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Abstract: The remarkable features of hybrid SMC assisted with fuzzy systems supplying parameters
of the controller have led to significant success of these control approaches, especially in the control
of multi-input and multi-output nonlinear systems. The development of type-1 fuzzy systems to
type-2 fuzzy systems has improved the performance of fuzzy systems due to the ability to model
uncertainties in the expression of expert knowledge. Accordingly, in this paper, the basic approach of
designing and implementing the interval type-2 fuzzy sliding mode control was proposed. According
to the introduced systematic design procedure, complete optimal design of a type-2 fuzzy system
structure was presented in providing sliding mode control parameters by minimizing tracking error
and control energy. Based on the proposed method, the need for expert knowledge as the main
challenge in designing fuzzy systems was eliminated. In addition, the possibility to limit the control
outputs to deal with actuators’ saturation was made available. The control method was implemented
on a six-degree-of-freedom robot manipulator that was exposed to severe external disturbances, and
its performance was compared to a type-1 fuzzy system as well as to the conventional SMC. The
achievements revealed improved performance of the combined control system of fuzzy sliding mode
type-2 in comparison with its control counterparts.
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1. Introduction

Sliding mode control (SMC) has been expanded to a variety of applications in the
control robotic systems with nonlinear dynamics due to the robustification of the controlled
system against structured and unstructured uncertainties, the capability to eliminate the
external disturbances and the ease of implementation [1]. Nevertheless, the scheme has
disadvantages because of the use of fixed gains in the discontinuous part of the sliding
surface [1,2]. According to several studies [1,3], although increasing the gains of the
controller of the switching section increases the resistance of the control system in the face
of disturbance inputs and parametric uncertainties, this intensifies the effects of chattering
and in turn leads to saturation of actuators. Therefore, proper adjustment of SMC controller
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parameters has been considered a challenging issue in the field of control [1,3]. The research
efforts to achieve this goal from a control perspective can be classified into two general
categories: “online” and “offline” [4,5]. It should be noted, however, that approaches based
on real-time schemes, such as traditional SMC developments, have received considerable
attention. However, the complexity of designing and implementing these approaches is a
usual challenging topic in practice, especially in specific applications such as robotic systems
with high-speed multi-input-multi-output nonlinear dynamics and the need for complex
high-speed computing hardware to prevent interruptions in robotic system operations [6,7].
Therefore, the adaptive adjustment of SMC parameters in the off-line approach, with the aim
of improving the performance of the control system without the need for time-consuming
and complex designs and avoiding disruptions in system performance, is one of the issues
in the field of sliding mode control development [1-3,8,9]. Additionally, fuzzy systems-
based approaches employed in applications as the main controller or a complementary
or compensatory part of the main controller have played an important role in achieving
various control goals due to the features of easy design and implementation as well as
fast response without the need for high computational burden or complex and expensive
hardware [10-12]. Upon this description focusing on fuzzy systems as a complement to
the main sliding mode controller with the role of providing SMC controller parameters,
these approaches can again be categorized into two groups. In the first category, the fuzzy
system is used as a direct supplier or part of the control energy to compensate for model
uncertainties and unknown external disturbances [2,4,13]. In the second category, the fuzzy
system is used to supply the adjusted parameters of the SMC controller [1,3].

The performance of the proportional integral derivative control, the first-order sliding
mode control and the second-order sliding mode control approaches, which are compared
for regulating two types of processes, was addressed in [14]. In the first-order sliding
mode controller, decaying the error to zero after the convergence time is checked by
sign mapping. This method is infected with the chattering problem. The second-order
sliding-mode regulator smoothly deals with the chattering problem while using integral
sign-mapping. The second-order sliding mode regulator was introduced as a new class of
controller with asymptotic and stable path characteristics. In this method, the convergence
time has been improved to a suitable extent compared with other regulators. In the
validation of the research, the implementation of controllers on an electric furnace as a
stable linear mathematical model and an inverted pendulum as an unstable asymmetric
nonlinear mathematical model have been used.

The improved linear controllability and observability of robotic arms were proposed
in [15]. In the proposed method, the nonlinear time variable model was rewritten as a
quasi-linear time variable model, and the time invariant linear model was calculated from
it. Based on the mentioned linear model, the condition of controllability and observability
was tested. According to the results of the aforementioned research, the modified linear
method was due to the non-use of Jacobian compared to the linearization method.

Based on the general state-space model structure of mechanical systems, a Takagi-
Sugno fuzzy modeling and the controllability of fuzzy systems, an algebraic and practical
approach to calculate the fuzzy gain that was able to guarantee the stability of Takagi
was presented [16]. The main idea consists of finding a continuous fuzzy gain such that
any linear behavior defined by an adequate selection of eigenvalues is expressed by the
closed-loop fuzzy system. If the approximation of the fuzzy model of the mechanical
system is accurate enough, the stability of the nonlinear system is granted by the fuzzy
controller. The advantage of the method compared with similar approaches is the simplicity
of the result.

A new evolutionary fuzzy model was proposed in [17] for solving regression problems
based on the integration of error feedback in order to compensate the measurement noise
to achieve more robust predictions. A noise model based on automatic regression (AR)
with localized rules was defined, which enabled the modeling of different possible noise
behaviors in different parts of the input space. In this method, the predictions of the above
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model are added to the predictions of the real fuzzy model, and the developed version
of the least square estimator with recursive fuzzy weight with the ability of desirable
convergence characteristics is obtained. According to testing of the method on several
real data sets affected by noise and system identification problems, the performance of the
model showed a significant improvement compared with the evolving fuzzy methods and
with the conventional RFWLS estimator and recursive corr-entropy approach.

In [18], the application of the proportional derivative (PD) controller was presented to
deal with the increase of the gain of the integrator. Due to the unknown or the difficulty
of determining the nonlinearities of the dynamic system, adaptive controllers have been
used to cope with nonlinear dynamics and uncertainty. A controller was proposed based
on cascaded neural networks and the updating function of neural network weights. The
algorithm was implemented using a radial basis function neural network and a compen-
sation function that resulted in longer tracking for an identified problem. Validation of
the method was investigated on a two-degree-of-freedom robot compared with traditional
PD controller.

A sensorless controller based on an accurate passive output feedback dynamic error
tracking method for tracking the angular velocity path of a DC motor with a full buck
inverter was proposed in [19]. The tracking action was achieved only by measuring the
current and using some reference paths by exploiting the flatness of the mathematical
model of the process. Experimental tests for different angular velocity paths showed the
effectiveness of the proposed control.

