8) F Pper(6)S — Ksgn(s))

it is obvious that
\i5 + P, (8) +P,..(8)5| < || + |, (8) + P,..(8)5] (14)

the Lemma equation in IC engine system can be written as follows
K, = [|#5] + 1P, (6) + P, (6)5] + 9] .i=1.234... (15)

the equation (16) can be written as

K, = |[M5 + P,(8) + P, (0)S +] .| + m; (16)

therefore, it can be shown that
n
(17)
V=- Z ; |.5'['|
i=1

Consequently the equation (17) guaranties the stability of the Lyapunov equation. Figure 3 is
shown the integration of mean value engine and cylinder pressure model.
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FIGURE 3: Block diagram of an integration of mean value engine and cylinder pressure model
Figure 4 is shown pure variable structure controller, applied to IC engine.

Problem Statements

Even though, variable structure controller is used in wide range areas but, pure it also has
chattering problem and nonlinear dynamic part challenges. On the other hand, fuzzy logic
controller has been used for nonlinear and uncertain (e.g., IC engine) systems controlling.
Conversely pure FLC works in many areas, it cannot guarantee the basic requirement of stability
and acceptable performance[8]. Although both VSC and FLC have been applied successfully in
many applications but they also have some limitations. The boundary layer method is used to
reduce or eliminate the chattering and proposed fuzzy Lyapunov estimator method focuses on
substitution fuzzy logic system instead of dynamic nonlinear equation to implement easily and
avoid mathematical model base controller. To reduce the effect of uncertainty in proposed
method, MIMO novel adaptive method is applied in fuzzy variable structure controller in IC
engine.

Objectives

The main goal is to design a MIMO fuzzy backstepping adaptive fuzzy estimation variable
structure methodology which applied to internal combustion engine with easy to design and
implement. IC engine has nonlinear dynamic and uncertain parameters consequently; following
objectives have been pursuit in the mentioned research: To develop a chattering in a position
pure variable structure controller against uncertainties, to design and implement a Lyapunov
MIMO fuzzy structure variable controller in order to solve the equivalent problems with minimum
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rule base and finally to develop a position fuzzy backstepping adaptive fuzzy estimation variable
structure controller in order to solve the disturbance rejection and reduce the computation load.

Dreswed mput e

F

Uagis =K(x,t).sgn(s)
S=14e+e

Ll i
-

Uy = [M*(P,(0) + P,.;(0)) + S|M

FIGURE 4: Block diagram of a variable structure controller: applied to IC engine

3. METHODOLOGY: DESIGN A NOVEL MIMO FUZZY BACKSTEPPING
ADAPTIVE FUZZY ESTIMATION VARIABLE STRUCTURE CONTROL

First part is focused on eliminate the oscillation (chattering) in pure variable structure controller
based on linear boundary layer method. To reduce or eliminate the chattering it is used the
boundary layer method; in boundary layer method the basic idea is replace the discontinuous
method by saturation (linear) method with small neighborhood of the switching surface. This
replace is caused to increase the error performance [20-24].

B(t) = {x,I5(t)| < ok B = 0 (18)

Where @ is the boundary layer thickness. Therefore, to have a smote control law, the saturation
function Sut('gfgj added to the control law:

U = K(Z.0).5at (5/5) (19)

Where Sat (5 ;’g) can be defined as
1 Elp>1) (20)
sat($/p) =4 -1 (o<1)
flo (1<5z<1)

Based on above discussion, the control law for an IC engine is written as [18-24]:
U=Ug,+U, (21)

Figure 5 is shown classical variable structure which eliminates the chattering using linear
boundary layer method.
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FIGURE 5: Chattering free Block diagram of a variable structure controller: applied to IC engine

Second step is focused on design MIMO fuzzy estimation variable structure based on Lyapunov
formulation. The firs type of fuzzy systems is given by

z (22)
fle) = Zﬁfsf (x) = 8T&(x)

I=1 ;
u“Eui-

Where 8 =(6%,....6™) E() = (E*(x), ... EM (x))T ,amd £'(x) = Fﬂ'—E*EiL(HF:LuAE(xL-]].
g*,.... 8™ are adjustable parameters in (28) . Bt (), ... pam(x ) are given membership functions
whose parameters will not change over time.

The second type of fuzzy systems is given by

e [H?=1exp (—(E:;T“Ej)] (23)

s (- (570 )

Where 8!, a! and 5! are all adjustable parameters. From the universal approximation theorem, we
know that we can find a fuzzy system to estimate any continuous function. For the first type of

flx) =

fuzzy systems, we can only adjust g in
(28). We define f"(x|87 as the approximator of the real functionf (x).
Flxlg) = 87e(x) (24)

We define & as the values for the minimum error:

§' = argmin [r::g |f" Cxl6) — H{x]I] (25)

Where 1 is a constraint set for &. For specific x,sup,oy|f (xl8*) — f(x}] is the minimum
approximation error we can get.

We used the first type of fuzzy systems (23) to estimate the nonlinear system (10) the fuzzy
formulation can be write as below;
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flx]8) = 8T =(x) (26)
_ T Ly )
T I [ Gl

Where &%, ....8" are adjusted by an adaptation law. The adaptation law is designed to minimize
the parameter errors of & — 8% A MIMO (multi-input multi-output) fuzzy system is designed to
compensate the uncertainties of the nonlinear system. The parameters of the fuzzy system are
adjusted by adaptation laws. The tracking error and the sliding surface state are defined as:

e=q— qq (27)

s=é+ A, (28)
We define the reference state as

Gr=14-s= §g—2e (29)

§r= 44— 5= §g— A& (30)

The general MIMO if-then rules are given by
RLifx is Al x,isAL... . x, is AL then yyisBL ... v, is BL, (31)

Where [ = 1,2,..., M are fuzzy if-then rules; x = (xy,..., %, )" and ¥ = (¥, -.¥%, )" are the input and
output vectors of the fuzzy system. The MIMO fuzzy system is define as
flx) =07 &(x) (32)

Where
ol a7, .. 81 (33)
1 a2 M
eTz (8. “”Eij — Eg,: 85 ....6
El,l,,: 2, ....e"
slx) = (1), ... MG, ) = nF:l-MAE {xijfztil{HF=l,uAE{r[]], and p,(x;) is defined in (24).
To reduce the number of fuzzy rules, we divide the fuzzy system in to three parts:
Flig.q) = ot e (q.49) . (34)
= [6t"c@@)... 0" (@.0) ]

F*(q.§,) = E‘JZT £ (q. 4.0 : (35)
= [68 e @4, .0 = (@4, ]

Fg.4) =0 (g4 -; (36)
= [t (q@). .68 e (q.8) |

The control input is given by
t=M§,+ P8 +P,.. 8 +Fligq + Frlq.4,) + Flg.§) — Kps — Wsgn(s) (37

Where M" , P, (8) + P (8) are the estimations of M(g) and and are positive constants;
W = diag [W,, ... W] and W,,....W,, are positive constants. The adaptation law is given by
EJI = —FuﬂjE{q;éj
ﬂjz = —.rszIE{q.-ﬁr:] (38)
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ﬂ‘rs = —F;_j.s_rﬁ{q,!"."]

Where j =1,...mand Ij; — I3; are positive diagonal matrices.
The Lyapunov function candidate is presented as

v 1TM+1i1 oy 1y L e (%)
R YAy e B _Z_ iy + _Z 1
2 24471y 244 Iy 4 T3
Where g} =0} — ¢!, 0f = 07 — 07 and o} = 0} — o} we define
Flq.4. 4. @) = F'(q.4) + F*(q.4,) + F}(q.4) (40)

From (22) and (23), we get o
M(g)§ + Ppl6) + Ppo(@) =M G+ Py@) + Ppy(8) + Flq. g, §y.§) — Kps —Ws, (41)

Since §,= § —s and §,.= § —5 , we get
Ms+ (P,(8) +P...(8) + Kp)s + Wsgnls) = —AF + Flg.q. §,.4) (42)

Then M: + Py, (8} + Py, (8)s can be written as
M:+ P,(8) + P,..(8)s = —AF + Flq. q. §,.4) — Kps — Wsgn(s) (43)

Where AF = i, + P, (8) + P,..(8) . =M —M", ¢ =P,(8) +P,.(8) - P, (8)+P,.(8) The
derivative of ¥V is

v =sTMs +;s"Ms+ I, ;zs, 03 + By 0F OF + T, = J“’;is? (44)
We know that s7 Mz + %sTMS =5 |[Ms + P8 + PMEE] 5) from (44). Then

V= (45

—sT[—Kps + Wsgn(s) + AF — Fq.4. §,.@)] + T2 ;;:sI o + 3 oF o + Ty )

We define the minimum approximation error as )
w=AF-[F(q.410")+ F(q.4,107) + Flq.410%)] (46)
We plug (51) in to (52)

—sT[— Hps-l-l*l"sgﬂ{s] -I-ﬂF F{q 4 q,.,qg]

= —sT[-Kps + Wsgn(s) + w + F'(g. 4| ©") + F¥(q. 4| ez') + Fq al 93'}—
. o - 1 - 1
Flig.q) +Fz{q,qr]+F‘{q,q]]+E}11r—UEﬁ,‘TEﬁ}+ E}“ﬂrz 0 + I o o

—s Hﬂ.s— s ngn(s] -sTw-T 1sJESJT z(g.q) - E}'Lisjﬁﬁfr slg. 4,0 - Iiis Eﬁfrs
E,-II of ot +E,.1r oF & +E,.1r of &}

= —sTKps— s"Wsgn(s) —sTw - }’“ﬂiﬁ}r(sj z(g. q) _i@}] -
E}EIE'J-ET (s,(q.q,) —I_LZIEE'J] E}“IE'J (s,z(q.4,) ;33]
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T . 1 .
= _sTKps— sTWsgnls) —sTw— Xy [311 (s;eq. ¢) + = Eﬁ}] -
y

w 1. " i .
sy Eﬁ,zr (s;s(q.4,.) + o 67) —Zmy Eﬁfr (s;s(q.4,) + Iy &%)

Then V becomes
V=-sTKps— sTWsgnls) —sTw (47)
m

== ) (s}Kp, + Wyls)|+5;0)
=
=— Tl s,(s;Kp, + )+ W,|s|]

Since «; can be as small as possible, we can find k;; that |s?Kp;| = |c|(s; = 0).
Therefore, we can get sj-{sj-k'ﬂj- + mj-} = 0fors; #0and ¥ < 0 (s # 0}, Figure 6 is shown the fuzzy
estimator variable structure.
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FIGURE 6: Chattering free Block diagram of a fuzzy estimator variable structure controller

Third step is focused on design Mamdani’s fuzzy [30-40] backstepping adaptive fuzzy estimator
variable structure. As mentioned above pure variable structure controller has nonlinear dynamic
equivalent limitations in presence of uncertainty and external disturbances in order to solve these
challenges this work applied Mamdani’s fuzzy inference engine estimator in variable structure
controller.  However proposed MIMO fuzzy estimator variable structure has satisfactory
performance but calculate the variable structure surface slope by try and error or experience
knowledge is very difficult, particularly when system has structure or unstructured uncertainties;
MIMO Mamdani’'s fuzzy backstepping variable structure function fuzzy estimator variable
structure controller is recommended. The backstepping method is based on mathematical
formulation which this method is introduced new variables into it in form depending on the
dynamic equation of IC engine. This method is used as feedback linearization in order to solve
nonlinearities in the system. To use of nonlinear fuzzy filter this method in this research makes it
possible to create dynamic nonlinear backstepping estimator into the adaptive fuzzy estimator
variable structure process to eliminate or reduce the challenge of uncertainty in this part. The
backstepping controller is calculated by;

HE.S' =U + M. I (48)

e0g 5
Where Ug s is backstepping output function, U, . is backstepping nonlinear equivalent function

which can be written as (55) and I is backstepping control law which calculated by (49)
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Ueqp. = [(Pr(8) + P, (8))] (49)
I=[8 +K,(Ky—1)-e+ (K, +K,)&] (50)

Based on (10) and (47) the fuzzy backstepping filter is considered as
(P8 + Prc(8)) = ZT_IET Sx) -5 - K

Based on (48) the formula_tion of fuzzy backstepping filter can be written as;
U=Uegpsyy, +MI (52)
Where Upp, o = [(Pry (6) + P ()] + EL, 67 () + K

The adaption low is defined as
8 = v54(s) (53)

(51)

where the y,;is the positive constant and ¢;(5;) = [7}(5,).27(5;). 27 (5;).... (5017
I L) 54
s = e ik o
Eipcn; (5)
The dynamic equation of IC engine can be written based on the variable structure surface as;
M5=-VS+M5+Vs (55)

It is supposed that
sT(M—2v)s=0 (56)
The derivation of Lyapunov function (¥ ) is written as

1 1
I :—STHS—STFS+Z— ] 8,
2 ¥y

1
=ST(-IS+Af-K)+ ) —ol 6
(IS +af K+ ) o] 8
L 1
= D[S, (Af,—K;)] -5Tas+ ) — ol 8
T

