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Abstract: This paper presents the development of a type-2 evolving fuzzy control system (T2-EFCS)
to facilitate self-learning (either from scratch or from a certain predefined rule). Our system has two
major learning stages, namely, structure learning and parameters learning. The structure phase does
not require previous information about the fuzzy structure, and it can start the construction of its
rules from scratch with only one initial fuzzy rule. The rules are then continuously updated and
pruned in an online fashion to achieve the desired set point. For the phase of learning parameters,
all adjustable parameters of the fuzzy system are tuned by using a sliding surface method, which is
based on the gradient descent algorithm. This method is used to minimize the difference between
the expected and actual signals. Our proposed control method is model-free and does not require
prior knowledge of the plant’s dynamics or constraints. Instead, data-driven control utilizes artificial
intelligence-based techniques, such as fuzzy logic systems, to learn the dynamics of the system and
adapt to changes in the system, and account for complex interactions between different components.
A robustness term is incorporated into the control effort to deal with external disturbances in the
system. The proposed technique is applied to regulate the dynamics of a mobile robot in the presence
of multiple external disturbances, demonstrating the robustness of the proposed control systems.
A rigorous comparative study with respect to three different controllers is performed, where the
outcomes illustrate the superiority of the proposed learning method as evidenced by lower RMSE
values and fewer fuzzy parameters. Lastly, stability analysis of the proposed control method is
conducted using the Lyapunov stability theory.

Keywords: evolving type-2 fuzzy systems; robotic control; uncertainties; Lyapunov stability

1. Introduction

The development of nonlinear control systems for mobile robots has been an important
research area in recent years. For example, numerical approaches have been developed
for trajectory tracking [1], navigation [2], parking [3], and obstacle avoidance [4]. Tradi-
tional control methods have been proposed for tracking control of mobile robots [5] and
feedback linearization [6]. Nevertheless, these algorithms can provide satisfactory tracking
performance only if the plant’s mathematical model is properly known, which is very
difficult in some cases due to various uncertainties (e.g., unmodeled dynamics, and noisy
and corrupted measurements) [7].

On the other hand, computational intelligence control approaches, such as fuzzy logic
systems (FLSs) and artificial neural networks (ANNSs), have lately been applied successfully
in trajectory tracking control problems. Intelligent controllers can learn the dynamics of
robots in an online manner for both structured and unstructured uncertainties, and also
adapt the controller’s parameters and structure based on the operating conditions without
the need to obtain a full mathematical model of the plant [7,8].

The flow of work in FLSs is divided into three major steps, namely, fuzzification, the
fuzzy inference system (FIS) and defuzzification, respectively. In the first stage, classical or
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crisp data are transformed into fuzzy data using membership functions, and a degree of
confidence is obtained. The degree of confidence in the fuzzy domain is then combined
with one of the input features to determine the rule-firing strength. The fuzzy rules follow
an if-then structure, with the antecedent being the “if” part and the consequent being the
“then” part. Finally, the rule-firing strength is combined with the defuzzification interface
to generate the final output [9].

The application of type-1 fuzzy logic control systems (T1-FLCs) has been explored in
the context of programming mobile robots to learn and exhibit specific behaviors [10]. How-
ever, T1-FLCs have limited ability to handle uncertainties in nonlinear systems, especially
in a new operating condition, where the performance degrades significantly [11]. Accord-
ingly, type-2 fuzzy logic control systems (12-FLCs) and interval type-2 fuzzy logic control
systems (IT2-FLCs) can be considered an alternative to solve the limitation of T1-FLCs [12].

IT2-FLCs have been proposed for mobile robot control problems [7,13-15], where
better tracking performance compared to T1-FLCs were reported. In [4], an interval type-
2 fuzzy neural network controller (IT2FNN) was developed for wheeled mobile robot
obstacle avoidance. The IT2FNN was compared with its type-1 fuzzy counterpart, where
their proposed controller was found to be robust against uncertainties and in the presence
of obstacles.

Nevertheless, these conventional IT2-FLCs have a static structure and lack the ability
to evolve their structure in an online manner. Generating type-2 fuzzy rules and their
associated membership functions is a potential challenge, especially for systems with many
variables [16]. Employing evolutionary algorithms to find optimal fuzzy parameters is not
desirable due to the large population space which results in slow performance. Hence, the
development of an automatic type-2 evolving fuzzy control system (T2-EFCS) is essential
to facilitate self-learning (either from scratch or from a certain predefined rule).