In the framework of this study, a widespread variety of control methods were pub-
lished, and the fuzzy systems were considered as compensators to the main SMC controller.
In this regard, reference [2] can be mentioned as an early example. In [2], the controller
based on fuzzy systems was designed to compensate the main controller to ensure the
robustness of a robotic manipulator arm facing uncertainties and providing precise tracking
performance. A fuzzy controller was employed to approximate the unknown uncertainties.
Performance evaluation by means of a two-degree-of-freedom SCARA robot verified the
effectiveness of the control scheme. In an intelligent FSMC approach, a robot exposed to
external disturbances was controlled by employing two fuzzy systems [5]. Because the
robot dynamics were practically impossible to estimate, the deep learning algorithm was
considered in order to as achieve a better approximation of robot dynamics in the controller
design stage. This control method was effectively implemented to the KUKA robot. Fuzzy
sliding mode control was used in [20] to control a submerged robot exposed to the highly
nonlinear properties of fluid flow. The gains of the controller were adjusted by means of a
genetic algorithm optimization scheme. Fewer and smaller positional errors than the PID
controller were witnessed using the proposed controller. A hybrid tracking FSMC control
method was introduced in [21] for an unmanned aerial vehicle (UAV). The studies showed
that the quadrotor successfully followed the desired path with continuous and limited
control inputs based on the proposed control approach.

The FSMC scheme was suggested to decrease the effect of undesired external inputs on
the performance of space manipulators [12]. An adaptive fuzzy compensator was used in
setting of the switching section, and the reinforcement learning mechanism was employed
for tunning the fuzzy logic rules. Tests on the three-degrees-of-freedom CubeSat robot
arm with the designed controller revealed improvements in the tracking performance of
the controlled system. The authors in [7] demonstrated the application of combined fuzzy
and SMC control to control shoulder, elbow and wrist rehabilitation robots with strong
tracking capabilities and vibration reduction. Better performance and maintenance of
system stability were observed compared with conventional PID controllers. An example
of the application of FSMC with different control methods was demonstrated in [6]. The
FSMC robust control approach has been used in controlling a group of systems exposed
to parameter variations and disturbances. The integrated SMC surface was designed
according to robust control, and the nonlinear fuzzy system approach was used in the
approximation of the switching control part to overcome the uncertainty of the upper limit
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of unknown disturbances. According to the investigations, stability and robustness of the
controlled system against disturbances were confirmed.

On the other hand, owing to the proper correspondence of the fuzzy system with
optimization approaches, one can observe the development of these systems in various
applications of fuzzy sliding mode controllers. For instance, reference tracking position
of a robot arm using an optimal FSMC approach was proposed in [10]. In this approach,
known parts of manipulator’s dynamics were eliminated using inverse dynamics, and
in order to eliminate the chattering phenomenon, a Takagi Sugeno fuzzy system along
with standard SMC was employed. With the aim of eliminating the tracking error, the
PSO optimization method was used to regulate the membership functions of the fuzzy
system. The optimal performance of the proposed controller was verified by simulating
a two-degree-of-freedom robot. As another example, in [11], the design of path tracking
FSMC for a 2DoF manipulator based on a genetic algorithm optimization approach was
proposed. In this approach, the membership functions of the fuzzy system were set based
on the Pareto front of multi-objective optimization. In another study, the particle swarm
optimization algorithm was used for tunning the SMC sliding surface parameters employed
for a 2DoF robot arm. The proposed neural fuzzy logic system showed a more appropriate
performance compared with methods based on shifting the SMC boundary in removing
the effects of disturbances [13].

Despite the significant performance of fuzzy systems in providing the main sliding
mode control parameters with minimal complexity, fewer studies have been published
regarding the approach of using fuzzy logic to supply the gains of the SMC system [1].
For the first sample of the application of fuzzy systems supplying adjusted gains based on
SMC control robotic arm, we can refer to reference [22]. In this paper, the variable rate of
gains’ rule was used in a cascade FSMC approach for a 3DoF space robot. In reference [4],
fuzzy systems for regulating the slopes of sliding surfaces of SMC created to control an
exoskeleton robot were considered. To control industrial robots at constant speeds, a control
scheme was proposed using a Kalman filter to change the coordinates from the workspace
to the shared workspace along with FSMC, in which a fuzzy system was employed to
provide the parameters of the SMC switching part [23]. In reference [24], FSMC control
of a pneumatically actuated manipulator while exposed to unmodeled dynamics and
external disturbances was used, in which the task of adjusting the gains of the controller
was put on a fuzzy system. The conducted investigations showed improved robustness
and accuracy of the tracking system and a reduction in the chattering phenomenon. The
adjustment of the gains of switching part of the SMC using corresponding fuzzy system
were addressed in [25]. The results of the application of a self-tuning FSMC for path tracking
control of a three-degree-of-freedom robotic arm were presented in [26]. According to
the simulation results, elimination of the tracking error and chattering phenomenon was
demonstrated by the proposed controller. In another example of published research results,
the approach of using fuzzy systems to simultaneously provide the gain of the switching
sector and the slope of the gains of the sliding surface was presented [3]. In this research,
the performance of the SMC accompanied using fuzzy systems based on expert knowledge
was improved. Because the duty of the switching section of the SMC controller is to
compensate parametric uncertainties, it was expected that the value of this gain in the
ability to deal with uncertainties would become large enough that it would lead to the
chattering phenomenon. Therefore, the proportional supply of these gains was assigned
to the fuzzy system. The results of the studies showed the improvement of controller
performance by providing real-time controller gains by the aforementioned fuzzy systems.
Despite the defensible position of fuzzy systems in proportional adjustment of controller
parameters, the reliance of fuzzy systems design on expert knowledge is a challenging
issue that is difficult to generalize to different applications.

Fault detection and isolation is one of the prominent fields of research of nonlinear
dynamic systems. An uncertain fault diagnosis with the combined approach of the sliding
mode fuzzy observer based on the Takagi-Sugno (T-5) fuzzy model was presented in [27].
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In this approach, the robust fuzzy observer was designed based on uncertainties, and the
convergence of the fuzzy observer was determined by searching for suitable Lyapunov
matrices using the set of conditions of linear matrix inequalities (LMI). Following the fuzzy
observer design of the FDI problem for nonlinear systems, a fuzzy observer bank was
designed to investigate fault detection problems. The validity of the proposed method was
demonstrated on a dynamic vehicle model.

In another study, the robust fuzzy control of four-wheel steering (4WS) vehicle dy-
namics control under conditions of changing road adhesion and lack of access to lateral slip
angle measurement was studied using an uncertain Takagi-Sugeno (T-S) fuzzy model [28].
In this research, the nonlinear model of the vehicle was approximated using the T-S un-
certain fuzzy system, and based on this system, the fuzzy controller and observer were
designed. The closed-loop stability conditions of the vehicle by the fuzzy controller and
observer were parameterized based on the linear matrix inequality (LMI) problem and
solved using efficient convex optimization techniques. The simulation revealed a significant
improvement in car.

In [29], the simultaneous estimation of inputs and unknown state variables for a
class of Lipschitz nonlinear systems with bounded uncertainties appearing in both state
and output matrices (using output measurements) was presented. The observer design
problem was formulated as a set of linear constraints that could be solved using the Linear
Matrix Inequalities (LMI) technique. The performance evaluation of the proposed viewer
was studied in estimating the state and faults on the robot arm with direct current (DC)
motor actuator.