1
= D I5; (4, 6], ()] - 5725 + ZE o7 9,

=1

- 1
- E [S; (AF; — (877 ¢;(5;) + o7 g;(5,))1 — 5745 + E ‘r_; o7 B,
£

=1
'" 1

= 15, ar, - (674, () 1 - s7as) + Z(T—J o [yes,(5,)5, + 6,1)
=1 £

Where §; =,;5,{;(5;) is adaption law and 8, = —§; = —y;;5;{;(5;), consequently ¥ can be
considered by
m

(57)
v =) 15,8, - ((8))7,(5))1 - 572
j=1
The minimum error can be defined by
em = 0f, = (877¢,(5))) (58)

V is intended as follows

m
V= >[5 emn]-STIS
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< Eﬂ{"iﬂf; llem| — ST2S

2
= |5_r ||Bn-;r| _‘]—151
i=1

m
= > 15 (lew| - 3,5
=1

For continuous function Uggg s

furzy
controller in form of (58) such that
Supy ey |Ueqp 5y +MI| < €

(59)

and suppose == 0 it is defined the fuzzy backstepping
(60)

As a result MIMO fuzzy backstepping adaptive fuzzy estimation variable structure is very stable
which it is one of the most important challenges to design a controller with suitable response.
Figure 7 is shown the block diagram of proposed MIMO fuzzy backstepping adaptive fuzzy
estimation variable structure.
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M
f@)= ) 6 () = 6"Ew)

FuzzI?Com pensate

FIGURE 7: Chattering free Block diagram of a MIMO fuzzy backstepping adaptive fuzzy
estimator variable structure controller

4. RESULTS

Variable structure controller (VSC) and proposed MIMO fuzzy backstepping adaptive fuzzy
estimator variable structure controller were tested to sinus response trajectory. The simulation
was implemented in Matlab/Simulink environment. Fuel ratio trajectory, disturbance rejection and
error are compared in these controllers. It is noted that, these systems are tested by band limited
white noise with a predefined 40% of relative to the input signal amplitude. This type of noise is
used to external disturbance in continuous and hybrid systems.

Fuel Ratio Trajectory: Figure 8 shows the fuel ratio in VSC and proposed MIMO fuzzy
backstepping adaptive fuzzy estimator variable structure controller without disturbance for sinus
trajectory.
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FIGURE 8: VSC Vs. MIMO fuzzy backstepping adaptive fuzzy estimator variable structure
controller: fuel ratio

By comparing sinus response, Figure 8, in SMC and MIMO fuzzy backstepping adaptive fuzzy
estimator variable structure controller, conversely the MIMO fuzzy backstepping adaptive fuzzy
estimator variable structure controller 's overshoot (0%) is lower than VSC's (3%).

Disturbance Rejection

Figure 9 is indicated the power disturbance removal in VSC and MIMO fuzzy backstepping
adaptive fuzzy estimator variable structure controller. As mentioned before, VSC is one of the
most important robust nonlinear controllers. Besides a band limited white noise with predefined of
40% the power of input signal is applied to the sinus VSC and MIMO fuzzy backstepping adaptive

fuzzy estimator variable structure controller; it found slight oscillations in VSC trajectory
responses.

————— Y50
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FIGURE 9: VSC Vs. MIMO fuzzy backstepping adaptive fuzzy estimator variable structure

controller: fuel ratio with external disturbance

Among above graph, relating to sinus trajectory following with external disturbance, VSC has
slightly fluctuations. By comparing overshoot; MIMO fuzzy backstepping adaptive fuzzy estimator
variable structure controller 's overshoot (0%) is lower than VSC's (12%).

Errors in the Model: MIMO fuzzy backstepping adaptive fuzzy estimator variable structure
controller has lower error rate (refer to Table.1), VSC has oscillation tracking which causes
chattering phenomenon at the presence of disturbances. Figure 10 is shown steady state and

RMS error in VSC and MIMO fuzzy backstepping adaptive fuzzy estimator variable structure
controller in presence of external disturbance.
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RMS Error Rate VSC Proposed method
Without Noise 1e-3 0.6e-9
With Noise 0.01 0.1e-8

TABLE 1: RMS Error Rate of Presented controllers

05 i i i i
0 5 10 15 20
FIGURE 10: VSC Vs. MIMO fuzzy backstepping adaptive fuzzy estimator variable structure
controller: Steady state error in presence of external disturbance

In these methods if integration absolute error (IAE) is defined by (67), table 2 is shown
comparison between these two methods.

= 7
IAE = f le(t)| dt (67)
o
Method VSC Proposed Method
IAE 4421 214.8

TABLE 2: Calculate IAE

5. CONCLUSION

Refer to the research, a MIMO fuzzy backstepping adaptive fuzzy estimator variable structure
controller design and application to IC engine has proposed in order to design high performance
nonlinear controller in the presence of uncertainties, external disturbances and Lyapunov based.
Regarding to the positive points in variable structure controller, fuzzy inference system and
adaptive fuzzy backstepping methodology it is found that the adaptation laws derived in the
Lyapunov sense. The stability of the closed-loop system is proved mathematically based on the
Lyapunov method. The first objective in proposed method is removed the chattering which linear
boundary layer method is used to solve this challenge. The second target in this work is
compensate the model uncertainty by MIMO fuzzy inference system, in the case of the IC engine,
if we define k3 membership functions for each input variable, the number of fuzzy rules applied
for each joint is Ky which will result in a low computational load. In finally part fuzzy backstepping
methodology with minimum rule base is used to online tuning and adjusted the fuzzy variable
structure method and eliminates the chattering with minimum computational load. In this case the
performance is improved by using the advantages of variable structure, artificial intelligence
compensate method and adaptive algorithm while the disadvantages removed by added each
method to previous method.
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Abstract

Classical sliding mode controller is robust to model uncertainties and external disturbances. A sliding
mode control method with a switching control low guarantees asymptotic stability of the system, but the
addition of the switching control law introduces chattering in to the system. One way of attenuating
chattering is to insert a saturation function inside of a boundary layer around the sliding surface.
Unfortunately, this addition disrupts Lyapunov stability of the closed-loop system. Classical sliding mode
control method has difficulty in handling unstructured model uncertainties. One can overcome this
problem by combining a sliding mode controller and fuzzy system together. Fuzzy rules allow fuzzy
systems to approximate arbitrary continuous functions. To approximate a time-varying nonlinear system, a
fuzzy system requires a large amount of fuzzy rules. This large number of fuzzy rules will cause a high
computation load. The addition of an adaptive law to a fuzzy sliding mode controller to online tune the
parameters of the fuzzy rules in use will ensure a moderate computational load. Refer to this research;
tuning methodology can online adjust both the premise and the consequence parts of the fuzzy rules.
Since this algorithm for is specifically applied to a robot manipulator.

Keywords: Classical Sliding Mode Controller, Robust, Uncertainties, Chattering Phenomenon, Lyapunov
Theory, Fuzzy Sliding Mode Controller, Tuning Fuzzy Sliding Mode Controller, Robotic System.

1. INTRODUCTION AND MOTIVATION
Sliding mode controller (SMC) is one of the influential nonlinear controllers in certain and uncertain
systems which are used to present a methodical solution for two main important controllers’ challenges,
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which named: stability and robustness. Conversely, this controller is used in different applications; sliding
mode controller has consequent disadvantages ; chattering phenomenon and nonlinear equivalent
dynamic formulation; which chattering is caused to some difficulties such as saturation and heat for
mechanical parts of robot manipulators or drivers and nonlinear equivalent dynamic formulation in
uncertain systems is most important challenge in highly nonlinear uncertain system[1, 5-29]. In order to
solve the chattering in the systems output, boundary layer method should be applied so beginning able to
recommended model in the main motivation which in this method the basic idea is replace the
discontinuous method by saturation (linear) method with small neighbourhood of the switching surface.
Slotine and Sastry have introduced boundary layer method instead of discontinuous method to reduce the
chattering[21]. Slotine has presented sliding mode with boundary layer to improve the industry application
[22]. R. Palm has presented a fuzzy method to nonlinear approximation instead of linear approximation
inside the boundary layer to improve the chattering and control the result performance[23]. Moreover, C. C.
Weng and W. S. Yu improved the previous method by using a new method in fuzzy nonlinear
approximation inside the boundary layer and adaptive method[24]. To remove the above setbacks, control
researchers have applied artificial intelligence method (e.g., fuzzy logic, neural network and genetic
algorithm) in nonlinear robust controller (e.g., sliding mode controller, backstepping and feedback
linearization) besides this technique is very useful in order to implement easily. Estimated uncertainty
method is used in term of uncertainty estimator to compensation of the system uncertainties. It has been
used to solve the chattering phenomenon and also nonlinear equivalent dynamic. If estimator has an
acceptable performance to compensate the uncertainties, the chattering is reduced. Research on
estimated uncertainty to reduce the chattering is significantly growing as their applications such as
industrial automation and robot manipulator. For instance, the applications of artificial intelligence, neural
networks and fuzzy logic on estimated uncertainty method have been reported in [22-30]. Wu et al. [30]
have proposed a simple fuzzy estimator controller beside the discontinuous and equivalent control terms to
reduce the chattering. Elmali et al. [27]and Li and Xu [29]have addressed sliding mode control with
perturbation estimation method (SMCPE) to reduce the classical sliding mode chattering.

In recent years, artificial intelligence theory has been used in sliding mode control systems [31-40, 68].
Neural network, fuzzy logic and neuro-fuzzy are synergically combined with nonlinear classical controller
and used in nonlinear, time variant and uncertainty plant (e.g., robot manipulator). Fuzzy logic controller
(FLC) is one of the most important applications of fuzzy logic theory. This controller can be used to control
nonlinear, uncertain and noisy systems. This method is free of some model-based techniques as in
classical controllers [33-38]. The main reasons to use fuzzy logic technology are able to give approximate
recommended solution for uncertain and complex systems to easy understanding and flexible. Fuzzy logic
provides a method which is able to model a controller for nonlinear plant with a set of IF-THEN rules, or it
can identify the control actions and describe them by using fuzzy rules. The applications of artificial
intelligence, neural networks and fuzzy logic, on robot arm control have reported in [29-31]. Wai et al. [37-
38]have proposed a fuzzy neural network (FNN) optimal control system to learn a nonlinear function in the
optimal control law. This controller is divided into three main groups: arterial intelligence controller (fuzzy
neural network) which it is used to compensate the system’s nonlinearity and improves by adaptive
method, robust controller to reduce the error and optimal controller which is the main part of this controller.
Mohan and Bhanot [40] have addressed comparative study between some adaptive fuzzy, and a new
hybrid fuzzy control algorithm for manipulator control. The applications of fuzzy logic on sliding mode
controller have reported in [11-16, 23-30]. Research on applied fuzzy logic methodology in sliding mode
controller (FSMC) to reduce or eliminate the high frequency oscillation (chattering), to compensate the
unknown system dynamics and also to adjust the linear sliding surface slope in pure sliding mode
controller considerably improves the robot manipulator control process [42-47]. H.Temeltas [46] has
proposed fuzzy adaption techniques for SMC to achieve robust tracking of nonlinear systems and solves
the chattering problem. Conversely system’s performance is better than sliding mode controller; it is
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depended on nonlinear dynamic equation. C. L. Hwang et al. [47]have proposed a Tagaki-Sugeno (TS)
fuzzy model based sliding mode control based on N fuzzy based linear state-space to estimate the
uncertainties. A multi-input multi-output (MIMO) FSMC reduces the chattering phenomenon and
reconstructs the approximate the unknown system has been presented for a robot manipulator [48].
Investigation on applied sliding mode methodology in fuzzy logic controller (SMFC) to reduce the fuzzy
rules and refine the stability of close loop system in fuzzy logic controller has grown specially in recent
years as the robot manipulator control [10-15]; [49-55]. Lhee et al. [49]have presented a fuzzy logic
controller based on sliding mode controller to more formalize and boundary layer thickness. Emami et al.
[51]have proposed a fuzzy logic approximate inside the boundary layer. H.K.Lee et al. [52] have presented
self tuning SMFC to reduce the fuzzy rules, increase the stability and to adjust control parameters control
automatically. However the application of FSMC and SMFC are growing but the main SMFC drawback
compared to FSMC is calculation the value of sliding surface A pri-defined very carefully. Moreover, the
advantages of SMFC compared to FLC reduce the number of fuzzy rule base and increase the robustness
and stability. At last FSMC compare to the SMFC is more suitable for implementation action.