Evolving intelligent systems (EISs) are used to describe intelligent systems that can
adapt and evolve over time. EISs is a general term that refers to any intelligent system that
is capable of evolving over time to improve its performance. EISs can be implemented
using various techniques, such as ANNSs, and FLSs. The main concept behind EISs is to
provide the ability for the system to learn and adapt based on its experiences so that it
can improve its performance and become more efficient and effective [17]. On the other
hand, evolving fuzzy systems (EFSs) are a specific type of EISs that use FLSs to represent
uncertainty and imprecision in the system. EFSs are based on the idea of using fuzzy sets
and rules to model the behavior of the system [18].

In [19], EFSs were referred to as Smart Adaptive Systems , where they differ from adap-
tive systems and have the following features: (1) autonomous systems, where they are able
to evolve on their own; (2) flexible to change, where they are able to simultaneously evolve
both their structure and parameters; (3) able to respond to a surprise (e.g., unexpected
inputs); (4) able to accumulate experience (e.g., able to build-up their architecture during
the routine process); and (5) smart (able to make decisions).

There is a strong correlation between EISs and EFSs, as both concepts are focused on
developing intelligent systems that can adapt and evolve over time. However, EFSs are
more specific in that they use FLSs to represent uncertainty and imprecision in nonlinear
systems, while EISs, on the other hand, is a more general term that can refer to any type of
intelligent system that can evolve over time. Recently, evolving fuzzy systems have become
popular in various engineering applications. They are used for system identification,
regression, classification, and control [20,21].

EISs was first conceptualized in [22] for single-pass incremental learning, with self-
constructing neural fuzzy inference network (SONFIN) capabilities. SONFIN can learn both
structure and parameters in an online manner. Nevertheless, it cannot remove ineffective
rules. Kasabov and Song [23] proposed a new technique named a dynamic evolving neural
fuzzy inference system (DENFIS) based on the evolving clustering method (ECM), where
ECM requires a threshold value for defining the maximum distance between each data
sampleand cluster centers. Angelov and Filev [24] developed an evolving Takagi-Sugeno
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(eTS) fuzzy system that can evolve its structure from scratch without any prior knowledge
of the system. However, their proposed algorithm is not capable of eliminating redundant
fuzzy rules. In [25], a sequential adaptive fuzzy inference system (SAFIS) was proposed,
where the Kalman filter is utilized for updating the parameters. Angelov [26] developed a
new version of eTS called eTS+, where the online dimensionality was reduced compared
to the original eTS. In [27], a parsimonious network based on a fuzzy inference system
(PANFIS) was developed as an improved version of SAFIS, where the extended recursive
least square method was utilized to guarantee the stability of the learning algorithms.

In the control systems domain, EFSs have been used to control nonlinear systems.
In [28], a generic self-evolving neuro-fuzzy controller was designed for trajectory tracking
of bio-inspired unmanned aerial vehicles and also to achieve a robust control performance
of a voice coil motor in [29]. These recent controllers learned their structure from scratch and
utilized the sliding mode theory for adapting fuzzy parameters. In another study in [30], a
self-evolving fuzzy controller was designed for a hypersonic vehicle with online structure
and parameter learning. Their simulation results demonstrated superior performance
over a fixed-structure fuzzy system. However, their proposed controller was model based,
requiring an accurate mathematical model of the system. Furthermore, most of the real-
world applications are nonlinear, making it difficult to establish an accurate mathematical
model, especially in the presence of external disturbances and other types of uncertainties;
hence, it is important to design a model-free controller, which does not require knowledge
of the plant dynamics.

The integration of EFSs and type-2 fuzzy logic systems was first introduced by Juang
and Tsao [31], with an improvement over their proposed SONFIN using the evolving
structure. In [31], a self-evolving fuzzy logic system was developed to generate fuzzy
rules from scratch for modeling nonlinear systems. Their proposed algorithm utilized the
Kalman filter for parameter learning of the consequent part, while the antecedent part was
learned by the gradient descent method. The same algorithm was implemented in [32] for
the system identification of nonlinear systems. In [33,34], fuzzy rules were generated from
input-output data, and the entropy criterion was used to determine when to extract and
generate a new fuzzy rule. However, one drawback of this framework is that once the rule
is created, it cannot be pruned. Hence, several pruning techniques were proposed in the
literature to reduce the complexity of rule base design and improve the readability and
interpretability of rule semantics [35].