In order to present the generalized approach of fuzzy tuning of the SMC parameters,
the article [1] can be considered as the development of the method presented in [3]. In [1], as
one of the new articles in line with the present article, a comparative study was carried out
to assess performance of fuzzy sliding mode control systems for which fuzzy systems were
used to provide the sliding surface slope coefficients. Combined with both fuzzy systems,
switching section gains were presented in comparison with conventional sliding mode
controllers. It should be noted that in [1], fuzzy systems were optimally designed using a
pattern search optimization approach, and the quality of the controllers’ performance in
tracking the reference path for the six-degree-of-freedom Stewart platform was investigated.
The results of the simulation revealed improved performance of sliding mode control
systems using fuzzy systems providing the main controller parameters in comparison with
the sliding mode controller.

According to the reviewed articles, although significant progress of research on the use
of type-1 fuzzy systems to achieve the desired goals has been observed, a scarcity of articles
have addressed the ability of type-2 fuzzy systems to provide a more appropriate method
for modeling uncertainty and inaccuracy of the knowledge of experts to help improve fuzzy
expression [30,31]. In the following discussion, some articles that are almost consistent
with the context of the present article are described. Article [32] can be considered one of
the basic articles comparing the performance of type-2 fuzzy logic systems with type-1
fuzzy logic systems. The authors in [32] used different types of fuzzy logic systems to
design fuzzy controllers for nonlinear processes. The advantage of using generalized
type-2 fuzzy logic in fuzzy controllers with four standard problems was confirmed in the
article. The authors in [33] present better performance of generalized type-2 fuzzy control
systems compared with type-1 fuzzy control systems and type-2 intervals in conditions
where the process was exposed to external disturbances. This was measured during the
flexibility controller’s test for mobile robot control, which was exposed to three types of
external disturbances and through different performance indicators such as ITAE, ITSE,
IAE and ISE. As an example of the application of type-2 fuzzy systems with sliding mode
control, a new type-2 fuzzy sliding mode controller was developed to adjust the power
balance of a power line inspection robot [34]. In [34], sliding mode control was used
to complete the adjustment of motor balance. The general type-2 fuzzy sliding mode
controller was developed by replacing an element of the sliding mode control law with
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the output of the general type-2 fuzzy system. The new hybrid method made it possible
to increase the PLI robot’s anti-interference capability while achieving motion balance
control. In another study, the design of a robust tracking controller for the robot arm
of n-degree series freedom with dynamic uncertainties and unknown disturbances was
presented [35]. In that approach, two adaptive interval type-2 fuzzy logic systems were
employed to better estimate parametric uncertainties, to attain the finest performance of
the tracking control and to increase the system’s robustness against approximation errors
and unknown disturbances. To address the chattering phenomenon, the rules of adaptive
control were used for optimal regulation. The asymptotic stability of the method examined
on a two-degree-of-freedom robot arm demonstrated the effectiveness of the proposed
control approach.

Based on the aforementioned citation, it was revealed that the development of the
use of the fuzzy sliding mode controller for robotic systems of several degrees of freedom
is still immature. In some articles, however, the expressed method could be developed
into robotic arms with multiple degrees of freedom, but in the method test, simple control
samples were employed. This seems to be due to the difficulty of developing these methods
in line with increasing degrees of freedom of robotic systems.

In this paper, a systematic design approach of fuzzy sliding mode control is presented
in which the gains of the switching part and the slopes of the sliding surface of the standard
sliding mode controller are provided by interval type-2 fuzzy systems for the 6DoF robot
arm. In order to better demonstrate the effectiveness of the proposed controller, the
performance of the interval type-2 fuzzy controller was compared with the conventional
type-1 fuzzy controller as well as with the standard sliding mode controller with fixed
gains and sliding slope coefficients.

Based on this explanation, in this paper we propose an advanced type-2 fuzzy sliding
mode control approach (T2FSMC) for the 6DOF universal robot (UR5) arm. The main
purposes of this paper are expressed as follows:

- Proposing the comprehensive optimal design scheme of interval type-2 fuzzy systems
providing the real time slope coefficients of the gains of the switching member of
the SMC;

- Presenting an efficient approach for the design of the rule base of interval type-2
fuzzy systems with uncertain scales and lag parameters of lower output membership
functions of fuzzy systems to deliver the required parameters of the SMC with optimal
tracking performance along with minimum control effort. This approach eliminates
the need for expensive computing hardware and expert knowledge as the challenging
issue in the fuzzy system design stage, and it prevents the actuators’ saturation due to
generating optimal control effort;

- The proposal also offers a vast operating range versus unwanted input disturbances
and parametric uncertainties with the ability to reduce the chattering phenomenon.

The rest of the article is arranged as follows. Section 2 summarizes the kinematic and
dynamic models of the 6DoF UR5 robotic arm. The SMC approach is described in Section 3.
The concepts of interval type-2 fuzzy systems are discussed in Section 4. The SMC assisted
by interval type-2 fuzzy system is shown in Section 5. The efficiency of the advanced
type-2 fuzzy sliding mode controller is evaluated in Section 6. Finally, the conclusions are
presented in Section 7.

2. Six-DoF Robot Arm

Serial robotic arms are used in many robotic systems. Serial robots are widely used
in production, material handling and remote operations. Despite a good scientific under-
standing, the main challenge associated with these robots is to improve their performance,
flexibility, reliability, safety and bandwidth [36]. In recent years, universal robots (UR)
have been widely used in academia and industry as a collection of robotic manipulators.
The development of a robotic system based on UR arms requires precise dynamic mod-
eling of the robot and the design and implementation of a suitable controller. Despite
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the introduction of simulation platforms such as SimMechanics, access to details of the
robot’s mathematical model is relatively limited. Therefore, the development of a reliable
mathematical model for the robot in question is necessary for the purpose of this article. In
the dynamic modeling of the UR5 robot required in this research, the approach presented
in [36], which proposes a complete mathematical model for the kinematics and dynamics
of the UR5 robot, was used [37].

The dynamic equation of robotic arms are generally as follows [38]:

M(q)q+C(q,9)g+G(q) = u+d 1)

where g stands for the vector of generalized coordinates, u(€ R®) is the vector of torques
acting and d is the input disturbance. Additionally, M(q) is robot mass, C(g, ) are Coriolis
and centrifugal terms, respectively, and G(g) is the gravity term.

The mass matrix M(q) is calculated as [38]:

M(q) = [y (mid o+ I RR Lo, )| @

where 7 is the number of freedoms of the robot, R; is the rotation matrix of ith link with
respect to the base coordinate, J,, and ], are the linear and angular part of the Jacobian
matrix J;, respectively. m; is the mass, and I; is the mass moment of inertia of the ith link
with respect to the link’s body coordinate.

For deriving the matrix C(q, 7), each element of the matrix ¢;; must be derived from
the elements of the inertia matrix m;; using following formula [38]:

e L [omi 9my  Omy; .
Cij = Zk_12<aqk + ;o4 P ®)

The elements of gravity vector g;(q) is [38]:

ou

gi(q) = 90 4)

where U denotes the total potential energy of the system.