In various dynamic parameters systems that need to be training on-line tuneable gain control methodology
is used. On-line tuneable control methodology can be classified into two main groups, namely, traditional
adaptive method and fuzzy adaptive method. Fuzzy adaptive method is used in systems which want to
training parameters by expert knowledge. Traditional adaptive method is used in systems which some
dynamic parameters are known. In this research in order to solve disturbance rejection and uncertainty
dynamic parameter, on-line tuneable method is applied to artificial sliding mode controller. F Y Hsu et al.
[54]have presented adaptive fuzzy sliding mode control which can update fuzzy rules to compensate
nonlinear parameters and guarantee the stability robot manipulator controller. Y.C. Hsueh et al. [43] have
presented self tuning sliding mode controller which can resolve the chattering problem without to using
saturation function. For nonlinear dynamic systems (e.g., robot manipulators) with various parameters, on-
line control technique can train the dynamic parameter to have satisfactory performance. Calculate sliding
surface slope is common challenge in classical sliding mode controller and fuzzy sliding mode controller.
Research on adaptive (on-line tuneable) fuzzy control is significantly growing, for instance, different
adaptive fuzzy controllers have been reported in [40, 56-68]. The adaptive sliding mode controller is used
to estimate the unknown dynamic parameters and external disturbances. The applications of adaptive
fuzzy sliding mode controller to control the robot manipulators have been reported in [11-20, 67]. Yoo and
Ham [58]have proposed a MIMO fuzzy system to help the compensation and estimation the torque
coupling. In = — D OF robot manipulator with &k membership function for each input variable, the number of
fuzzy rules for each joint is equal to 3k that causes to high computation load and also this controller has
chattering. This method can only tune the consequence part of the fuzzy rules. Medhafer et al. [59] have
proposed an indirect adaptive fuzzy sliding mode controller to control robot manipulator. This MIMO
algorithm, applies to estimate the nonlinear dynamic parameters. If each input variable have Kz
membership functions, the number of fuzzy rules for each joint is (m + 1JKT + K,. Compared with the
previous algorithm the number of fuzzy rules have reduced by introducing the sliding surface as inputs of
fuzzy systems. Y. Guo and P. Y. Woo [51]have proposed a SISO fuzzy system compensate and reduce
the chattering. First suppose each input variable with K3 membership function the number of fuzzy rules
for each joint is K; which decreases the fuzzy rules and the chattering is reduce. C. M. Lin and C. F. Hsu
[61] can tune both systems by fuzzy rules. In this method the number of fuzzy rules equal to K3 with low
computational load but it has chattering. Piltan et al., have proposed a adaptive fuzzy inference sliding
mode controller to reduce or eliminate chattering for robot manipulator [67].

This paper is organized as follows:

In section 2, detail of dynamic equation of robot arm, problem statements, objectives and introduced the
sliding mode controller are presented. Detail of tuning methodology which online adjusted both the
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premise and the consequence parts of the fuzzy rules is presented in section 3. In section 4, the simulation
result is presented and finally in section 5, the conclusion is presented.

2. ROBOT MANIPULATOR DYNAMICS, OBJECTIVES, PROBLEM STATEMENTS
AND SLIDING MODE METHODOLOGY

Robot manipulator dynamic: Robot manipulator is collection of links that connect to each other by joints,
these joints can be revolute and prismatic that revolute joint has rotary motion around an axis and
prismatic joint has linear motion around an axis. Each joint provides one or more degrees of freedom
(DOF). From the mechanical point of view, robot manipulator is divided into two main groups, which called;
serial robot links and parallel robot links. In serial robot manipulator, links and joints is serially connected
between base and final frame (end-effector). Parallel robot manipulators have many legs with some links
and joints, where in these robot manipulators base frame has connected to the final frame. Most of
industrial robots are serial links, which in serial robot manipulator the axis of the first three joints has a
known as major axis, these axes show the position of end-effector, the axis number four to six are the
minor axes that use to calculate the orientation of end-effector, at last the axis number seven to n use to
avoid the bad situation. Kinematics is an important subject to find the relationship between rigid bodies
(e.g., position and orientation) and end-effector in robot manipulator. The mentioned topic is very important
to describe the three areas in robot manipulator: practical application, dynamic part, and control purposed
therefore kinematics play important role to design accurate controller for robot manipulators. Robot
manipulator kinematics is divided into two main groups: forward kinematics and inverse kinematics where
forward kinematics is used to calculate the position and orientation of end-effector with given joint
parameters (e.g., joint angles and joint displacement) and the activated position and orientation of end-
effector calculate the joint variables in Inverse Kinematics[1]. Dynamic modeling of robot manipulators is
used to describe the behavior of robot manipulator, design of model based controller, and for simulation.
The dynamic modeling describes the relationship between joint 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[1]. The Unimation PUMA
560 serially links robot manipulator was used as a basis, because this robot manipulator widely used in
industry and academic. It has a nonlinear and uncertain dynamic parameters serial link 6 degrees of
freedom (DOF) robot manipulator. A nonlinear robust controller design is major subject in this work. The
equation of a multi degrees of freedom (DOF) robot manipulator is calculated by the following equation[6]:

M(glg+Nig.g) =1 (1)
Where 1 is n x 1 vector of actuation torque, M (q) is n xn symmetric and positive define inertia matrix,
Nig.q) is the vector of nonlinearity term, and q is n x 1 position vector. In equation 1 if vector of
nonlinearity term derive as Centrifugal, Coriolis and Gravity terms, as a result robot manipulator dynamic
equation can also be written as [10-16]:

Nig.q) = V(g ) + G(q) (2)
vig.q) = Blg)lg gl + Cl(g)lg]? (3)
T =Mlg)lg + B(q) g4l +c(g)[q])* + 6(g) (4)

Where,

E(g) is matrix of coriolis torques, C(g) is matrix of centrifugal torque, [§ glis vector of joint velocity that it
can give by: [G1-§ 3.1+ Ggemr -+ G-Gppe G2+ Gzee-- 17, @nd [4]° is vector, that it can given by: [g,%62%,G2" w17
In robot manipulator dynamic part the inputs are torques and the outputs are actual displacements, as a
result in (4) it can be written as [1, 6, 10-16];

g=M1g).lxr-Niq ¢} (5)
To implementation (5) the first step is implement the kinetic energy matrix (M) parameters by used of
Lagrange’s formulation. The second step is implementing the Coriolis and Centrifugal matrix which they
can calculate by partial derivatives of kinetic energy. The last step to implement the dynamic equation of
robot manipulator is to find the gravity vector by performing the summation of Lagrange’s formulation.
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The kinetic energy equation (M) is a n = n symmetric matrix that can be calculated by the following
equation;
M) = myJiy [ + 0T Tl + maliof o + 108 ) wn + maJia s + 1o Ia s + mafiafs - (6)
ms]isJus + Joe Ts us+mel e) os + J0t*T) e

As mentioned above the kinetic energy matrix in n DOF is a n x n matrix that can be calculated by the
following matrix [1, 6]

My My o e o My, (7)
My e s My

Mig) = )
n.l e "j e e MTJ-.TJ-

The Coriolis matrix (B) is a n x == matrix which calculated as follows;

by braz o bun Bz oo bppg e e Bipogn (8)
baz e e bym bBmay o e e e Bag g

Blgl=| ™
Ly 17 v Bpgm o e Bypian

and the Centrifugal matrix (C) is a n ® n matrix;

€y - Cp (9)
Cgp=|: ™~
Cn1  Can
And last the Gravity vector (G) is an = 1 vector;
o (10)
Glg) = gz
L9n

Sliding mode controller (SMC): 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 (§4 = 0} by discontinuous method in the
following form [19, 3];

= {00 US> h
T =l (q.8) if S, <0

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

Robot manipulators are one of the highly nonlinear and uncertain systems which caused to needed to
robust controller. This section provides introducing the formulation of sliding mode controller to robot
manipulator based on [1, 6]Consider a nonlinear single input dynamic system of the form [6]:

2™ = &) + b(xu (12)
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Where u is the vector of control input, ™ is the nt* derivation ofx, x = [x.4. %, ....x ™ U7 is the state
vector, f(x) is unknown or uncertainty, and b(x is of known sign function. The control problem is truck to
the desired state; xg = [xg.&4. %4....24 " Y17, and have an acceptable error which is given by:

F=x—xg=[%.. #0077 (13)

A time-varying sliding surface =(x, t} is given by the following equation:
sCx, 8) :{E-I—Au_lfzﬂ (14)

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

d T
slx,t) = {54—1]"‘1 (J‘ Edt} =0
0

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].

1d
EEEZ{% t) < —{s(x t)l

(15)

(16)
where { is positive constant and in equation (16) forces tracking trajectories is towards sliding condition.
It $(0)>0- £5(® < 3 (17)

To eliminate the derivative term, it is used an integral term from t=0 to t=t;z5.

t=treach t=trench 18
[T 50 < =[5 Greaen) ~50) < L ltregen ~0) 18
t=0 i I

=0
Where t,....1 is the time that trajectories reach to the sliding surface so, suppose S(t;:z:x = @) defined as

500 19
0—5(0) = _"T{t‘rmchj = trggch ET (19)

and

500
if 50) <0-0-35(0) < _ﬂ{tr'mzch:] - 5(0) = _{{t‘rmch] = bregch = % (20)

Equation (20) guarantees time to reach the sliding surface is smaller than 'S'{—m' since the trajectories are

outside of 5(t).
if S, . =S50 = error(x—x;) =10 (21)

suppose S is defined as

d 22
sGot) = (oo +4) F= (=g + Alx —x) (22)
The derivation of S, namely, $ can be calculated as the following;
§=GE-&) +aE—xy) (23)
suppose the second order system is defined as;
E=f+u —*5:f+ﬂ—id+l':!.i—!td:] (24)

Where f is the dynamic uncertain, and also since § = 0 and & = 0, to have the best approximation ,I is
defined as
U=—F+3; —alz—x4) (25)

A simple solution to get the sliding condition when the dynamic parameters have uncertainty is the
switching control law:
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Udfs = ﬁ — HE.- t:] " Sgﬂ{s:] (26)
where the switching function sgn.(5) is defined as
1 2= 0 (27)
sgnls) = 1—1 g={
. 0 2=10
and the K(x.t) is the positive constant. Suppose by (26) the following equation can be written as,
1d 2
—— e =8-S=[f-F-Ksgn(s)]-5=(F-F)-5 - KI5 (28)

2dt
and if the equation (27) instead of (28) the sliding surface can be calculated as

29
slx.t ]—{—-I—).] ([xdt)—{x—xd]+21{x—xd] APl —xy) (29)
in this method the approximation of IJ is computed as
U=—F+i;— 240k —%,) + 2%(x — x,) (30)
Therefore the switching function sgn (5} is added to the control law as
U = K(x.t) -Sgn(s) (31)

Based on above discussion, the control law for a multi degrees of freedom robot manipulator is written as:
T :Teq +Tdfs (32)

Where, the model-based component ¢, is the nominal dynamics of systems and =, can be calculate as

follows:
=[MYB+C+GI+5]M (33)

and T 4; is computed as;
Tdiz — K - Sgll{s:] (34)

the control output can be written as;
T =1, + K.Sgn(s) (35)

Figure 1 shows the position classical sliding mode control for robot manipulator. By (34) and (35) the
sliding mode control of robot manipulator is calculated as;
t=[MYB+C+6)+5|M+ K- Sgn(s) (36)
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T = Tgis + Teq

DI e 7 o v~ [l »
Tais = K.sgn($) . o '
S=1le+e ’

AT

-
+

| Teq=[M7Y(B + C+G)+5]M

FIGURE 1: Diagram of classical sliding mode controller [3, 9-16, 64-67]
The Lyapunov formulation can be written as follows,
1
— —¢T
v 3 5. M.5
the derivation of ¥ can be determined as,

V= %ST.M.5+5T M5

the dynamic equation of robot manipulator can be written based on the sliding surface as
ME=-VS+M§+ VS +G -

it is assumed that

sT(M—2¥)s=0
by substitutingl (39) in (38)

v =Esfﬁr5—sfvs+57{ms+vs +G6-1)=5T(M5+VS+G—1)
suppose the control input is written as follows

=t +75; = [MI(V+G)+35]M+ Ksgn(s) + K5

by replacing the equation (42) in (41)
V= ST(M5+ VS + G- #5 — s — & - K,5 —Ksgn(s) = 5T (f5 + VS + & —K,5— Ksgn

it is obvious that
M5 + Vs + T — Kk,5| < |m5| +|vs| + |E] + |k,S]

the Lemma equation in robot manipulator system can be written as follows
K, = [|#5] + vsl + 16l + Ik, 5| +n]..i=1.2.34...

the equation (40) can be written as
K, =[5 + VS + 6 — K,5],| +

therefore, it can be shown that

International Journal of Robotics and Automation (IJRA), Volume (2) : Issue (5) : 2011

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

388



Farzin Piltan, N. Sulaiman, A. Gavahian, S. Roosta & S. Soltani

] 47
{:’E—Z?}fl.ﬂl ( )
i=1

Consequently the equation (47) guaranties the stability of the Lyapunov equation

Problem statements: Even though, sliding mode controller is used in wide range areas but, pure it has
chattering problem and nonlinear dynamic part challenges. On the other hand, fuzzy logic controller has
been used for nonlinear and uncertain systems controlling. Conversely pure fuzzy logic controller (FLC)
works in many areas, it cannot guarantee the basic requirement of stability and acceptable performance[8].
Although both SMC and FLC have been applied successfully in many applications but they have some
limitations. The boundary layer method is used to reduce or eliminate the chattering and proposed fuzzy
Lyapunov estimator method focuses on substitution fuzzy logic system instead of dynamic nonlinear
equation to implement easily and avoid mathematical model base controller. To reduce the effect of
uncertainty in proposed method, novel antecedent and consequent adaptive method is applied to fuzzy
sliding mode controller in robot manipulator.