Evolving type-2 fuzzy logic systems were utilized to control nonlinear systems. In [36],
a function-link self-evolving type-2 fuzzy system was proposed for nonlinear system
identification and control, where good results were obtained using their proposed method.
Another self-adaptive type-2 fuzzy controller [37] was proposed to control permanent
magnet linear synchronous motor (PMLSM) drivers. Nevertheless, the actual system is still
assisted by a proportional-derivative (PD) controller.

A particle swarm optimization technique was used to find the optimal learning rates
in [38] to construct their proposed interval type-2 fuzzy brain emotional learning con-
trol system. However, the efficacy of their proposed approaches in the face of various
uncertainties has not been investigated adequately.

To accommodate more uncertainties in capturing the dynamics of nonlinear systems
and to design a self-sufficient controller, the contributions of this paper can be summarized
as follows:

* Anovel type-2 evolving fuzzy control system (T2-EFCS) supported by efficient prun-
ing rules is introduced. The adaptive law is derived using the sliding mode control
(SMC) theory to guarantee the systems’ robustness against uncertainties.

*  The proposed closed-loop control system is employed to control a simulated mobile
robot, where the robustness is investigated in the presence of external disturbance
(e.g., noisy sensor measurements). For disturbance rejection, a new robustness term is
added to obtain robust control performance against uncertainties.
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e  Arigorous comparative study with respect to three different controllers, such as T1-
FLC, T2-FLC, and T1-EFCS, is performed, where the outcomes of this study illustrate
the superiority of the proposed method with lower RMSE values.

*  The stability analysis of the proposed method is implemented using the Lyapunov
stability theory.

The remainder of this paper is structured as follows. The problem formulation is
discussed in Section 2. The T2-EFCS control system design is presented in Section 3,
including the adding mechanism, the pruning mechanism, and the parameter adaptation
of type-2 fuzzy rules. Section 4 describes the stability proof of our proposed T2-EFCS. The
system description of a mobile robot is provided in Section 5. The simulation results are
discussed in Section 6. Finally, Section 7 provides a concluding remark of this paper.

2. Problem Formulation

A class of a n-th order nonlinear dynamic system can be described as follows:

x(1) :i(;) +b(x)u+d(x) 1)
y=x
T
where the state vector x € R™ can be defined as x = { x % ... xn=1) } c Rrm,

x € R™Mrepresents the state; f(x) € R™ and b(x) € R"™*™ are the system nonlinear
functions; u depicts the control input; y is the system output; and d(x) € R" expresses
unknown uncertainties. For the theoretical study; it is assumed that the nonlinear terms
in (1) are known and bounded, and b " (x) exists for all x.

Assumption 1. If there existinevitable modeling uncertainties between the real system and the
simulated systems, they can be absorbed in the uncertainty function.

The purpose of the closed-loop control system is that the system output y has the
ability to track a desired signal y;. Consider the tracking error as

c=Ya—Y @
and the system tracking vector can be written as
T
e= [ e(t) e(t) ... e(r)"D ] € R, ©)

Define an integrated sliding surface as

ot
Serc =" e 24 4Ky /0 e(t)dr, 4)

where x; € R™*™ is a strictly positive constant matrix, where i = 1,2,3...,5n; and x =
[, ..., %] T € RM<M_If the nonlinear terms f(x) and b(x) and also the d(x) are known,
an ideal control law u;, (t) can be designed as follows [36,38,39]:

tgin = b(x) 7y — f(x) — d(x) +xTe] ®)
Using (5) and (1), we can derive the following error dynamic equation as:
SEFC = €(n) + KTE =0 (6)

From (6), it is clear that if x is chosen to correspond to the Hurwitz polynomial
coefficients, it leads to a convergence of the tracking error to zero when the time approaches
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infinity [39]. Nevertheless, in real-time applications, the uncertainty term d(x) cannot be
precisely known. Therefore, the ideal control law in (5) is not available.