3. Controller Design

In order to simplify the design of the sliding mode controller, the tracking of the n-
order system is transformed to the first-order stability, and the control operation is changed
during the control action based on certain predefined conscious rules. Accordingly, the
mismatches of the under-control system states are eliminated and the possibility of their
movement towards stable states or sliding surfaces is provided. Under these conditions,
the sensitivity of the system to parametric uncertainty, external disturbances and the
actual process is eliminated. Therefore, the way to transfer and maintain the state of the
system to the sliding surface in the design of the sliding mode controller, which directly
depends on the quality of providing the parameters of the sliding mode controller, is a
very important topic [1,3]. Therefore, assuming the possibility of supplying the slope of the
sliding surface and the gain of the switching section is available, the formulation procedure
of the conventional sliding mode controller is discussed below [1].

The state space non-linear dynamics of the robot could be written as:

z = f(z)+Bu ©)

where z = [xl cee Xp Xpgl ... x2n] T In mechanical systems, the state of the system
usually consists of a state vector and its derivatives. In controller design, the sliding vector
is defined as follows [1,3]:

s = {z:0(2,t) = 0} (6)



Mathematics 2022, 10, 4835 8 of 52

in which ¢ is defined as:
o = GAz 7)

where
Ae = zp—x = e é]T (8)

includes the error and error rate of change.
In (7), the matrix G contains the slope coefficients of the sliding surface as follows:

x 0 0 O O 1 0 0 0 O
0 0 0 00 -~ 0 0 O
G=|0 0 « 0 0 0O O 1 0 O )
o 00 0 0 O0O0 "0
0 0 0 0 a 0 0 0 0 11, .,
where «; indicates the slope of the associated sliding surface [1,3].
o = e te; (10)
The input of the total control is defined as [1,3]
u(t) = ueq(t) + Ko (11)
where [1,3]
K = (GB)™'T (12)

Assumption 1. The term GB is considered as an invertible matrix, and in mechanical systems,
it is the mass matrix [3]. If GB is not invertible (but is a full-rank matrix), then one can use a

-1
pseudo-inverse matrix as (GB)" = ((GB)T(GB)) (GB)”.
The equivalent control rule u.; was selected as follows [1,3]:

teg(t) = (GB) ! |&(t) — Gf ()] (13)

I terms are usually selected by trial (I' > 0).
The Lyapunov function was considered as follows [1,3]:

V(o) = %O‘TO' >0 (14)

For the sake of stability of the system, it is necessary that the time derivative of V(0)
be negative. Therefore, by time derivative of (14), we achieve [1,3]:

v (o) 1.7 1 7.
= — —_ <
I 2(7 o+ 2(7 c<0 (15)

To establish the control law satisfying condition (15), relation (7) was rewritten into
two parts as below:

o= O(t) —o(x) (16)

where
o(t) = Gz (17)
oa(z) = Gao (18)

Then ¢ is obtained using (16) as:

o= o) —dl(z)z (19)
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where ¢, (= 00, /dz) means the partial derivative of 0, regarding .
Applying limit condition to (16) as ¢ = 0, then using (5) and (19), the achievement is [3]:

@(t) — G[f(2) + Bueg] = 0 (20)

The equivalent control law u,, is obtained employing (20) as:

ue(t) = (GB)™'|@(t) — Gf (2)] (21)

The definition of a suitable extension part is necessary to drive the system states on
the sliding mode. Therefore, using the time derivative of (14) as follows [1,3]:

v (o)
dt

= —0'Toe <0 (22)
and performing some calculations, the overall control action is achieved as [1,3]:
u(t) = ueq(t) + Ko (23)

where [3]:
K = (GB)''r (24)

As can be seen from Equations (20) and (23), the act of control action depends on &
and I

Traditionally, « and I’ factors, which are the fixed coefficients, are tuned by trial and
error. In the proposed control approaches, the aim was to develop sophisticated methods
for adjusting the above parameters in case of existing parametric uncertainty and/or
exposing the robot to external input disturbances while taking into account the stability
of the robot. In accordance with the previous topics, in this paper, the generalized design
method of interval type-2 fuzzy systems using an optimization method for providing these
parameters for the SMC is explained in the following sections.

4. General Type-2 Fuzzy Inference Systems

In conventional type-1 fuzzy systems, each membership function has a single mem-
bership value in the universe of discourse. Therefore, a type-1 membership function, while
specifying the degree of membership in a certain linguistic set, does not express the degree
of uncertainty in the degree of membership. To model such uncertainty, type-2 interval
membership functions characterized by the property that the degree of membership can
have a range of values were introduced [31].

A type-2 fuzzy set in a universal set X is denoted as A and can be characterized in the
following form [31,39]:

A = ‘/xexlug(x)/dx (25)

where:

pilx) = fx(v)/do, Jx € [0,1] (26)

vE]y

wherein i ;(x) and fy(v) are secondary MF and secondary grade, respectively. Additionally,
Jx and v are the range of the secondary MF and fuzzy set, respectively. When fy(v) = 1
for Vv € Jy, then the secondary MFs are rewritten as bellow [31,39]:

A= /xexm(x)/dx - /xexuehl/v}/x 27)
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Equation (27) implies that the interval type-2 fuzzy set determines an uncertainty in
the primary membership. An interval type-2 fuzzy set is delignated by its lower and upper
MFs. For an IT2FS, the footprint of uncertainty (FOU) is described in [31,39]:

Pou(ﬁ) - U [Eg(x),ﬁg(x)} (28)

xeX

where y -(x) and 7 7 (x) are lower and upper MFs, respectively.

Figure 1 shows a triangular MF with its FOU, bounds with 20% scale factor and 20%
lower lag in lower membership functions. Generally, an IT2FLS was reported in [31].
Figure 2 shows an IT2FLS, which is described in the following section. The structure of an
IT2FLS is shown in Figure 3.

Figure 1. UR5 Robotic arm.

Fuzzy type 2

1.4

UpperMF

LowerhMF
12 FOU

08 b

06 a

Degree of membership

Figure 2. Type-2 triangular membership functions with 20% lower lag and 20% scale uncertainty.
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Figure 3. Structure of an IT2FLS.

4.1. Fuzzifier Membership

The fuzzifier maps a real-valued variable into fuzzy sets. In this method, we simply
use the singleton fuzzifier.

4.2. Fuzzy Rule

Expert knowledge will be considered in this part, which consists of a set of fuzzy
IF-THEN rules. The jth rule in the IT2FLS is described as follows [31,39]:

R :If xq isl?{andxzisﬁé---xnisl?,];thenyiséj, x(i=12,---,n),j=1.,2,---,M (29)

where M shows the number of rules; y is the output of the IT2FLS; and 1?1] and G/ are the
type-1 or type-2 antecedent and consequent sets, respectively.

4.3. Inference Engine

In IT2FLS, the inference engine combines rules and gives a mapping from input IT2FSs
to output IT2FSs. By performing input and antecedent operations, the firing set is generally
obtained as follows [31,39]:

Fx) =TI _, :uﬁlj(xi) (30)

where product t-norm is assumed. More specifically, since we are concerned with IT2FSs
here, the firing input sets were defined as follows [31,39]:

FX) = [f(x),7 ()] (1)
PO = pypepg = ey )
FX) = Ty #lig v # iy (33)

where j:j (X) and fj (X) are the jth lower and upper MFs, respectively, and * denotes t-norm.