Objectives: The main goal is to design a novel fuzzy adaptive fuzzy estimation sliding mode methodology
which applied to robot manipulator with easy to design and implement. Robot manipulator has nonlinear
dynamic and uncertain parameters consequently; following objectives have been pursuit in the mentioned
research: To develop a chattering in a position pure variable structure controller against uncertainties, to
design and implement a Lyapunov fuzzy structure variable controller in order to solve the equivalent
problems with minimum rule base and finally to develop a position fuzzy (antecedent and consequent)
adaptive fuzzy estimation sliding mode controller in order to solve the disturbance rejection and reduce the
computation load.

3. METHODOLOGY: DESIGN A NOVEL FUZZY (ANTECEDENT AND
CONSEQUENT) ADAPTIVE FUZZY ESTIMATION SLIDING MODE CONTROLLER

First part is focused on eliminate the oscillation (chattering) in pure SMC based on linear boundary layer
method. To reduce or eliminate the chattering it is used the boundary layer method; in boundary layer
method the basic idea is replace the discontinuous method by saturation (linear) method with small

neighborhood of the switching surface. This replace is caused to increase the error performance [20-24].
B(t) ={x,|5(t)| = cko=>0 (48)

Where @ is the boundary layer thickness. Therefore, to have a smote control law, the saturation function
Sat(>/4) added to the control law:

U = K@&t).5at(5/;) (49)
Where Sat (5/5) can be defined as
1 Cla>1) (50)
sat (/p) ={ -1 (%/0<1)

Based on above discussion, the control law for a robot manipulator is written as [10-24]:
U=Ug,+U, (51)

Where, the model-based component U, is the nominal dynamics of systems and U,, can be calculate as
follows:

Uy =I[M1B+C+E)+38IM (52)

and Ug,; is computed as;
U,y = K- sat (Slfg) (53)
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the control output can be written as;
Uy + K.sgn(S) ISl =0 (54)

— 5 —
U= U + Kesat () = Uy +K.5/,  ISl<0

Figure 2 is shown classical variable structure which eliminates the chattering using linear boundary layer
method.

15

U=Ug,+U, * 5 A

o 4 € — S «"L IL - b
—OU = K(%, t).Sat( /@) A | T

# _~ / % Iy ‘.

A 2] S=le+e ’ P % e a

Upy =[M7Y(B+C+6)+5M

FIGURE 2: Chattering free Block diagram of a SMC: applied to robot manipulator

Second step is focused on design fuzzy estimation variable structure based on Lyapunov formulation. The
firs type of fuzzy systems is given by
flx) = EM 0'el (x) = 87 £(x) (55)

Bt (x;2

Where 8 = (8%,...6™),(x) = (£*(x), ... E¥ ()7, and E'(x) =TI, —— T (ML, o (xp)).  B%....8Y
are adjustable parameters in (55) . 2 (g ) o, gm () are given membership functions whose parameters
will not change over time.

The second type of fuzzy systems is given by

x— al\’ (56)
1;11 8" [n?ﬂ ExXp (— (“T‘J )]

st cexn(- (25 )

flx) =
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Where 8!, a! and &! are all adjustable parameters. From the universal approximation theorem, we know
that we can find a fuzzy system to estimate any continuous function. For the first type of fuzzy systems, we
can only adjust 8" in (55). We define f"(x|87) as the approximator of the real functionf (x).

flixle) = 8T=(x) (57)

We define 8* as the values for the minimum error:

8" = arg min [i'ig |f'(xl8) - g{x]I] (58)

Where {1 is a constraint set for 8. For specific x ,sup,.,If (x18*) — #(x)| is the minimum approximation
error we can get.

We used the first type of fuzzy systems (56) to estimate the nonlinear system (20) the fuzzy formulation
can be write as below;

flx|8) = 87 =(x) (59)
5,8 e )
T X [ (e)]

Where #*,...8" are adjusted by an adaptation law. The adaptation law is designed to minimize the
parameter errors of # — 8%. A fuzzy system is designed to compensate the uncertainties of the nonlinear
system. The control input is given by

T= MG +Cl4+ 6 —F'() - Fyls) (60)

Where  F'(s) =I£' () frlsdT” @D Fip(S) = [Bpy (s, s Py 5)F. We  define
F= AM§, + ACy§, + AG where F = [f;, ...fn]", M = M"' - M, AC,= C; —C,;and 4G, = G' - G.
From Universal Approximation Theorem in (58), there exists an optimal fuzzy controller f";{sj-j such that:

fi=Fe.d)+ 4 (61)

Where 4, is the minimum approximation error.
The fuzzy if-then rules are given by fuzzy rule base. In (59), we assume Efﬂ,uﬁi_{e, &)=1 and &} (e, é)

becomes
Bat (2. €) (62)

els:) = s5——————== ucisé

'J {_l} Zf:j_[.“,q}‘{g* g]] i AJ{ :I
Where we define ¢f = ,uA}{e, &). The membership function -“Aj”-{g’ €) is a Gaussian membership function
represented by

uar (55) = ep [ (e ((e. ) — ¢} ))7] (63)
Then the fuzzy estimator £, (e.4) is given as

f'i(e.é) = 67 w; (64)

where 8, = [6%.....6M17, @; = [p}.0}....@}]". We define f; such that

4

fj. =f; _fn_i.{g,g':]
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at A
=f le.é)—f (e.é)+ A
Foo o) ! (65)
where & and ¢; are the optimal values based on Universal Approximation Theorem in (58). We define

8 =8 — 8, §; = o; — @; and (6) is rewritten as

El £l £l

.

fj. = {B_, + Q;} {[pj. + [pj}_ %F'?-"_j' +"':"_f
— aTrx» T T =
=87+ 8fp;+6] &+ 4 (66)

We take Taylor series expansion of g; around two vectors «; and o; where o; =[al.....af*]" and

a; = [of,...,5{']" (& and 5 are defined in (63)):

. gg; . | 9%; .
?:'j'_?Jj'+aJﬂ+aJﬂ+hﬂf (67)

where &; = aj — a;.$; = ¢; —¢; and h. o.t. denotes the higher order terms. We rewrite (67) as

| | |
9P; . , 9%;
i. = —; f.r" h.o.t.
¥ da; T da; T
=B;a; + C;d; + h.o.t. (68)
where
dp; d@f dei [dp; ¢} de
fal dat dat datl Aol dat
J J J ] J J
1 2 M 1 2 M
dp; dg; B do;  dojf depj (69)
B =|da? Aol ﬂaj? ; Ci=|8a? da? Bt
ﬂ‘;};ljj-' ﬂ‘;pf ﬂ‘;pj"f ﬂ‘;pjj-' ﬂ‘;pj? ﬂ‘g;ljw
Ba” ﬂ‘l."-tM ﬂaj‘-'"_ _ﬂaj‘-'" ﬂaj‘-'" ﬂ:xj‘-'"_

We substitute (68) into (66)

T(Big;+ C;6; + hoot.) + 8o+ 67 + 4
3&’ O7C;6+ 6T i + 6T hoo.t. +67 3, + A, (70)
BE+BTC|:;-I—§T:FJ+E

1]
o

where & =87h.o.t.+ 6 ¢; + 4; is assumed to be bounded by |z;| < E;. E; is a constant and the value of
E; uncertain to the designer. We define E* as the real value and the estimation error is given by
E=E-E (71)
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Z
X /
Xg & |
Yoo "ot
yor
J,J/ /'/ 1y, '
T = Teqpussy T Teont ey N
DI :3 P / " A X
- U = K(x; t).Sﬂt (S/m) " ~"L AL N ? W ..',‘ l T
oy d . 7 % Iy Yy
2 & S=le+eé + / V% ca o W ex,
Xy ot u

Uy, =[M1(B+C+6)+5M .
I €qfuzzy

M
f(x) = Zefsi (x) = 07E(x)

Fuzﬁr1

FIGURE 3: Chattering free Block diagram of a fuzzy estimator SMC: applied to robot manipulator

Third step is focused on design fuzzy (antecedent and consequent) adaptive fuzzy estimation sliding
mode based on Lyapunov formulation. We produce an adaptation law to online tune the following
parameters: &; in (64), aj-f , aj-f in (63) and the bound E; in (71). The adaptation laws are expressed as

ﬂ; = W2y (72)
&y = 35,8} 6 (73)
&) = nyss; (76, (74)
fepi(s1) = Ejsgn(s;) (75)
E; = npls;| (76)
where w4, 1;2.m;3 @nd =, are positive constants; 8, = [8*, 67,...6"]" , @, = [a}, af,....a]"]" ,

o; = [of, o7, ...q/"]7 | By, C; are given in (69); f.,;(s;) is the compensation term defined in (60).

4

If the following Lyapunov function candidate defined by:

B BE ¥ty #lE

V==1sTMs+ %E}';l(—f+’—_ ’—_+’—_J (77)
< < it njz U Mis

The derivative of Vis defined by:
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(78)

TE aTk g_a)

EE
V== M§+55Tﬂ?rs+EJ-=1(#+ —+——+
z U N2 M= Nia
8,8 = a; —a;, & = o —a, . from robot manipulator formulation and
(79)

—E;, 8= 6/ —
Fop(5)

where EJ = Ej

(1):
Mgd+ Clg¢dg+ G(qd=M"§,+C. 4+ G —F'(s)
Since M —2¢; is a skew-symmetric matrix, we can get s Mi+-s' Ms= s'(Mi+ Cys). From
(80)

' n
5=

gg — A&
¢" — G. Then ¥V becomes

g —
Fepls)

i

Mi+Cs=F—F'(s) -
where = AM§, + AC, §,+ AG ,AM = M" —M, AC,= €, —C,and AG, =
a-w)

Gr=§— s= ga—4eand 4, =

BTE aTe
i R kg ik

Nis

)

Eid;
= sTrMs m | 25
V=sT(Ms+C,s) +E,=1( el S
& (EE GTE aTé oTH
=sTF-F () - B+ ) | H+— J—+J—)
( ; ) Z_( i1 2 fia s
3 EE 678 afa of .:‘;')
= [ + —+t—+—
Zsjtf £,(5) - forp) Z( ot
m
EE 8TH aTéd 475
+8Tw + e — ) — #_l_J__l_J__I_J_
Z eit & — fopj) ;(”JL T M s
o2l ) - S ) o
We substitute the adaption Iaw (72)-(76) in to (81)
= %ilm:l[sjﬁj - sJ.Ej.sgﬂ{sj} - E}lsjl]
= Z[sj g — sJ-Ej-sgﬂ{sj} - {E'-' - .E:]-]SJ-SS?‘I. {sj}]
_j;:l
—z[sj E = sgﬂ( }]
= Z[I |- Els;1]
= E; l“ 151 -E)| <0 (82)
where ¥ is negative semidefinite . We define ¥; = |s;(£)|(]z;| — £7). From ¥ <0, we can get s;(z) is
bounded. We assume |s;(£} | = 5, and rewrite IsJ-{tZII{E —lgl) = -7 as
T o] — % v (83)
(84)

sit) = E—l__lsj(t]"EJ-I —ilﬁ =
i
Then we take the integral on both sides of (83):
J’ eilav + (V{u] 7®) <X flglav+ 2@ - m @)

_IFDrlsJ- (1) Idt:'
If & e L,, we can get sJ e L, from (84) Since we can prove s Is bounded (see proof in [15]), we have

e L_. We introduce the following Barbalat s Lemma[16]
Lemma: let : R — R be a uniformly continues function on [0,2). Suppose that lim,_,.. [, 6(zldt exists

and is finite. Then,
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lim,__0(t) =0
Therefore, by using Barbalat's Lemma, we can get lim,__s;(£) = 0and lim.__e;(t} =0 . Figure 4 is

shown fuzzy (antecedent and consequent) adaptive fuzzy estimator sliding mode controller.

Supervisory Controller
e "N\ /
) Ple,e) - v d
. > FLC e
€ "/;‘,;";‘;f o

DI e = A -
—.@._. U= K(x, t) Sat (S/@) . y 5 ; - /‘Ef_ : ’ T .'.. ; s
?| ] S=de+é ' T o

mq=erB+C+G)+ﬂMT
I €qfuzzy

M
)= Zefei (x) = 67€(x)

Fuzéft1

FIGURE 4: Chattering free Block diagram of a fuzzy adaptive (consequent and antecedent) fuzzy
estimator SMC: applied to robot manipulator

4. RESULTS
This methodology can online adjust both the premise and the consequent parts of the fuzzy rules. In this
method we choose i, E andC for compensation. We define five membership functions for each input
variable based on

gt (5y) = expl—(a] (S; - a))’] (85)
Sliding mode controller (SMC) and proposed fuzzy (premise and the consequent) adaptive fuzzy estimator
sliding mode controller were tested to sinus response trajectory. The simulation was implemented in
Matlab/Simulink environment. Link/joint trajectory and disturbance rejection are compared in these
controllers. These systems are tested by band limited white noise with a predefined 40% of relative to the
input signal amplitude.
Link/joint Trajectory: Figure 5 shows the link/joint trajectory in SMC and proposed methodology without

disturbance for sinus trajectory. (This techniques is applied to first two link of PUMA robot manipulator)
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FIGURE 5: Proposed method (AFESMC) and SMC trajectory: applied to robot manipulator

By comparing sinus response, Figure 5, in SMC and proposed controller, the proposed controller’'s

overshoot (0%) is lower than SMC's (3%).