For this study, we assume there is an optimal T2-EFCS controller u7,_pp-s to ap-
proximate the ideal controller u;, in (5), where UTy_ppcs is function of (m*, m*, o, W*, t)
so that uf, = Uty _pres (m*, m*, 0%, W*, t) + €(t), where m*, m*,c*, W*, t are the optimal
parameters for 7, m,o, W and ¢(t)is the approximation error. As we cannot obtain the
optimal parameters accurately, the estimation control system is utilized as follows [40]:

Afin = Aro—pres (1, 8,6, W, t) )
where 71, 11, &, W are the estimation of the optimal parameters. The robustness term is
discussed in Section 3.4.

3. T2-EFCS Control System Design
3.1. T2-EFCS Architecture

The structure of the proposed evolving interval type-2 fuzzy control system is dis-
cussed in this section. It consists of five layers, namely, the input layer, the fuzzification
layer, the firing strength layer, the consequent layer, and the output layer. Each rule has the
following form:

RULE™ : If (xyis X{", xpis XY, ..., xyis XIJ'),

M
THEN i = Y Wi (t)xn(t),

n=1

where x = x1,...,x,; denotes the inputs variables to T2-EFCS, m = 1,2, ..., M, where M
represents the number of fuzzy rules, W7 € RM denotes the weight vector of the fuzzy
logic consequent part, and X" and 7 are the interval type-2 fuzzy membership functions
for the input and output, respectively. Each layer can be described as follows:

e Layer 1 (Input layer): This layer is the input signals with (n x 1) vector. In this study,
the error and its derivative are the two inputs to the system.

¢ Layer 2 (Fuzzification layer): This layer is the first hidden layer, which can be expressed
by IT2 membership functions. In this study, a Gaussian membership function with
fixed width ¢]/' and uncertain means [/, m,,,| is deployed as shown in Figure 1,
which can be given as follows [41]:

T —expd L (=T )?

ﬂmnexp{ 2( = >} ®)
B 1 (= My )

ﬂmn—ew{z(%nm) } ©
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Figure 1. Interval type-2 Gaussian membership function.

Layer 3 (Firing layer): The firing strength F,, is computed in this layer to perform the
aggregation operation:

En=1[f  ful (10)
where
{fm =11 -
7m = HZ:l Pon-

Layer 4 (Consequent layer): the output of this layer has two consequent values as

follows: N

ity = S £, (Ot
a MZnMil im(t) (11)
31t) = Enca I Bm)
Zm:l fm (t)
where ¥(t) and y(t) are the upper and lower outputs of the consequent part, respec-

tively. In this layer, the center-of-sets and the ‘Enhanced Iterative Algorithm with Stop
Condition’ type-reducer were utilized to calculate the interval outputs [y(t), y(t)].

7

Layer 5 (Output layer): The computation of the output value of the last layer is given
as follows:

y=ay(t)+ (1 —0)y(t), (12)

where ¢ € [0,0.5] represents a weighting parameter.

3.2. T2-EFCS Structure Learning

Rule-Adding Mechanism: The rule generation of T2-EFCS is based on the distance
between the incoming data and the upper and lower means of the type-2 Gaussian
function so that when max D1, > T,44, a new rule is generated. The Euclidean
distance of the upper and lower means can be computed using the following equation:

D(xn/mM) = || Xn — Mpm ||2 ’ (13)

where x,, represents the incoming data of e and é; my; = ((7ip + m,,)/2) is the mean.
If we define a MAX-MIN approach to identify when to add a new type-2 fuzzy rule
as, M = arg min D(xy,my), the T2-EFCS finds

1§M§n M

If (max Dty > Tudd) THEN
Generate new type-2 fuzzy rule

where T,;; denotes a prior threshold value for rule generation.
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The initial type-2 fuzzy MF parameters are set as
1omi] =[x —A A
(m3,,mi,] [xn — Ax, X + Ax] (14)
o = UOfixed

where ;4 denotes a predefined value (in this work, 0xs = 0.5), which determines
the width of the membership functions associated with a newly generated rule, m},
and m?  are the uncertain center of the membership function associated with a newly
generated rule, and Ax is the width of uncertain region.