4.4. Defuzzifier

To find the final crisp output value for the inference process, the type-2 fuzzy set
output of the inference engine is first needed before defuzzification can be used to convert
type-2 fuzzy sets into type-1 sets in a type reducer. Among the type reductions, center of
sets (COS) is widely used because it can be computed more easily by the Karnik-Mendel
(KM) iterative algorithm. Because we only used IT2FSs here, Y, is an interval set that is
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determined with its left-end point y; and right-end point y,. The COS type reducer can be
expressed as [31,39]:

YCOS(]/lr]/r):Al"'/eM/l"'/Ml/w (34)

where f/ € Fi(X) = [ Ax),7 (X)} and ¢/ is the centroid of jth consequent set. Mendel
and Karnik introduced two algorithms for calculating these two end points in [15], which
are now known as the KM iterative algorithms. If we use a singleton fuzzifier, product
inference engine and COS type reducer, y; and y, can be illustrated as follows [31,39]:

YL fle]
Y= fi
. ; ]
where f/ is the point of jth consequent set, §; = [0}, ,0M ]T,tf; = ZMfl fj,é'z =g,
=11
¢ " and [31,39]:
ZM: 1f]9]
g = TS 36)

Z]leﬂ

where Qi and 9{ are the right-end and left-end point of jth consequent set, respectively,

T . j T
o = [0 00 d = S anag = [g- o] @)
L f
j=1Jr
Assuming 0{ are arranged in ascending order (i.e., 611 < 012 <0< GZM), y; is calculated
using the KM algorithms. The same procedure is followed for calculating y,, and the
defuzzified crisp output of the IT2FS is then calculated as follows [31,39]:

;= 12 (3)
5. SMC-Based Interval Type-2 Fuzzy System
5.1. T2FSMC Schemes

Appropriate design of each I and « fuzzy system to provide the required parameters
of the fuzzy controller is essential [1]. In this section, the design approach of fuzzy type-1
(T1IFSMC) and type-2 (T2FSMC) sliding mode control schemes for providing adaptive gains
and slopes of the sliding surface so-called I" and & fuzzy systems is explained. Due to suitable
adaptation of fuzzy systems with optimization methods, this paper aimed to generate an
optimal design of the I and « fuzzy systems using the optimization method of the studied
approach. The recently designed concept of fuzzy systems established in [1] was considered
for the development of the interval type-2 fuzzy systems for the purpose of this article.

The error and the time rate of the error are considered as input and output variables
of the proposed I' and & type-1 and type-2 fuzzy systems. The triangular membership
functions were also employed for both fuzzy systems with uniform distribution of 50%
overlap for type-1 and for the upper MFs of type-2 fuzzy systems. When selecting the
range of output variables of type-1 and -2 fuzzy systems of I' and «, achieving effective
and appropriate tracking quality as well as preventing the saturation of the actuators are
the main considerations to be taken into account. Both T1 and T2FSMCs were designed
using the optimization method. The built-in MATLAB GA optimization algorithm through
“tunefis” function was employed for this purpose. Twenty-five design variables serving as
the “consequence” indices of the fuzzy rules were considered for the optimization of the
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rule base of the type-1 fuzzy systems. However, 10 more design variables of lower lags and
scales of the lower output membership function of type-2 fuzzy systems were considered
in the optimal design of the type-2 fuzzy systems. Repetition of the method indicated the
adequacy of five generations. Additionally, the number of chromosomes in each population
was considered equal to 150, and significant improvement was not observed while increasing
the number of chromosomes. According to the proposed generalized design approach of
fuzzy systems, the requirement of expert knowledge as a challenging aspect of fuzzy system
design was eliminated, and the positiveness of the gains of sliding mode controller were
guaranteed. The joint speeds were also limited to the predefined value to make the results
more realistic. The design approach of type-1 and interval type-2 optimal fuzzy systems
to provide each parameters of a or I' were adopted according to the algorithm presented
in [1]. It should be noted that despite the difference between these two proposed type-1
and interval type-2 fuzzy systems, the optimal design procedure is completely similar
and based on the pseudo code given in [1]. In brief, the design procedure starts with the
initial predefined proposed fuzzy system. Subsequently, during the repetitive calculation
according to the principles of optimization algorithms, the structure of the desired fuzzy
systems is designed by the optimizer with the appropriate change of the design variables.
It should be mentioned that through cyclic calculation in each iteration, by selecting the
design variables of the fuzzy system, the gains and coefficients of the sliding mode controller
are calculated according to the theory stated in Section 3. Next, by applying the output
of the controller to the robot arm, the collected response of the system is employed in the
calculation of the cost value. The calculation continues until the design criteria is fulfilled.
It is noteworthy that the control action was limited to not exceeding the preset value
in each actuator, i.e., =Ty < T < Tyjow (N.m). In addition, in order to ensure the
results complied with realistic conditions, the joints” speed was limited to prevent sat-

uration, i.e., —éaﬂow <0< éallow (deg/s). In calculation of the cost of operation, com-
bination of the sum of square error and time rate of error along with the control action,
ie, Cost = (eTWee) + <éTWéé) + (tTWe7), is considered, in which W,, W; and W are
scaling factors and 7 is the vector of control effort.

The above procedure was used to design each of the type-1 and -2 fuzzy systems for «
or I coefficients. The closed loop control schemes of the combined approaches of sliding
mode control along with the type-1 and type-2 fuzzy systems to control the UR5 robot are
explained in the following section.

5.2. T2FSMC with Adaptive Gains

The T2FSMC approach with adaptive gains provided by the so-called I' fuzzy system
and the corresponding controller scheme is depicted in Figure 4, where d represents the
input disturbance. The output vector gain I of the related fuzzy system was employed in
SMC to determine the factors of the switching part of the traditional SMC. As mentioned
previously, errors were used as the input variables, and the I" factor was considered as
the output variable. The input memberships of the type-2 fuzzy system for I' with 20%
uncertainty in lower lag are shown in Figure 5.

d

qr + e
—*® —| Sliding Mode | T + Robot i
— Lol /dt £ . Control + Dynamics
A
r
™ Fuzzy
»[system I

Figure 4. FSMC and T2FSMC with adaptive control gains of T".
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Figure 5. Input membership functions of the fuzzy type-2 systems with 20% lower lag uncertainty.

5.3. T2FSMC with Tuned x Parameters

The closed loop control structure of the T2FSMC design with the a fuzzy system is
depicted in Figure 6 [1]. As illustrated, the fuzzy system block received error and time rate
of error, i.e., (e, é), and delivered the corresponding « factor to the main controller. The
input of this fuzzy system was same as the ones shown in Figure 5. As mentioned, & values
through matrix G in Equation (21) were used to deliver the slope of the sliding surface.

d
Qr+ e -+

#@ —| Sliding Mode | T Robot |
-t Wlajae € | Control + Dynamics q
|

— > REeey

»|System «

Figure 6. FSMC and T2FSMC with variable of «.