Disturbance rejection: Figure 6 is indicated the power disturbance removal in SMC and proposed
controller. Besides a band limited white noise with predefined of 40% the power of input signal is applied to

the sinus SMC and proposed controller; it found slight oscillations in SMC trajectory responses.

os

====m=== SMC
AFESMC

First ink

i o s T

09t-
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FIGURE 6: Proposed controller (AFESMC) and SMC trajectory with external disturbance: applied to robot
manipulator
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5 CONCLUSIONS

In this paper, a fuzzy (premise and consequent) adaptive robust control fuzzy estimator sliding mode
method is proposed in order to design a high performance robust controller in the presence of
structured uncertainties and unstructured uncertainties. The approach improves performance by
using the advantages of sliding mode control, fuzzy logic estimation method and adaptive control
while the disadvantages attributed to these methods are remedied by each other. This is achieved
without increasing the complexities of the overall design and analysis of the controller. The proposed
controller attenuates the effort of model uncertainties from both structured uncertainties and
unstructured uncertainties. Thus, transient performance and final tracking accuracy is guaranteed by
proper design of the controller. The results revealed that adaption of fuzzy rules weights reduce the
model uncertainties significantly, and hence farther improvements of the tracking performance can be
achieved. This algorithm created a methodology of learning both the premise and the consequence

part of fuzzy rules. In this method chattering is eliminated.
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Abstract

One of the most important challenges in the field of robotics is robot manipulators control with
acceptable performance, because these systems are multi-input multi-output (MIMO), nonlinear
and uncertainty. Presently, robot manipulators are used in different (unknown and/or
unstructured) situation consequently caused to provide complicated systems, as a result strong
mathematical theory are used in new control methodologies to design nonlinear robust controller
with acceptable performance (e.g., minimum error, good trajectory, disturbance rejection).
Classical and non-classical methods are two main categories of robot manipulators control,
where the conventional (classical) control theory uses the classical method and the non-classical
control theory (e.g., fuzzy logic, neural network, and neuro fuzzy) uses the artificial intelligence
methods. However both of conventional and artificial intelligence theories have applied effectively
in many areas, but these methods also have some limitations. This paper is focused on review of
fuzzy logic controller and applied to PUMA robot manipulator.

Keywords: PUMA Robot Manipulator, Classical Controller, Artificial Intelligence Controller,
Fuzzy Logic Theory.
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1. INTRODUCTION

The international organizations in order to standardize the robot definition have a special
description as “an automatically controlled, reprogrammable, multipurpose manipulator with three
or more axes.” The institute of robotic in The United States Of America defines the robot as “a
reprogrammable, multifunctional manipulator design to move material, parts, tools, or specialized
devices through various programmed motions for the performance of variety of tasks”[1]. Robot
manipulator is collection of links that connect to each other by joints, these joints can be revolute
and prismatic that revolute joint has rotary motion around an axis and prismatic joint has linear
motion around an axis. Each joint provides one or more degrees of freedom (DOF). From the
mechanical point of view, robot manipulator is divided into two main groups, which called; serial
robot links and parallel robot links. In serial robot manipulator, links and joints is serially
connected between base and final frame (end-effector). Parallel robot manipulators have many
legs with some links and joints, where in these robot manipulators base frame has connected to
the final frame. Most of industrial robots are serial links, which in serial robot manipulator the axis
of the first three joints has a known as major axis, these axes show the position of end-effector,
the axis number four to six are the minor axes that use to calculate the orientation of end-effector,
at last the axis number seven to n use to avoid the bad situation. Kinematics is an important
subject to find the relationship between rigid bodies (e.g., position and orientation) and end-
effector in robot manipulator. The mentioned topic is very important to describe the three areas in
robot manipulator: practical application, dynamic part, and control purposed therefore kinematics
play important role to design accurate controller for robot manipulators. Robot manipulator
kinematics is divided into two main groups: forward kinematics and inverse kinematics where
forward kinematics is used to calculate the position and orientation of end-effector with given joint
parameters (e.g., joint angles and joint displacement) and the activated position and orientation of
end-effector calculate the joint variables in Inverse Kinematics[6]. Dynamic modeling of robot
manipulators is used to describe the behavior of robot manipulator, design of model based
controller, and for simulation. The dynamic modeling describes the relationship between joint
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[1]. The Unimation PUMA 560 serially links robot manipulator
was used as a basis, because this robot manipulator widely used in industry and academic. It has
a nonlinear and uncertain dynamic parameters serial link 6 degrees of freedom (DOF) robot
manipulator. A non linear robust controller design is major subject in this work.

It is a well known fact, the aim of science and modern technology has making an easier life.
Conversely, modern life includes complicated technical systems which these systems (e.g., robot
manipulators) are nonlinear, time variant, and uncertain in measurement, they need to have
controlled. Consequently it is hard to design accurate models for these physical systems because
they are uncertain. From the control point of view uncertainty is divided into two main groups:
uncertainty unstructured inputs (e.g., noise, disturbance) and uncertainty structure dynamics
(e.g., payload, parameter variations). At present, in some applications robot manipulators are
used in unknown and unstructured environment, therefore strong mathematical tools used in new
control methodologies to design nonlinear robust controller with an acceptable performance (e.g.,
minimum error, good trajectory, disturbance rejection) [1-6]. One of the nonlinear controllers is
fuzzy logic controller which it is used in nonlinear uncertain systems.

In this research we will highlight the fuzzy logic algorithm and application to classical controllers.
This algorithm will be analyzed and evaluated on PUMA robotic manipulators. Section 2, serves
as an introduction to the PUMA robot manipulator and it's formulation. Part 3, introduces and
review of the fuzzy logic algorithm and it's application and the final section is describe the
conclusion.

2. PUMA ROBOT MANIPULATOR: KINEMATICS AND DYNAMIC

Robot manipulators have many applications in aerospace, manufacturing, automotive, medicine
and other industries. Robot manipulators consist of three main parts: mechanical, electrical, and
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control. In the mechanical point of view, robot manipulators are collection of serial or parallel links
which have connected by revolute and/or prismatic joints between base and end-effector frame.
The robot manipulators electrical parts are used to links motion, which including the following
subparts: power supply to supply the electrical and control parts, power amplifier to amplify the
signal and driving the actuators, DC/stepper/servo motors or hydraulic/pneumatic cylinders to
motion the links, and transmission part to transfer data between robot manipulator subparts.
Control part is used to adjust the timing between the subparts of robot manipulator to reach the
best performance (trajectory). It provides four main abilities in robot manipulators: controlling the
manipulators movement in correct workspace, sensing the information from the environment,
being able to intelligent control behavior and processing the data and information between all
subparts. The first person who used the word robot was Karel Capek in 1920 in his satirical play,
R.U.R (Rossum’s Universal Robots). The first person who used the word robotics was the
famous author, Issac Asimov along with three fundamental rules. Following World War II, the first
industrial robot manipulator have been installation at General Motors in 1962 for the automation.
In 1978 the PUMA (Programmable Universal Machine for Assembly) and in 1979 the SCARA
(Selective Compliance Assembly Robot Arm) were introduced and they were quickly used in
research laboratories and industries. According to the MSN Learning & Research,” 700000
robots were in the industrial world in 1995 and over 500000 were used in Japan, about 120000 in
Western Europe, and 60000 in the United States.” In 1940 the Ford Motor company used the
word “automation” which this word is a contraction of “automatic motivation”. Automation play
important role in new industry which changed the slow and heavy systems to faster, lighter and
smarter systems. In the recent years robot manipulators not only have been used in
manufacturing but also used in vast area such as medical area and working in International
Space Station. Control methodologies and the mechanical design of robot manipulators have
started in the last two decades and the most of researchers work in these methodologies. In next
two sections, classification of robot manipulators and their effect on design controller are
presented. The following sections are focused on analysis the kinematic and dynamic equations
to control of robot manipulator [1, 6]. Research about mechanical parts and control
methodologies in robotic system is shown; the mechanical design, type of actuators, and type of
systems drive play important roles to have the best performance controller. This section has
focused on the robot manipulator mechanical classification. More over types of kinematics chain,
i.e., serial Vs. parallel manipulators, and types of connection between link and join actuators, i.e.,
highly geared systems Vs. direct-drive systems are presented in the following sections because
these topics played important roles to select and design the best acceptable performance
controllers[6].

A serial link robot is a sequence of joints and links which begins with a base frame and ends with
an end-effector. This type of robot manipulators, comparing with the load capacitance is more
weightily because each link must be supported the weights of all next links and actuators
between the present link and end-effector[6]. Serial robot manipulators have been used in
automotive industry, medical application, and also in research laboratories. In contrast, parallel
robot manipulators design according to close loop which base frame is connected to the end-
effector frame with two or more kinematic chains[6]. In the other words, a parallel link robot has
two or more branches with some joints and links, which support the load in parallel. Parallel robot
have been used in many applications such as expensive flight simulator, medical robotics (l.e.,
high accuracy, high repeatability, high precision robot surgery), and machinery tools. With
comparison between serial and parallel links robot manipulators, parallel robots are used in
higher speed loads, better accuracy, with used lighter weigh robot manipulator but one of the
most important handicaps is limitation the workspace compared to serial robot. From control point
of view, the coupling between different kinematic chains can generate the uncertainty problems
which cause difficult controller design of parallel robot manipulator[6]. One of the most important
classifications in controlling the robot manipulator is how the links have connected to the
actuators. This classification divides into two main groups: highly geared (e.g., 200 to 1) and
direct drive (e.g., 1 to 1). High gear ratios reduce the nonlinear coupling dynamic parameters in
robot manipulator. In this case, each joint is modeled the same as SISO systems. In high gear
robot manipulators which generally are used in industry, the couplings are modeled as a
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disturbance for SISO systems. Direct drive increases the coupling of nonlinear dynamic
parameters of robot manipulators. This effect should be considered in the design of control
systems. As a result some control and robotic researchers’ works on nonlinear robust controller
design[2].

Introduction of Rigid Body Kinematics: PUMA Robot Manipulator

Study of robot manipulators is classified into two main groups: kinematics and dynamics.
Calculate the relationship between rigid bodies and endeffector without any forces is called Robot
manipulator Kinematics. Study of this part is pivotal to calculate accurate dynamic part, to design
with an acceptable performance controller, and finally in real situations and practical applications.
As expected the study of manipulator kinematics is divided in two main challenges: forward and
inverse kinematics. Forward kinematics has been used to find the position and orientation of task
(end-effector) frame when angles and/or displacement of joints are known and inverse kinematics
has been used to find possible joints variable (displacements and angles) when all position and
orientation of end-effector be active[1]. The main target in forward kinematics is calculating the
following function [14]:

YX.q)=0 (1)

Where ¥(.) € R™ is a nonlinear vector function, X = [X,.X;.......%]" is the vector of task space
variables which generally endeffector has six task space variables, three position and three
orientation, q = [§4.43. -+ §]" is @ vector of angles or displacement, and finally n is the number
of actuated joints. Denvit-Hartenberg (D-H) convention study is necessary to calculate forward
kinematics in serial robot manipulator. The first step to calculate the serial link robot manipulator
forward kinematics is link description, the second step is find the D-H convention after the frame
attachment and finally find the forward kinematics. Forward kinematics is a 4x4 matrix which 3x3
of them shows the rotation matrix, 3x1 of them is shown the position vector and last four cells are
scaling factor[1, 6]. Wu has proposed PUMA 560 robot arm kinematics based on accurate
analysis[9]. The inverse kinematics problem is calculation of joint variables (i.e., displacement
and angles), when position and orientation of end-effector to be known. In other words, the main
target in inverse kinematics is to calculate g =h"*(X), where g is joint variable,
g =[gy.q5.-...q,], @and X are position and orientation of endeffector, X=[X,¥, Z,&, &, ¥]. In general
analysis the inverse kinematics of robot manipulator is difficult because, all nonlinear equations
solutions are not unique (e.g., redundant robot, elbow-up/elbow-down rigid body), and inverse
kinematics is different for different types of robots. In serial links robot manipulators, equations of
inverse kinematics are classified into two main groups: numerical solutions and closed form
solutions. Most of researcher works on closed form solutions of inverse kinematics with different
methods, such as inverse transform, screw algebra, dual matrix, iterative, geometric approach
and decoupling of position and orientation[1, 6]. Research on the Inverse Kinematics robot
manipulator PUMA 560 series, like in some applications has been working. For instance, Hong
Zhang has worked on particular way of robot kinematics solution to reduce the computation[10].
Jon Kieffer has proposed a simple iterative solution to computation of inverse kinematics[11].
Ziauddin Ahmad et al., are solved the robot manipulator inverse kinematics by neural network
hybrid method which this method is combining the advantages of neural network and iterative
methods[12]. Singularities are one of the most important challenges in inverse kinematics which
F. T. Cheng et al., have proposed a method to solve this problem[13]. Kinematics is significant
topic to find the relationship between rigid bodies (e.g., position and orientation) and end-effector
in robot manipulator. This topic is very important to describe three areas in robot manipulator,
namely, practical application, dynamic part and control purposed. A systematic Forward
Kinematics of robot manipulator solution is the main target of this part. The first step to compute
Forward Kinematics (F.K) of robot manipulator is finding the Denavit-Hartenberg (D-H)
parameters. Figure 1 shows the schematic of the PUMA 560 robot manipulator. The following
steps show the systematic derivation of the D-H parameters.

e Locate the robot arm

e Label joints

e Determine joint rotation or translation (& or &)
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Setup base coordinate frames.
Setup joints coordinate frames.
Determines;, thate;, link twist, is the angle between Z; and Z;,; about an X;.