Once a new type-2 fuzzy rule is generated, the same procedure implemented for the
first rule is utilized to assign the uncertain mean and the width as follows:

=[xy, — Ax, xy + Ax]
[0 (15)
Xy — (’”12;’”12) ‘

where { represents an overlapping parameter (¢ is set to 0.5 in this work), and M(t)
represents the total number of type-2 fuzzy rules at the " step.

[mﬁ(t)—l-l, i\fl(t)—&-z}

oM()+1 =Z.

Remark 1. If the uncertainty associated with the mean Ax is very small, the type-2 GF
becomes similar to the type-1 GF. Nevertheless, if the uncertain region of type-2 GF with is
extremely large, it covers all input domains, where a lower number of rules is generated [36,42].

*  Rule Pruning Mechanism: In this proposed technique, deleting unnecessary rules
is considered. The process of pruning existing rules is based on the contribution of
membership grade, so when it is smaller than the prior threshold value, the rule is
deleted. This approach can be expressed as follows:

If (Fyn < Tsy) THEN delete type-2 ith fuzzy rule

where Tj,; denotes a prior threshold value for rule deletion, and Frp = EF;, which
denotes the firing strength in (10) for each incoming data.

Automatic rules generation and pruning are efficient, which determine the optimal
number of fuzzy rules. Figure 2 illustrates the flowchart of the proposed method. The
online update of type-2 fuzzy parameters is presented in the following section.

Remark 2. The selection of the adding/pruning threshold parameters T, 5 and T, is based on the
maximum number of fuzzy rules (MNFR), where MINFR is a design parameter that determines the
maximum number of fuzzy rules when a fuzzy structure evolves. These threshold values are confined
in (0,1). The empirical relationship between the adding/pruning thresholds values (T,44, Tg.1) and
MNER is described as [T,34 > (1/ MNFR)] and [Ty, > (1/ MNFR)]. This way, the parameters
of the T2-EFCS are meaningful to the user. For instance, if MINFR is selected to be 7, then T,;; and
Tie1 should be selected >0.143. If MNFR is selected to be 15, then T35 and Ty,; should be >0.067.
Higher MNFR wvalues result in higher accuracy, but also higher processing time. The selection of
MNER is a trade-off between the processing unit capabilities and controllers” accuracy [43].
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Initialization of type-2
fuzzy parameters

x; is the first
input data?

Add the 1% type-2

Calculate the maximum membership § ]
uzzy rule

grade, G,

Generate a new
type-2 fuzzy rule
and associated

Gaussian MF
Delete the ith rule

Update type-2 fuzzy
parameters

Finished?

Figure 2. Flowchart of our proposed T2-EFCS.
3.3. T2-EFCS Parameters Learning

The gradient descent method is applied to minimize the error function between the
desired and the actual output. Sliding mode control is utilized to optimize the upper
and lower parameters of our proposed T2-EFCS system using a self-tuning technique,
making the system robust to variations in system parameters and external disturbance [14].
The online adaptation law of the proposed T2-EFCS is given in the following equations
as [36,38]:

A~ A N ds t)s t
mn
) t)s t
iy (141) = st (1) 2EFC RO 17
—mn
) t)s t
G (E+1) = G (£) — ,%M 18)
Omn
N " . 0s t)s t
el -+1) = Wye(1) — o P 19
nk

where 7, fjo, and 7y are the learning rates to update T2-EFCS parameters.
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By applying the chain rule, the following equations can be derived:

Osprc(Dsprc(t)  _ 1 9sgrc(Bsprc(t) 9V f + % f
FMiyun 2 dilmp_prcs of . Oyn — Of ,, Mimn (20)
— lSEFC(t) (w’"_z) aém + (uA}/?l_E) azm
2 Zr]:le im i Zm:l m IMimn
dsprc(Nsprc(t)  _ 13sgrc(seec(t) (%Y 9F, | 9y 9f,
oMty 2 dlra—gpcs aLn ity afm iy (21)
— lSEFC(t) (wm*Z) aAim + (wm—@ afm
2 Z%zl im ity ZTIXI:I m Mty
Isgrc(Déppc(t) 1 9sgrc(t)dprc(t) 871% éla?ln
90 un 2 auTz_EFCS aim a0 afm a0 (22)
= emrc) (L + oD %
2 Z:mzl im 9 ):mzl m 9
Oserc(H)serc(t) 19sgrc(t)sppc(t) 9lry_prcs 9y
Wik 2 9iy_EFcs ay ”
= lSEI—"C(t) Mim + Mfm* )
2 Zm:l Im ):m:l fm
From (10), the following can be derived:
a 2
aim = aim aﬁmn — f (x”_m’””)
aﬁmn aﬂmn aﬁm” =m (ﬁmn) ’ 2
a;fm _ % ﬁAmn _ ? (Xn—mmn)
My Hn OMiyn m (ﬁm,/,)S
aAim — a):m agmn — f (xn_mmn)z
a@nn aﬁfmn gL m (ﬁ'mn)3 (24)
afm — % Emn — j( (xn*ﬁmn)z
ity Honn Ity m ((Afmn)3
aim — a]:m aknm — f (x” _ﬁmn)
ETom o, 00 Lm o (On)
a.?m — a?m M — 7 (x”_ﬁm”)
aﬁﬂlli ﬁmn 8?7 m ((7\}111/1)3