5.4. T2FSMC with Tuned « and T Parameters

T2FSMC supplied with fuzzy systems of providing slopes of a and control gains of I
was constructed using both fuzzy systems to provide the corresponding parameters of the
controller. The closed loop control system is plotted in Figure 7. In the proposed controller,
a and I had the inputs of (e, ¢), and the corresponding outputs of & and I parameters were
appropriately provided by the corresponding fuzzy systems.
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Figure 7. FSMC with x and T".

5.5. Design of Type-2 Fuzzy Systems Assisting SMC

As mentioned above, the generalized designing of type-2 fuzzy systems to supply the
required parameters of the optimal fuzzy sliding mode control scheme has been the main
objective of this paper. The predefined and optimally designed output type-2 membership
functions of # and I' are plotted in Figures 8-11, respectively. As shown, significant changes
were observed in the scale and lower lag factors of T2MFs. The rule base of fuzzy systems
as the main objectives of this article were optimally adjusted for both type-1 and type-2
fuzzy systems. It is noteworthy that in the optimization design phase of fuzzy systems,
the effects of external input disturbances were not taken into account. The performance
of fuzzy systems for providing control parameters in the event of robot exposure to input

disturbances was then fairly evaluated.

14 . _ Output .
UpperMF
LowerMF
12r FOU
1 VS M B VB

Degree of membership

! 0

:\A/\/\/
AN

0 |

0 10 20 30
gammaZ2T

Figure 8. Predefined fuzzy type-2 output membership functions of the controller gains of T".
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Figure 9. Tuned fuzzy type-2 output membership functions of gains of T'.
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Figure 10. Predefined fuzzy type-2 output membership functions of the controller gains of «.
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Figure 11. Tuned fuzzy type-2 output membership functions of the controller gains of «.

According to the optimization procedure, several outputs were available. In this
regard, the trend of optimization quadratic cost function versus generation for type-1
and type-2 fuzzy systems are plotted in Figures 12-15. According to the observations,
successive repetition of five generations was sufficient to achieve proper convergence.
Additionally, the same optimization performance was seen for type-1 and type-2 « and
I' fuzzy systems. Due to penalizing the control effort along with the joint’s positions and
speeds tracking performance, the cost value was obviously not expected to exactly converge
to zero. The adjusted fuzzy surfaces of the I and « type-1 and type-2 systems are illustrated
in Figures 16-19, respectively. The completely uneven fuzzy surfaces, which indicates
complexity and entanglement of the fuzzy rules, confirm the difficulty of obtaining a
reliable set of fuzzy rules relying on expert knowledge.

0.1862 . Best: 0.1 |8541 5 Mean:|0.185547 .
l Q  Bestfitness
@  Mean fitness
0.1861 |
0.186 - |

0.1859 1

0.1858

tness value

Y- 0.1857 .

0.1856 ° 4

0.1855 &

| I
o
0.1854 : ! ! LJ

0 1 2 3 4 5
Generation

Figure 12. Best value of I' fuzzy rule tuning.
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Figure 13. Best value of « fuzzy type 2 tuning.
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Figure 16. Surface of tuned I' fuzzy type-1 system.
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Figure 17. Surface of tuned I fuzzy type-2 system.
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Figure 18. Surface of tuned a fuzzy type-1 system.
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Figure 19. Surface of tuned a fuzzy type-2 system.

As expected, the optimization-based design procedure led to the optimally designed
table of rules with minimal control efforts. The rule base of I' and « type-1 and type-2
fuzzy systems are presented in Tables 14, respectively. Each fuzzy system consisted of
two inputs and one output with five triangular membership functions. By comparing the
table of rules, one can see the clear difference between type-1 and type-2 fuzzy systems.
Regardless of the initial presumed rule base, the optimal rules were obtained with the least
number of repetitions. This result indicated the appropriate capability of the proposed
approach in this paper for designing fuzzy systems without relying on expert knowledge,
which is one of the main achievements of this research. Tables 5 and 6 present the results
of optimized values of scales and lower lags of type-2 membership functions of I and «
systems. Considering predefined values, scattered changes were observed for the parame-
ters after optimization. The values of these parameters are reflected in the diagrams of the
optimal output membership functions depicted in Figures 8-11.

Table 1. Fuzzy type-1 tuned rules for I'.

r
NB NS V4 PS PB
NB VB VS B B B
NS S M VS VB B
e Z S B VB B B
PS M VS VS S M
PB VB M B VS M

Table 2. Fuzzy type-2 tuned rules for I'.

r
NB NS Z PS PB
NB S M VB S M
NS M M M B B
e Z VS B VB VS S
PS B M M B S
PB B B VB B S
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Table 3. Fuzzy type-1 tuned rules for «.

p
NB NS V4 PS PB
NB VS B S S M
NS B VS S S VB
e V4 VB VS S B M
PS VB B B M B
PB B M M VB M
Table 4. Fuzzy type-2 tuned rules for «.
P
NB NS V4 PS PB
NB B S B VB S
NS M VS VS VS B
e V4 S M VS B VS
PS S B B VS S
PB S VB S S M
Table 5. Fuzzy type-2 tuned output MF parameters for I'.
Scale Lower Lag
MF
Initial Value Tunned Value Initial Value Tunned Value
NB 0.8 0.8000 0.2 0.2399
NS 0.8 0.9133 0.2 0.2691
Z 0.8 0.4076 0.2 0.1971
PS 0.8 0.5358 0.2 0.8950
PB 0.8 0.7689 0.2 0.1536

Table 6. Fuzzy type-2 tuned output MF parameters for «.

Scale Lower Lag
MF
Initial Value Tunned Value Initial Value Tunned Value

NB 0.8 0.8003 0.2 0.9133
NS 0.8 0.0377 0.2 0.0527

Z 0.8 0.4714 0.2 0.8419
PS 0.8 0.5737 0.2 0.3308
PB 0.8 0.3288 0.2 0.6841

6. Proficiency of the Proposed Hybrid Fuzzy SMCs

A set of computer simulations was performed to examine the operation of the proposed
controllers. A 6DoF UR5 manipulator with the geometrical and physical parameters based
on [36] was used as the challenging controlled plant. The desired joint trajectories were set

as follows:

01 = —(11/2) —sin(t) [rad]
050 = —0.25sin(2t) [rad|
843 = —0.25c0s(2t) [rad]
044 = —mcos(2t) [rad]

045 = cos(2t) [rad]
046 = cos(3t) [rad]

(39)
(40)
(41)
(42)
(43)
(44)

To illustrate the effectiveness of the presented control methods in eliminating the dis-
turbances, the robot was assumed to be posed to an input d(t), acting on the three revolute
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joints of one, two and six, as plotted in Figure 20. The comparative study of the perfor-
mance of the proposed control schemes using type-2 fuzzy systems against the type-1 fuzzy
systems as well as the conventional SMC was conducted. The conventional SMC with mod-
erate constant coefficients of (= [2,2,2,2,2,2]) and I'(= [20, 20, 20, 20, 20, 20]) was consid-
ered for this study. In order to make the simulation results more realistic, the input control
torques and rotating joint speeds were limited to the range of —[150, 150, 120,50, 3010] <
T < [150,150,120,50,3010] (N.m) and —360 < 0 < 360 (deg/s), respectively. The com-
prehensive output results of the simulations are plotted in Figures 21-64. To distinguish
between the type-1 and type-2 fuzzy systems, the subscripts of “T1” and “T2” were also
considered in the annotation, respectively.