Determine d; and &; , that o, link length, is the distance between Z; and Z;,, along X;. d;,
offset, is the distance between X;_; and X; along Z; axis.

e Fill up the D-H parameters table. Table 1 shows the D-H parameters for n DOF robot

manipulator.

The second step to compute Forward kinematics for robot manipulator is finding the rotation
matrix (R7). The rotation matrix from{F; ] to {F;_,} is given by the following equation;

RE_I = U:‘iﬂ[)vf.jaﬂ (2
Where Uyg, is given by the following equation [1];
[cos (8;) —sin(8;) 0] (3)
U[-.;B[_ = |sin(8;) cos(8;) 0
LD 0 11
and V; 5, is given by the following equation [1];
r1 0 0 7 (4)
Viigg = |0 rcos(a;) —sinfa;)
0 sin(m;) coF(a;)]
So (R}) is given by [1]
R} = (U V) U3 V2) s e (U W) (5)
Link i 8i(rad) a;(rad) a;(m) dg(m)
1 El (=21 £y dl
2 Ez gy Xy dz
3 EB g g d:;
n a, n fg dy
TABLE 1: The Denavit Hartenberg parameter
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FIGURE 1: D-H notation for a six-degrees-of-freedom PUMA 560 robot manipulator[2]
The third step to compute the forward kinematics for robot manipulator is finding the displacement
vector dy, that it can be calculated by the following equation [1]

dS = (U, 8) + (U V) WU, 550 + -+ UV, U, Vy) o (U gV, (U, 5,) (6)

The forth step to compute the forward kinematics for robot manipulator is calculate the
transformation ;T by the following formulation [1]

- 0 ;
-srizir.... = [ ”
In PUMA robot manipulator the final transformation matrix is given by
0
0r = 973737 .. §T = [f:]s aflE] @
That R{ and & is given by the following matrix
N, B, T, P, o
RE=|Ny, By Ty, | d=|Py
N, B, T, P,

That T can be determined by
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0 _
ir=|N, By, T, P,

N, B, T,P,
N, B, T; P,

Table 2 shows the PUMA 560 D-H parameters.

Link i ;(rand) ct;(rand) a;(m) d; (m)
1 N Ty 0 0
2 B, 0 0.4318 0
3 85 -7/ 0.0203 0.15005
4 By /s 0 0.4318
5 B -7/ 0 0
6 f5 0 0 0
TABLE 2: PUMA 560 robot manipulator DH parameter [4].

(10)

As equation 8 the cells of above matrix for PUMA 560 robot manipulator is calculated by following

equations:

Nx = cos(8;) % (cos(Bs) X (cos(8y) % cos(B; + 83) ¥ cos(fy) +sin(8y) % sin
sin(fz + 03 = cos(81)) + sin(fg) = (5in({8y) = cos(f, + 8;3) = cos(8y) — cos(i

Ny =cos(0g) % (cos(Bs) = (cos(@y) % cos(f; + 03) % sin(0y) — sin(0y) = cos
sin(fs) = sin(fy + M3) = sin(fy)) + sin(fg) = (Fin(ly) = cos(f; + 0;3) xsi
cos(By) % cos(8y))

Nz =cos(8;) = (cos(0s) < cos(0y) X sin{@; + 03) — sin(ds) X cos(f2 + F3])) 4
sin(8y) x sin{8; + 83

Bx = —sin{f;) » (cos(fg) = (cos(fy) =% cos(fy +03) = cos(By) + sin(fy)
sin(f5) = sin(fy + B3) ® cos(B4)) £ cos(8;) ® (sin(fy) X cos(B; + 83) X co.
cos(By) x sin{8))

By = —sin{0g) % (cos(5) = (cos(8y) X cos(f1 + 03) = sin(fy) — sin(fy) % co
sin(fc) % sin(f; + 03) * sin(By)) + cos(Bg) % (sin(By) = cos(@z + 8;) = sinl
cos(8,))

Bz = —sin{8;) x (cos(85) % cos(By) x sin(@; + 83) — sin(fs) % cos(F; + 83))
sin(8y) % sin(f; + 83"
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(7)
Tx =sin{f:) x (cos(8y) x cos(B; + 83) % cos(8y) + sin(8y) = sin(B{)) — cos{
03] % cos(fq)

(18)
Ty = sin{f:) x (cos(8,) % cos(B; + 83) % sin(8y) — sin(By) % cos(8y)) — cos(
f3) X sin(dy)

(19)
Tz = sin{B:) x cos(0y) % 5in(B, + 0;) + cos(0:) x cos(B, + 63 (20)
Px =0.4331 = sin(@y + &3) < cos(fy) + 0.0203 X cos(f2 + ;) X cos(fy) — 0.
sin(8y) + 0.4318 x cos(@,cos(6;) (21)

Py = 0.4331 x sin(f5 + 8;) x sin(8;) + 0.0203 < cos(d, + 83) x sin(8y) +0. (22)
cas(f) + 043132 X cos(@) % sin(dq)

Pz =—0.4331 % cos(f; + 83) + 0.0203 X sin(f; + 03) + 0.4318 X sin(6,)

Dynamic of Robot Manipulator

As mentioned before, dynamic equation is the study of motion with regard to forces. Dynamic
modeling is vital for control, mechanical design, and simulation. It is used to describe dynamic
parameters and also to describe the relationship between displacement, velocity and acceleration
to force acting on robot manipulator. To calculate the dynamic parameters which introduced in
the following lines, four algorithms are very important. Inverse dynamics, in this algorithm, joint
actuators are computed (e.g., force/torque or voltage/current) from endeffector position, velocity,
and acceleration. It is used in feed forward control. Forward dynamics used to compute the joint
acceleration from joint actuators. This algorithm is required for simulations. The joint-space
inertia matrix, necessary for maps the joint acceleration to the joint actuators. It is used in
analysis, feedback control and in some integral part of forward dynamics formulation. The
operational-space inertia matrix, this algorithm maps the task accelerations to task actuator in
Cartesian space. It is required for control of end-effector. The field of dynamic robot manipulator
has a wide literature that published in professional journals and established textbooks[1, 6].

Several different methods are available to compute robot manipulator dynamic equations. These
methods include the Newton-Euler (N-E) methodology, the Lagrange-Euler (L-E) method, and
Kane’s methodology[1]. The Newton-Euler methodology is based on Newton’s second law and
several different researchers are signifying to develop this method[1]. This equation can be
described the behavior of a robot manipulator link-by-link and joint-by-joint from base to
endeffector, called forward recursion and transfer the essential information from end-effector to
base frame, called backward recursive. The literature on Euler-Lagrange’s is vast but a good
starting point to learn about it is in[1]. Euler-Lagrange is a method based on calculation kinetic
energy. Calculate the dynamic equation robot manipulator using E-L method is easier because
this equation is derivation of nonlinear coupled and quadratic differential equations. The Kane’s
method was introduced in 1961 by Professor Thomas Kane[1, 6]. This method used to calculate
the dynamic equation of motion without any differentiation between kinetic and potential energy
functions. The equation of a multi degrees of freedom (DOF) robot manipulator is calculated by
the following equation[6]:

Migli+Nig.g)== (23)
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Where 1 is n % 1 vector of actuation torque, M (q) is n x n symmetric and positive define inertia
matrix, N{g.q} is the vector of nonlinearity term, and q is n % 1 position vector. In equation 23 if
vector of nonlinearity term derive as Centrifugal, Coriolis and Gravity terms, as a result robot
manipulator dynamic equation can also be written as [80]:

Nig.q) = Vig.q) + Glg) (24)
Vig.4) = Blg)lq gl + clg)l4]? (25)
T =Mlg)§ + Blg)lg 4] + €lg) 141 + Glg) (26)

Where, Elg) is matrix of coriolis torques, Cig) is matrix of centrifugal torque, [g 4] is vector of joint
velocity that it can give by: [§1.42.6 -Gz, . §1-Gn. §2-§2.- .. 17, and [¢]* is vector, that it can given
by: [§1§2 Gz s ]”
In robot manipulator dynamic part the inputs are torques and the outputs are actual
displacements, as a result in (26) it can be written as [1, 6, 73-74];

§=Mg).lx —N(q @)} (27)
To implementation (27) the first step is implement the kinetic energy matrix (M) parameters by
used of Lagrange’s formulation. The second step is implementing the Coriolis and Centrifugal
matrix which they can calculate by partial derivatives of kinetic energy. The last step to implement
the dynamic equation of robot manipulator is to find the gravity vector by performing the
summation of Lagrange’s formulation. The kinetic energy equation (M) is a nx n symmetric
matrix that can be calculated by the following equation;

M) = myJi [y + Joi Ty + mafiof o + 108 Il an + mafiales + JoF IaJuz + 7 (28)

Joi e wn + msJglos + JUEIs] st mel i) os + Tt Tel s

As mentioned above the kinetic energy matrix in n DOF is a n % n matrix that can be calculated
by the following matrix [1, 6]

My My o e e My, (29)
My e s My

Mig) =
n.l ' Myq

The Coriolis matrix (B) is a n x 2223 matrix which calculated as follows;

byz buaz o bun Bz o Bizg o - Bigoaga (30)
baz e e bym bBmay o e e e Bag g

Blg) =
baiz v Bpgm o e Bypian

and the Centrifugal matrix (C) is a 1 x n matrix;

€y - Cp (31)
Cgp=|: ™~
Cn1 - Cam
And last the Gravity vector (G) is an x 1 vector;
o (32)
Glg) = gz
L9n

To position control of robot manipulator, the second three axes are locked the dynamic equation
of PUMA robot manipulator is given by [70-73];
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g1 8,8, &3 ) (33)
M(8) |82 | + B(8) 0,8, |+ C(8) 63| + G(B) = le
% CRLR 03 T3
Where
M, Myp My; 0 0 0 (34)
My My My 0 0 0
_|Mu M3z Mz 0 My 0
M@="g 0 0 My 0 0
0 0 0 0 Mg 0

0 0 0 0 0 Mg

M is computed as
Mu = (35)
Iy + 14 + I3 % cos(8;) cos(8, ) + I;5in(8y + 8;3)sin(8, + 8;) + Iysin(d; + 8.
Illﬁntﬂzjﬂl}&(ﬂz] + In}i‘ﬂ(ﬂz + Eg]ﬁﬂ(ﬂz + Eg] + 2 + [I;CDS(Ez]Siﬂ(Ez + Eg]
Iy7c0s(8;)cos(8; + 03) + Iyssin(@; + #3)sin(8; + @3) + Ig4c0s(0;)sin(f; + 85
E;]CDS{EZ + E_;]

MIZ = I45iﬂ(ﬂz] + ISEDS(EZ ‘I‘ Eg] + IgEDS(Ezj + Imﬁﬂtﬂz + Eg] - Im CDSEEZ -l' (36)

Mzz = Imz +Iz + I,ﬁ"‘ Z[IESl'ﬂf.Egj + !lzCDS{Ezj +I:|_5 +11,551u|:53] (38)
My =Iis +1y (41)
Mg =L+ 1y (43)
My = My; My =My and M3; = My (45)
and Corilios (B) matrix is calculated as the following

bllz blH ] b115 ] blH ] o 0o 0 o 0o 0 0 (46)