3.4. T2-EFCS Robustness Term

For obtaining a robust control performance in the face of uncertainties, a disturbance
elimination term, u,yp,s;, is added to the final control input. Therefore, the final control
input can be expressed as

ﬁfin = T2 EFCS (ﬁ/ m,a, W/ t) + robust (25)
where 1,,p,5; is a robustifying term [43,44], which can be represented as follows:
Rrobust = P Sat(SEFC(t))/ (26)

where § denotes a design parameter, and sat can be defined as follows:

Serc i <
Sat(SgpQ) _ { =, if |Serc| < 14 (27)

L sgn(Sgpc), otherwise

where ! is a design factor representing the thickness of the boundary layer. The sgn
represents the signum function, which can be defined as follows:

L if Sgpc(t) >0
sgn(Serc(t)) =0,  if Sprc(t) =0 (28)
-1, lf SEPC(t) <0
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4. T2-EFCS Stability Proof
The Lyapunov function is defined as [36,38]:

V(serc(t)) = %S%Fc(t) (29)
V(serc(t)) = serc(t)serc(t) (30)

Following the derivation on [36], one can introduce a matrix such that Qo (t) =
a”“a#, for O = i, 7,0, W where

JilT2_EFCS JllTo_EFCS

Qun(t) = dlirto_prcs | 9lTo—EFCS
m - Py - A
o ity

JlT2_EFCS

VAR

Jeeoy

Oty oty

JlT2_EFCS JlT2_EFCS

“ey

am2n i

A4 A s A
amn,-n]- ami’lii’l]‘ ‘|

Q- () = Oltto_prcs _ | 9hT2—EFCS 912 EFCS 9ty EpCS
" om omyy Y Bmlnj Y M
dlT2_EFCS JlT2_EFCS 912 EFCS
ey A JERRY A JARRY] A
amZn]- amn,-n]- am?’l,’?’l/’
N = dilty_prcs | 9lTm2_EFCs 9Ty _EFCS 912 EFCS
Q&()_ a/\ - aA a/\ /AR a,\
v 011 Uln, 021
JlT2_EFCS dlT2_EFCS JlT2_EFCS
T T po
21’[/' Vl,‘}’lj }’ll‘}’l]‘
912 EFCS dlT12_EFCS

oW oWy

Oy _EFCs

oty dllTy_
Qu (1) = 2412 EFCS:[ T2-EFCS

ann/- T oWy

JlT2_EFCs

cey

Jeeoy

dilTo_EFCs 1

aWZn] T aWVliﬂj aw}’lil’lj

By applying the gradient descent technique, (30) can be represented as

V(sgrc(t+1)) = V(serc(t)) + AV(SEFC(;)) 1)
= V(serc(t) + [L(S%F(S(t))} AO
where AV (sgpc(t)) represents the change in V (sgpc(t)); AO is the change in O.
By utilizing the chain rule, the following equation can be derived as
OV (sprc(t)) _ 9V (serc(t)) Olra_prcs
d0 aﬁTz_EFCS 0 (32)
_ 9sgpc(t)Sepc(t) 9l1o_Ercs
dliTy_prcs
and by utilizing (20)—(23) and (31), it yields
oV (sgpc(t oy
% = *SEFC(t)% = —serc(t)Qo(t) (33)
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where
AO = —o 3SEFC(§§EFCU) — foserc(t)Qo(t) (34)
By substituting (33) and (34) into (31),
AV (sgpc(t) = [L(S%F(g(t))} "a0
= [=serc(DQo(t) * floserc(t)Qo (1) (39)
= —Nostrc(H)Qo (t)

From (35), if o is selected as fip >0, it yields to AV (sgrc(t)) < 0. Hence, the
convergence of the proposed fuzzy parameters is guaranteed by the Lyapunov stability
theory [36].