2
Tdl
15" Td2 .
Td3
TiA
1 Tds i
E Td6
= 05
=
0 _______________________________________________
05" -
-1
0 2 4 6 8 10

time|s]
Figure 20. Applied input disturbances.

The result of desired trajectory tracking of joints using both type-1 and type-2 I FSMC
and conventional SMC are plotted in Figures 21-26. In the first, third, fourth, fifth and
sixth channels, where the initial position of the robot was different from the reference input
position, we witnessed path tracking errors. It should be noted that the performance of the
SMC method was better than the two fuzzy I' methods in the transient region. However,
the quality of tracking methods based on I' fuzzy systems continued to show better control
quality. This quality of tracking reinforcement, especially in the period when the robot
was exposed to external undesired inputs in three joints of first, second and sixth, clearly
showed the proper performance of fuzzy control systems.

The result of reference path tracking of joints using both type-1 and type-2 « FSMC and
conventional SMC are depicted in Figures 27-32. Investigating the simulation results using
fuzzy controllers compared with conventional sliding mode control systems revealed higher
effectiveness of control approaches based on fuzzy systems both in the transient region and
in areas where the robot was exposed to undesired input disturbances. Between the two
types of a fuzzy systems, in most joints, the fuzzy type-2 controller showed more robust
behavior than the type-1 fuzzy system. However, especially in the third channel, the tracking
error due to the effect of input disturbance was observed in the time interval of the input
effect. However, it can generally be concluded that the type-2 fuzzy control approach had a
superior performance than the type-1 approach in this case. The trajectory performance of
the type-1 and type-2 FSMCs, which used a combination of I' and & fuzzy systems to provide
parameters along with the conventional SMC, are plotted in Figures 33-38. According to the
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simulation results in all joints, a superior performance quality of the aI type-2 fuzzy system
was observed in comparison with the performance of the aI” type-1 fuzzy system as well
as the conventional SMC. Although the conventional sliding mode control system showed
acceptable performance, the tracking quality of this controller was somewhat deteriorated,
especially in the range of the external input effect in the third channel. To summarize the
performance comparison of the controllers, the fuzzy type-2 aI sliding mode controller
showed superior performance compared with the other two methods by almost completely
eliminating the effect of annoying inputs in the transient region.

20 "
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Figure 21. Trajectory tracking in first joint using I' fuzzy systems.
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Figure 22. Trajectory tracking in second joint using I' fuzzy systems.
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Figure 23. Trajectory tracking in third joint using I' fuzzy systems.

250

200

150 |

100 [

50

o
’_——‘

0,]deg]

-100 1

-150

Ref ;
SMC

' [
g

-200 - -

time|s]

Figure 24. Trajectory tracking in fourth joint using I' fuzzy systems.
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Figure 25. Trajectory tracking in fifth joint using I fuzzy systems.
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Figure 26. Trajectory tracking in sixth joint using I' fuzzy systems.
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Figure 27. Trajectory tracking in first joint using a fuzzy systems.
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Figure 28. Trajectory tracking in second joint using « fuzzy systems.
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Figure 29. Trajectory tracking in third joint using a fuzzy systems.
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Figure 30. Trajectory tracking in fourth joint using « fuzzy systems.
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Figure 31. Trajectory tracking in fifth joint using a fuzzy systems.
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Figure 32. Trajectory tracking in sixth joint using a fuzzy systems.
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Figure 33. Trajectory tracking in first joint using aI' fuzzy systems.
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Figure 34. Trajectory tracking in second joint using aI" fuzzy systems.
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Figure 35. Trajectory tracking in third joint using aI” fuzzy systems.
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Figure 36. Trajectory tracking in fourth joint using aI” fuzzy systems.
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Figure 37. Trajectory tracking in fifth joint using aI” fuzzy systems.
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Figure 38. Trajectory tracking in sixth joint using aI fuzzy systems.

Regarding control of robot manipulators, tracking reference speeds is also essential.
Due to the harmonic reference motion for the joints, the reference speed in the joints is also
harmonic. To evaluate the performance of all three controllers in tracking the reference
speed inputs, tracking curves of the I' fuzzy controller system along with conventional
sliding mode controller are plotted in curves 39 to 44. Regarding the performance of the
controllers, in channel one, we see the unsatisfactory performance of all the controllers
in the transient region. In other channels, however, the behavior of all three controllers
in the transient region was relatively acceptable. Considering the performance of the
controllers against the effect of disturbance inputs, the performance of the controllers based
on fuzzy systems was specifically more robust in joint two. However, in the third joint,
the disturbance input effects seemed more obvious. In this joint, the performance of the
type-2 I' fuzzy controller was much more robust than other methods. In other joints, the
performance of fuzzy systems was much better, and the system was fully resistant against
unwanted inputs. Overall, the result of the type-2 I fuzzy system approach was superior
to the other methods.