0 0 byy O O byg O byoz O 0 byge 0 0 0 O

Blg)=|.® © b © 0 0 0 0 00 O 00 00O

YU=lbyyy Byyyp 0 By 0 0 0 O OO O © O O 0O

0 0 by O O O O O OO0 O O0O0O0 O

o 0 0 0 0 0 0 0 0o 0 ] 0 0 0

Where,
by = 2[— I3sin(8;)cos(@;) + Iscos(8, + 8, + 8;) + I;sin(@; + 8;)cos(8, +6  (47)
Ez + E;:] - 11; ZSiII{Eg + E;]EDS{EZ + E;] + IH;I:DS':EE + Eg + E_:;] + fglﬂiﬂiﬂg +
82) + Ip(1 — 2sin(8; + 83)sin(8; + 83))] +I4p(1 — 25in(6; + 6;)sin(8; +65)
2s5in(8;)sin(8;))
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blH = 2[ J;CDS{EZ:ICDS{EZ + Eg] + I?Ei'ﬂ{ﬂz + Eg]CDS{Ez + Eg] —_ Ilzcﬂsf_ﬂz]ﬁﬂ
Ilgzgi'ﬂf.ﬂz + ﬂg]CDS{Ez + Eg] +115CDS|:E2]CDS{EZ + E_;] +Iz:|_5i'ﬂ|:ﬂz + Eg] CDS{‘
Iy5(1— 2sin(8, + 8;)sin(8, + 8,) )] + Ip(1 — 2sin(8, + 8,)sin(8, + 8))

byys = 2[—sin(@; + 03 )cos(8y + 03) + I152sin(@; + B3)cos(6, + B3) + Iigcos(t
Eg] + IzzCDS{Ez + Eg] CDSEEZ + Eg]]

byy; = 2[—Igsin(@, + 8;) + I13cos(8; + 83) + Igsin(8; + ;) ]

bayy = I4sin( @y + 83) + I'gsin(8; + 83) + 2I5sin(8; + 83)(1 — 0.5)
byyy = 2[—I;sin(8;) + Iocos(8;) + Iz cos(8;) ]

byy; = 2[Igcos(83) + Iy ]

bzyy = 2[Iysin(@; + 83)(1 — 0.5)] + I'yysin(8; +6;) + I155in(6; + 83)

b-l-H = —bgu_ = —ZIIZDSIII.{EZ + Eg]{l — 0. 5]] + 1145i.'ﬂ|:ﬂz + Eg] + .Ilggiﬂ{ﬂz + g

b-l-lE = —Izﬂgiﬂtﬂz + Eg] - Ilrﬁﬂ[ﬂz ‘I‘ Eg]
bgyy = —byys =Iypsin(fy + 63) + Iyzsin(@; + 63)
consequently coriolis matrix is shown as bellows;

biyo-q192 + by13- q193 + 0 + byas- qaq3y)
0+ bp.qaq3 + 0+ 0

0
Byz-q192 + baz.q193+ 0

0

0
Moreover Centrifugal (€) matrix is demonstrated as

Blg)l.qq =

0 Cp €3 0 0 0

€y 0 Cp O O O
_|lcs;, € 0 0 0 0
CD=1"§ 9 o 0 0 o
€y € 0 O O 0

0 0 0 00O

Where,
Cy3 = 14C05{E2] - Iaﬂﬂ{ﬂz +Eg] —Igsi.ﬂf.ﬂz] +IHCDS{EZ + Eg] + .Ilgg'lﬂ{ﬂz + ¢
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Cy3 = I] 5!]123 = —Iaﬁﬂ(ﬂz + Eg] + IHCDS(EZ + Eg] + Jmﬁ'ﬂ(ﬂz + Eg]

C3y = _D'Ebllz = I;Siﬂ{ﬂz]l:ﬂﬁ{ﬂz] - I;CDS{EZ + Ez + Eg] - .I;Slﬂ{ﬂz + Eg]ﬂﬂl
Iy25in(8; + 82 + 83) + I152sin(8; + 83)cos(B2 + 83) — Iy cos(8, + 8, +85) —
B2)cos(8y + 83) — Iy (1 — 2s5in(By + 83 )sin(By + B3)) — 0.5149(1 — 25in (B + ¢
83)) — 0.514 (1 — 2sin(8;)sin (8;))

l:'zz = I]. Ebzza = —legi'ﬂf_ﬂgj + I;CDS{E;] + Ilﬁl:DS{Eg]

€33 = —0.5byy3 = —Izcos{B8,)cos(8; + 8;) — I;sin(8; + 8;)cos(B; + 8;) + 14y
I35(1— 2sin(8; + 63)sin(6, + 83) ) — 0.5I' (1 — 2sin (8, + 6;)sin (8, + 83))
l:'31 = —l:'za = Ilzgi.ﬂ(ﬂ_a:] —_ I;CDS(B;] —_ Ilﬁcus(ﬂgj

c3z = —0.5by5 =

sin(@; + B3)cos(f; + ;) — 1,5 2sin(8; + B3)cos(@; + 8;) — I gcos(8;)cos(8; 4
IEzCDSEEz + Es]CﬂS{EE + Es]

€52 = —0.5bys = —Iigcos(83) — Iy

In this research g, =g; =g = 0, as a result

] 2 e
€112.49% + €13.493
2 rd
€11. 41 T €13. 43
z .2 .2
Clg)q =|c13-91 + 593
0
= _2
€51 43 + C5z. g3
I] d

Gravity (&) Matrix can be written as

Where,

0
gz

— |93
Gilg) = 0

g5
0

Gz = g1cos (87) + gy sin(8; + 63) + gssin (f2) + gycos (87 + 83) + gssin (67 -
Gy =g,sin(B; + 8;) + gycos (B, + 8;) + gssin (8, + 8;)

G5 = gssin (8 1+ 65)

Suppose i is written as follows

§=M1lg).lzr-[Blglgq + Clg)g? + glg)]}
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and K is introduced as

K={z-[B(g)gq +Clg)q* +glg)]}

§ can be written as
§=M1lig).K

Therefore K for PUMA robot manipulator is calculated by the following equations

Ky =17y — [ byyad1dz + byyadada + 0+ byog 4243l — [ €pp6,° + C13d43°1— 94

K3 =73 — [ bp3q243] — [ €141 + Crada”1— g2

] -
K3 =13 [Cagds® + C3282%] — g3
Ky=7y— [ byzg19: + b3 193] — g4

_ .1 .2
Kg =75 - [Cs141 + Conf2 "] — g5

HE:TE

(75)

(76)

(77)
(78)
(79)
(80)
(81)

(82)

An information about inertial constant and gravitational constant are shown in Tables 3 and 4

based on [73-74].

[[ =143 +0.05

I, =175+ 0.07

oy
aa
Il

1.38 £ 0,05

I,=0.69+£ 0.02

g
L)
Il

0.372 £ 0.031

[ =0.333 £ 0.016

I, = 0.298 + 0.029

[ = —0.134 + 0.014

I, =10.0238 £ 0.012

I, = —0.0213 £ 0.0022

I,, = —0.0142 + 0.0070

I, = —0.011 + 0.0011

Il!

—0.00379 1+ 0.0009

I, = 0.00164 + 0.000070

I = 000125 £ 0.0003

I, = 0.00124 1+ 0.0003

;= 0.000642 £ 0.0003

I, = 0.000431 £ 0.00013

I,5 = 0.0003 + 0.0014

Iy = —0.000202 + 0.0008

I, = —0.0001 £ 0.0006

I, = -0.000058 £ 0.00001

[;, = 0.00004 £+ 0.00002

Iy =1.14 4 0.27

T =471+ 054

g = 0L827 +0.093

. =0.2+0.016

I = 0.179 £0.014

Ims = 0.193 +0.016
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TABLE 3: Inertial constant reference (Kg.n)

g, = —37.24+0.5 g: = —8.44 £ 0.20

gz = 1.02 + 0.50 g, = 0.249 + 0.025

gs = —0.0282 + 0.0056

TABLE 4: Gravitational constant (N.m)

3. FUZZY LOGIC ALGORITHM AND APPLICATION TO CLASSICAL
CONTROLLER

In modern usage, the word of control has many meanings, this word is usually taken to mean
regulate, direct or command. The word feedback plays a vital role in the advance engineering and
science. The conceptual frame work in Feed-back theory has developed only since world war II.
In the twentieth century, there was a rapid growth in the application of feedback controllers in
process industries. According to Ogata, to do the first significant work in three-term or PID
controllers which Nicholas Minorsky worked on it by automatic controllers in 1922. In 1934,
Stefen Black was invention of the feedback amplifiers to develop the negative feedback
amplifier[3]. Negative feedback invited communications engineer Harold Black in 1928 and it
occurs when the output is subtracted from the input. 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]. In recent years, artificial intelligence theory has been used in
classical control systems [62-69]. Neural network, fuzzy logic, and neuro-fuzzy are synergically
combined with nonlinear classical controller and used in nonlinear, time variant, and uncertainty
plant (e.g., robot manipulator). Fuzzy logic controller (FLC) is one of the most important
applications of fuzzy logic theory. This controller can be used to control nonlinear, uncertain, and
noisy systems. This method is free of some model-based techniques as in classical controllers.
As mentioned that fuzzy logic application is not only limited to the modelling of nonlinear systems
[31-36]but also this method can help engineers to design easier controller. Control robot arm
manipulators using classical controllers are based on manipulator dynamic model. These
controllers often have many problems for modelling [8]. Conventional controllers require accurate
information of dynamic model of robot manipulator, but these models are multi-input, multi-output
and non-linear and calculate accurate model can be very difficult. When the system model is
unknown or when it is known but complicated, it is difficult or impossible to use classical
mathematics to process this model[32]. The main reasons to use fuzzy logic technology are able
to give approximate recommended solution for unclear and complicated systems to easy
understanding and flexible. Fuzzy logic provides a method which is able to model a controller for
nonlinear plant with a set of IF-THEN rules, or it can identify the control actions and describe
them by using fuzzy rules. It should be mentioned that application of fuzzy logic is not limited to a
system that’s difficult for modeling, but it can be used in clear systems that have complicated
mathematics models because most of the time it can be shortened in design but there is no high
quality design just sometimes we can find design with high quality. Besides using fuzzy logic in
the main controller of a control loop, it can be used to design adaptive control, tuning parameters,
working in a parallel with the classical and non classical control method [32]. The applications of
artificial intelligence such as neural networks and fuzzy logic in modelling and control are
significantly growing especially in recent years. For instance, the applications of artificial
intelligence, neural networks and fuzzy logic, on robot arm control have reported in [37-39]. Wai
et al. [37-38]have proposed a fuzzy neural network (FNN) optimal control system to learn a
nonlinear function in the optimal control law. This controller is divided into three main groups:
arterial intelligence controller (fuzzy neural network) which it is used to compensate the system’s
nonlinearity and improves by adaptive method, robust controller to reduce the error and optimal
controller which is the main part of this controller. Mohan and Bhanot [40] have addressed
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comparative study between some adaptive fuzzy, and a new hybrid fuzzy control algorithm for
manipulator control. They found that self-organizing fuzzy logic controller and proposed hybrid
integrator fuzzy give the best performance as well as simple structure. Research on combinations
of fuzzy logic systems with sliding mode method is significantly growing as nonlinear control
applications. For instance, the applications of fuzzy logic on sliding mode controller have reported
in [7, 24-30, 41-45]. Research on applied fuzzy logic methodology in sliding mode controller
(FSMC) to reduce or eliminate the high frequency oscillation (chattering), to compensate the
unknown system dynamics and also to adjust the linear sliding surface slope in pure sliding mode
controller considerably improves the robot manipulator control process [42-43]. H.Temeltas [46]
has proposed fuzzy adaption techniques for SMC to achieve robust tracking of nonlinear systems
and solves the chattering problem. Conversely system’s performance is better than sliding mode
controller; it is depended on nonlinear dynamic equgation. C. L. Hwang et al. [47]have proposed
a Tagaki-Sugeno (TS) fuzzy model based sliding mode control based on N fuzzy based linear
state-space to estimate the uncertainties. A multi-input multi-output FSMC reduces the chattering
phenomenon and reconstructs the approximate the unknown system has been presented for a
robot manipulator [42]. Investigation on applied sliding mode methodology in fuzzy logic controller
(SMFC) to reduce the fuzzy rules and refine the stability of close loop system in fuzzy logic
controller has grown specially in recent years as the robot manipulator control [23]; [48-50]. Lhee
et al. [48]have presented a fuzzy logic controller based on sliding mode controller to more
formalize and boundary layer thickness. Emami et al. [51]have proposed a fuzzy logic
approximate inside the boundary layer. H.K.Lee et al. [52] have presented self tuning SMFC to
reduce the fuzzy rules, increase the stability and to adjust control parameters control
automatically.

Adaptive Methodology

In various dynamic parameters systems that need to be training on-line adaptive control
methodology is used [62-69]. Adaptive control methodology can be classified into two main
groups, namely, traditional adaptive method and fuzzy adaptive method. Fuzzy adaptive method
is used in systems which want to training parameters by expert knowledge. Traditional adaptive
method is used in systems which some dynamic parameters are known. In this research in order
to solve disturbance rejection and uncertainty dynamic parameter, adaptive method is applied to
artificial sliding mode controller [62-69]. F Y Hsu et al. [54]have presented adaptive fuzzy sliding
mode control which can update fuzzy rules to compensate nonlinear parameters and guarantee
the stability robot manipulator controller. Y.C. Hsueh et al. [43] have presented self tuning sliding
mode controller which can resolve the chattering problem without to using saturation function. For
nonlinear dynamic systems (e.g., robot manipulators) with various parameters, adaptive control
technique can train the dynamic parameter to have an acceptable controller performance.
Calculate several scale factors are common challenge in classical sliding mode controller and
fuzzy logic controller, as a result it is used to adjust and tune coefficient. Research on adaptive
fuzzy control is significantly growing, for instance, different adaptive fuzzy controllers have been
reported in [40, 55-57]. Research on adaptive fuzzy sliding mode controller is significantly
growing as many applications and it can caused to improve the tracking performance by online
tuning the parameters. The adaptive sliding mode controller is used to estimate the unknown
dynamic parameters and external disturbances. For instance, the applications of adaptive fuzzy
sliding mode controller to control the robot manipulators have been reported in [24, 29, 45].
Generally, adaptive fuzzy sliding mode control of robot manipulator is classified into two main
groups’ i.e. multi-input multi-output (MIMO) and single-input single-output (SISO) fuzzy systems.
Yoo and Ham [58]have proposed a MIMO fuzzy system to help the compensation and estimation
the torque coupling. In n — D@F robot manipulator with & membership function for each input
variable, the number of fuzzy rules for each joint is equal to 3k* that causes to high computation
load and also this controller has chattering. This method can only tune the consequence part of
the fuzzy rules. Medhafer et al. [59] have proposed an indirect adaptive fuzzy sliding mode
controller to control robot manipulator. This MIMO algorithm, applies to estimate the nonlinear
dynamic parameters. If each input variable have K3 membership functions, the number of fuzzy
rules for each joint is (m + 1)KT + K,. Compared with the previous algorithm the number of
fuzzy rules have reduced by introducing the sliding surface as inputs of fuzzy systems. Y. Guo
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and P. Y. Woo [60]have proposed a SISO fuzzy system compensate and reduce the chattering.
First suppose each input variable with K3 membership function the number of fuzzy rules for each
joint is K3 which decreases the fuzzy rules and the chattering is also removed. C. M. Lin and C.
F. Hsu [61] can tune both systems by fuzzy rules. In this method the number of fuzzy rules equal
to K3 with low computational load but it has chattering. Shahnazi et al., have proposed a SISO PI
direct adaptive fuzzy sliding mode controller based on Lin and Hsu algorithm to reduce or
eliminate chattering with K fuzzy rules numbers. The bounds of Pl controller and the parameters
are online adjusted by low adaption computation [44]. Table 2.2 is illustrated a comparison
between computed torque controller[15-16], sliding mode controller[1, 6, 17-23, 26], fuzzy logic
controller (FLC)[31-40], applied sliding mode in fuzzy logic controller (SMFC)[283, 48-50], applied
fuzzy logic method in sliding mode controller (FSMC)[54-55, 60-61] and adaptive fuzzy sliding
mode controller.

Foundation and Basic Definition of Fuzzy Logic Methodology

This section provides a review about foundation of fuzzy logic based on [32, 53]. Supposed that 7

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=lepylx)lxcXLAcU (83)

Where an element of universe of discourse is x, u, is the membership function (MF) of fuzzy set.
The membership function (u,(x)) of fuzzy set A must have a value between zero and one. If the
membership function u4(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

ro, x<=a (84)
A — i - b
3 h — E.J o= x =t
Brx) =1d— x
T
1 o c=x=<d
LR | x=d
A Triangular membership function of fuzzy set is defined by the following equation
r o, x=a (85)
roe = b
@ X =
— =
Brixy =% ¢ — ;
. b=x=¢
c—h
LS | B xr=c

A Gaussian membership function of fuzzy set is defined by
—[x-ep)t (86)
HEpxy = € W

and a Bell-shaped membership function of fuzzy set is defined by
1 (87)
HF = T (o —cp)?

Figure 2 shows the typical shapes of membership functions in a fuzzy set.
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FIGURE 2: Most important membership functions in fuzzy set: 1-Trianglar, 2-Trapezoidal, 3-Gaussian, 4-
Bell-shaped [53].

The union of two fuzzy set A and E (5 — norm) is a new fuzzy set which the new membership
function is given by
S(ab) = pgpy = max{pg. ppw}  VueU (88)

The intersection of two fuzzy set 4 and B (T — norm) is a new fuzzy set which the new
membership function is given by

T(a,b) = pynp) = min{pg. ppan ) = fa-Pe (89)
Harw cifppm =1
=max(0, pyr + g — 1) =4 Bpw cifpam =1
0 g Bago < 1

In fuzzy set the min operation can resolve the statement A ANDE and can be shown by
min(A, B) operation. Using the same reason, the A @R E operation can be replace by max
operation in fuzzy set and at last the NOT A operation can be replace by 1 — 4 operation in fuzzy
set. The algebraic product of two fuzzy set A and E is the multiplication of the membership
functions which is given by the following equation

BaBmuy = Matu)-HEw) (90)

The algebraic 5wm of two fuzzy sets A and E is given by the following equation

FAZB = MAw) BB — P4 e (91)
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 3 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 I'f — then rule can be written by

IfxisAThenyisB (92)
where 4 and £ 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 8" is called the
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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:
ifeis NBand é is MLthen T is LL (93)

where e is error, & is change of error, NE 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 XSTorque(h.m)

0 10 20 30 40 50 60 70 80 90 100

FIGURE 3: 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 4 shows the main three parts in I'f — then rules.

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. Design Mamdani’s fuzzy inference system has 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

ifeis N.B and eizs M.L then Tis L.L
Kt

min => pp(-0.875,5.17,T)
T
-5.8 -3.33 -0.8 10 50 90
1 ;=0.25
it (0.75) and (0.25) Then TisLL

min (0.75, 0.25) = 0.25

FIGURE 4: Main three parts in IF-THEN rules in fuzzy set
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Mamdant F.RLif xisAdAandyisB then zisC (94)
Sugeneo F.RY:if xisAandyis B then fla,ylisC

When x and ¥ have crisp values fuzzification calculates the membership degrees for antecedent
part. Rule evaluation focuses on fuzzy operation (ANI /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

g (g v, ) = .F‘Llquﬂf{-trv}'rwﬂ:] = mﬂx{mi“}":l [ﬂﬂpq{xks}’k]sﬁ‘pm{m]} (95)

The Sum-min aggregation defined as below

b G v U = prog_ pae G i U) = Z min;_y [Fﬂpq':xks}’kl!‘pmwj] (36)

where r is the number of fuzzy rules activated by x; and y. and also u ._.Lim;{x;l-,ﬂ, 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 (C0G) and

Centre of area method (04} are two most common defuzzification methods, which 0% method

used the following equation to calculate the defuzzification

L-U[- z}:rﬂu{xks}’ksﬂfj (97)
ZEZ,LI'FH{ka}'kJU:’:]

and £04 method used the following equation to calculate the defuzzification

COAGy yy) = 2 Uy pry (23 ¥, U) (98)

E:’FU-{ka}'kJufj

Where COG(xy, v;) and COA(xy,v;) illustrates the crisp value of defuzzification output, U; € I7 is

discrete element of an output of the fuzzy set, uy. (x5 ¥z U; ] is the fuzzy set membership function,

and r is the number of fuzzy rules.

COGxy. v, ) =

EXAMPLE: If two fuzzy rules defined by
F.RY“ifeisNB and éisML then TislLL
F.RY:ifeisNE and éisFL then TislLL
Where ¢ is error, & is change of error, T is torque, NE is Negative Big, ML is Medium Left, and LL
is Large Left to calculate Mamdani fuzzy inference system we must to do four steps:
Fuzzification is used to determine the membership degrees if all input fuzzy activated by crisp
input values ¢ = -1 and & = —3.92, where fuzzy set NE, ML, and FL are defined as below
erws = 10, -1.5),10.25, —1.375), (0.5, —1.25), (0.75, —1.125), (1, —1), (0.75, —0.875),
(0.5, —0.75),(0.25, —0.625). (0, —0.5)
érpyp = £00,—5.8),(0.25, -5.17), (0.5, —4.55),(0.75,—3.92),(1,-3.3), (0.75, - 2.67),
(0.5, —2.05), (0.25, —1.42), (0, —0.83)
épy = {(0,-7.5),(0.25,-6.88), (0.5, -6.25),(0.75,-5.57), (1, -5), (0.75, —4.30),
(0.3,—3.92),(0.23, —-3.12),(0,—2.3)
while
Toen = {(0,-123), (0.25, —113.5), (0.5, —104), (0.75, —94.5), (1, —85), (0.75, —75.5),
(0.5, —66), (0.25, —56.5), (0, —47)
Rule evaluation focuses on operation in the antecedent of the fuzzy rules. This controller used
AND fuzzy operation, that it can be defined by Tla.b) = panzny; = min{u 0. 4500 The output
fuzzy set can be calculated by using individual rule-base inference. So this part focuses on
determine the activation degrees of antecedent of F.R* and F.R*:
urg. = min[pacyz (=10 terpn (—3.82)] = minl1,0.75] = 0.75

P FRy
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prg, = min[ugoy (1), pere (—3.92)] = min[1,0.5] = 0.5

The activation degrees of the consequent parts for F.R* and F.R? can be calculated by:

trp, (—1.—3.92,T) = min[ugs (~1.—3.92), ur ] = min[0.75, ur g ]

trp, (—1.—3.92,T) = min[ugs (—1.—3.92), ur ] = min[0.5, 4, ]

Therefore fuzzy set T;;,, and T; ; -, have nine elements, that can be written by the following form

F.F*{(—1,-3.02,T7) = {(0,—123),(0.25, —113.5).(0.5, —104), (0.75, —94.5), (0.75, —85),
(0.75.—75.5), (0.5, —66), (0.25, —56.5). (0. —47)

F.F*(—1,-392,T) = {(0,—123),(0.25, -113.5), (0.5, —104), (0.3, —94.3), (0.5, -83),
(0.5,—75.5),(0.5,—66). (0.25, —56.5), (0, —47)

Aggregation of the rule outputs focuses on the aggregation of two fuzzy set into one output fuzzy

set. Therefore by using the Max-min aggregation the output of fuzzy set can be calculated:

By, (—1.—-392,T) = u,z ._Ei{—l,—E.'.IJE, T) =max{pt (—1,-392T),, . ui (-1, -302,7),, }

=17

FR,

Uy; = {(0, -123),(0.23,-113.5), (0.3, - 104J,(0.75,—-94.3), (0.73, -85),(0.75, -73.3),

(0.5, —66), (0.25, —56.5), (0, —47)}

and by using the Sum aggregation the output of fuzzy set can be calculated by

U, = {0, -123),(0.5 -113.5). (1, —104), (1,-94.5), (1, -85), (1, -75.5), (1, —662,
(0.3,—26.3),(0,—47}

Defuzzification is the last step to calculate the fuzzy inference system. In this example we use two

methods, namely,£04, and COG defuzzification. For Max-min aggregation the C24 defuzzification

can be calculated by

COA = [(0.25 % —113.5) + (0.5 x —104) + (0.75 x —94.5) + (0.75 x —85) + {0.75 x —75.5) +

(0.5 —66) + (0.25 x —56.5)][0.25 + 0.5+ 0.75+ 0.75 + 0.75 + 0.5 + 0.25]"* = —=—=—== -85

For Sum aggregation the C0A4 defuzzification can be calculated by

COA=[(05x—-1135) + (1 x—104) + (1 x —045) + (1 x -850 + (1 x —75.5) + (1 =% —66) +

(05x -56.5)][0.5+1+1+1+1+1405]"" === =85
For Max-min aggregation the COG defuzzification can be calculated by
oG = [(—113.5 — 56.5)(0.25) + (—104 —66)(0.5) + (—94.5 —85 — 75.5)(0.75) _

0.254+05+0.75+0754+0754+0.5+0.25
For Sum aggregation the COG defuzzification can be calculated by
oG = [(—113.5 — 56.5)(0.5) + (—104 — 94,5 — 85 — 75.5 — 66} (1) _

05+1+14+1+1+1+0.5

Fuzzy Controller Structure
One of the most active research areas in the field of fuzzy logic is the fuzzy logic controller (FLC)
design because it has a influential tool to control of highly nonlinear, uncertain or noisy systems
[53]. However the application area for fuzzy control is really wide, the basic form for all command
types of controllers consists of;

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

e Fuzzy rule base (knowledge base)

e Inference engine

e Qutput defuzzification (fuzzy-to-binary[F/B]conversion).
The basic structure of a fuzzy controller is shown in Figure 5.
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FIGURE 5: Structure of Fuzzy Logic Controller (F.L.C)

4. CONCLUSION

In this paper, review of fuzzy logic control is discussed for PUMA robotic manipulators. In this
paper, first of all, main subject of modelling PUMA robot manipulator is presented. Second part is
focused on review of fuzzy logic methodology and applied to robot manipulator. Pure fuzzy logic
controllers have some disadvantages, therefore, in most of design adaptive methodology is
applied to main controller for reduce computation load in fuzzy logic controller.
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