The graphs displaying temporal variation of velocity tracking in the joints based
on type-1 and type-2 a fuzzy controllers as well as conventional sliding mode control
are depicted in Figures 45-50. In this section, in the transient region, we observed some
drastic changes in system performance based on the control approaches of type-1 and
type-2 « fuzzy systems, although in the remaining part of tracking reference speeds, the
performance of controllers based on type-2 a fuzzy systems was much better than its
counterparts. The performance of fuzzy systems was especially desirable in terms of
stabilizing the system performance against external inputs. It is noteworthy that in joint
number three, the reference speed tracking in the disturbance input region was somewhat
weak. The important point regarding these curves is to keep the joint speeds below the
limits. This limitation was seen in the angular velocity of joint number six in the transient
region, for instance. Overall, the performance of the a type-2 fuzzy system was again
superior compared with other controllers.
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Figure 41. Velocity tracking in third joint using I fuzzy systems.
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Figure 43. Velocity tracking in fifth joint using I' fuzzy systems.
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Figure 44. Velocity tracking in sixth joint using I' fuzzy systems.
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Figures 57-64 show the capability of the proposed type-1 and -2 fuzzy systems in
adaptively supplying the « and I' coefficients for the sliding mode controller according to
the working conditions of the robot manipulator in I', « alone and the « and I' coefficients
combined. In Figure 57, the I coefficients for the type-1 fuzzy system during the simulation
time are plotted. According to the resulting curves, significant changes were observed in
these coefficients over time. As shown, the change in the time interval of the disturbing
external input effect was clearly significant, which indicated the effort of fuzzy systems to
provide appropriate coefficients for the controller. Figure 58 illustrates the same coefficients
for the type-2 fuzzy system. Compared with the type-1 fuzzy system, after the transient
region, where significant changes were observed in all channels, these parameters regularly
started decreasing, while in the range of the effect of input disturbances, these changes
were milder than in type-1. The temporal variations of the « coefficient when using the «
type-1 and -2 fuzzy systems are plotted in curves 59 and 60. According to the figures, the
changes in this parameter in the transition region were significant and further showed a
decreasing trend for both fuzzy systems. However, the process of change for this parameter
in the type-2 fuzzy system was somewhat faster and also somewhat larger. In addition, the
effect of the presence of external inputs in the interval of 4 to 8 s on these parameters in both
systems was clear, which showed the system’s efforts to provide these coefficients optimally
for the controller to face the adverse effects of undesirable inputs. Figures 61 and 62 show
the trend of changes of I' coefficients related to type-1 and type-2 fuzzy systems, in which
these coefficients were used in combination with the a coefficient to provide the control
parameters. According to the resulting curves, significant changes in these coefficients
were observed at the beginning of the tracking or transition zone, especially for the type-2
controller, which continued to calm down during the process of approximation changes
in the type-2 fuzzy system. In the type-1 fuzzy system, the trend of changes of this
parameter had significant changes during the tracking time. The temporal variations of the
« coefficient in the case of the « types-1 and -2 fuzzy systems were plotted regarding the
corresponding fuzzy systems for the I parameter in curves 63 and 64. Again, according to
the figures, the trend of changes in this parameter in the transition zone was significant
for both methods, particularly for the type-2 fuzzy system, while a decreasing trend was
observed afterward in the application of both fuzzy systems. In addition, the effect of
the presence of external inputs in the interval of 4 to 8 s on these parameters in both
systems was quite clear. To summarize, it can be concluded that the compatible change
of these parameters with the robot operating conditions over time indicated the ability of
the proposed FSMC approaches to provide an appropriate amount of these parameters
specially using type-2 fuzzy systems.
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Figure 57. Variation of T for I type-1 fuzzy system.
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The control inputs versus simulation time for all proposed control methods are illus-
trated in Figures 65-82. It is noteworthy that in all methods, significant changes in the
value of the input torques were observed at the initial moment of tracking the desired
trajectory. However, all control inputs were kept in the allowed window due to the applied
limits on the output of controllers to match the case with the actual operating conditions.
In curves 65 to 70, where the control inputs were drawn at the joints for the sliding mode
controller along with the I' fuzzy sliding mode controllers, the behavior was relatively the
same for all methods. According to the results, in some cases, actuator saturation in the
transient region occurred. Additionally, the changes of control inputs in the application of
the type-2 fuzzy system in the transient region were slightly more severe than the type-1
fuzzy system, which of course can be seen in the full compliance of control inputs for all
methods. Input torques for « fuzzy systems alone are plotted in Figures 71-76. According
to the results, with the exception of the transient input area, the same performance was
observed for all controllers. In the transient region, the amount of torque was significant for
all control approaches and sometimes led to actuator saturation, but in control approaches
using type-1 and -2 fuzzy systems, more control demand was observed than the SMC. The
amount of change in the use of type-2 fuzzy systems, of course, is almost greater than the
type-1 fuzzy system approach. In curves 77 to 82, the control inputs at the robot joints
are plotted for all three approaches of conventional sliding mode controllers and fuzzy
sliding mode controllers using the combined « and I' fuzzy systems to adjust the controller
parameters. It was noted that the control changes in this mode were more balanced than in
the case of « fuzzy control alone. Although there was more control input demand in the
use of the type-2 fuzzy system approach than in the type-1 fuzzy system, the changes in the
control approach based on the type-2 fuzzy system were much smoother than those of the
type-1 fuzzy system. To summarize the results for control inputs, it was briefly observed
that in the control approach based on type-2 fuzzy systems, which use a combination
of w and I’ type-2 fuzzy systems to adjust the controller parameters, the control demand
with quality and optimal changes of parameters for meeting the control objectives were
adaptively provided, which showed the effectiveness of the method and the achievement
of the objectives of this study.
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Figure 68. Input torque in fourth joint using I' fuzzy system.

75| N.m]
&

10 - J
—_— MO
A2} SRS VSRR
K
14 : : : :
0 2 4 6 8 10

timels]

Figure 69. Input torque in fifth joint using I" fuzzy system.
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Figure 79. Input torque in third joint using aI fuzzy system.
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In order to further illustrating the effectiveness of the proposed controller system, the
results of the simulation of tracking the reference inputs for the PUMA 560 robot according
to reference [40] are presented in the Figures 83-93. It should be noted that in order to pre-
vent the article from becoming too long, only the joint reference path tracking the actuator
torques using combined fuzzy systems I are presented. The tracking quality of the sinu-
soidal reference inputs in all joints for the conventional sliding mode and I type-1 and -2
fuzzy system controllers are plotted in Figures 83-88. In the referenced article, a significant
trajectory error was observed, but on the contrary, the exact tracking of the reference inputs
was achieved using all conventional and fuzzy assisted SMC control methods. At the
beginning of the tracking, the controller system based on the type-2 fuzzy system showed
a small deviation, but further investigation revealed the more appropriate performance of
this controller along the trajectory compared with the controller counterparts.
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Figure 83. Velocity tracking in first joint using I' fuzzy systems.
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Figure 84. Velocity tracking in second joint using I' fuzzy systems.
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Figure 87. Velocity tracking in fifth joint using I' fuzzy systems.
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Figure 88. Velocity tracking in sixth joint using I' fuzzy systems.
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Figure 92. Input torque in fifth joint using aI fuzzy system.
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7. Conclusions

In this paper, the six-degree-of-freedom robot manipulator using a type-2 fuzzy sliding
mode control (T2FSMC) approach in which type-2 fuzzy systems were used to adaptively
adjust the sliding surface slope coefficients and the gains of switching control part of the
SMC controller was presented. When setting up the fuzzy sliding mode controller, an
optimal design approach based on a genetic algorithm (GA) optimization method was
used to tune the table of rules and parameters of the output membership functions of
type-2 fuzzy systems. According to the proposed design approach, the need for expert
knowledge in fuzzy system design was eliminated and the uncertainty effects in defining
membership functions were optimally considered. In addition, by managing the range of
universe of discourse of output parameters during the design of fuzzy systems, preventing
saturation of the actuators became possible. The performance of the proposed controller in
delivering the proper optimal parameters of the sliding mode control systems using fuzzy
type-2 systems was examined over controlling the UR5 robot arm. Simulation results of
the proposed controller in comparison with the fuzzy sliding mode controllers of type-1
and the conventional sliding mode controller clearly indicated improved performance of
the proposed control system. The generalizable features of the proposed control method
make it possible to develop the method for a variety of multi-input-multi-output nonlinear
systems. The aim of improving the comprehensiveness of the presented control approach
as an efficient and practically implementable sliding mode control approach with fuzzy
gain scheduling, especially for nonlinear systems with high degrees of freedom without
demanding significant computing and hardware costs, will be considered in future work.
In this regard, complementary components such as additional plugins to deal with the
actuators and sensors faults are to be considered as the future extension of the present paper.
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