5. System Description for a Mobile Robot

The absolute position of the robot can be represented in the Cartesian plane, with
respect to the global frame, by the following three variables as

p=1[xy0" (36)

where x and y denote the coordinates of the robot center of the mass, while 6 represents the
robot orientation, as illustrated in Figure 3. The robot can be controlled by

q=[v,w]", (37)

where [v, w| are the linear and angular velocities, respectively. Therefore, the mobile robot
kinematic model can be described by the following equation:

X cos@ 0
{y:]:[—sinﬂ o][;’u] (38)
0 0 1

w3

» X

X Xp

Figure 3. Kinematic model of the differential-drive mobile robot.

Our mobile robot belongs to the class of differential-drive ground robots. Hence, the
linear and angular velocities can be described using the left V; and right V, wheels as
follows [4,45]:

o — Uk, (39)
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R (40)

where d is the distance between wheels. The robot rotation radius, r, can be computed as

r =

avVi+Vve) _
2% ~ w (41)
Lastly, the full kinematic model of a mobile robot can be represented as follows:

¥ r(dcos@—asin®)  r(dcosf+asind)

2d 2d
]] — r(dsinf—acosf)  r(dsinf—acosh) Wy (42)
A 2d 2d wy
o T 4

2d 2d

where[w,, w)] are the right- and left-wheel angular speeds, respectively. The dynamic
model of the mobile robot can be represented using the Euler-Lagrangian method in the
following form [46]:

M(q)(4) +C(q,4)(4) + F(q) = B(q)u — A(Q)V, (43)

where M(q) is the inertia matrix; § represents the velocity vector of both position and
orientation; § denotes the acceleration vector of position and direction; C(g, 4) denotes the
Centripetal /Coriolis matrix; F(4j) represents a friction vector; A(q) is a constraint matrix;
B(q) is the input transformation matrix; u is the control input vector; and V denotes a
Lagrange multiplier vector.

6. Results and Discussion

In the following section, the effectiveness of the proposed control system is investi-
gated under three different scenarios. First, the proposed method is utilized to regulate the
dynamics of a differential-drive mobile robot to follow the desired trajectory in nominal
conditions. Second, band-limited white noise was injected into the feedback loop using
a MATLAB/SIMULINK block. Third, an external disturbance was added to the system’s
dynamics as dy = 2 cos(t) for the x-axis and dy, = 2 sin(t) for the y-axis. T2-EFCS initial
parameters are given as follows: My = 0.8, Wy = 0.5, On = 0.55, Wnk =074, =05,
fle = 0.01, and iy = 0.3. In addition, the efficacy of the proposed method is compared
with three other controllers, namely, type-1 fuzzy logic control (T1-FLC), type-2 fuzzy
logic control (T2-FLC), and a type-1 evolving fuzzy control system (T1-EFCS). The root
mean square error (RMSE) criterion is utilized to evaluate the performance of the proposed
control system. The prior threshold values are chosen as T,;; = 0.11 and Ty,; = 0.07. The
desired /reference trajectory of the mobile robot can be represented as p, = [x;, v, 9,]T,
where we use the velocity reference model to obtain the expected velocity as g (t) = [vy, wy].
Therefore, the velocity error can be defined by

Cdesired = qr — 4 = [ev, ew]T' (44)

In the simulation model, the following parameters are set as: m = 10 kg; r = 0.05 m;
d = 0.4 m; and F(4) = 0. The desired trajectory is set to follow a sine wave reference for
the x-axis, and a cosine wave reference for the y-axis.

6.1. Performance in Nominal Condition

As depicted in Figure 4a, the simulation results for different controllers for position
control in the xy-axes are presented, where the proposed T2-EFCS achieved a favorable
tracking performance compared to other benchmark controllers demonstrated by their
RMSE values in Table 1. Moreover, the distance error between the desired and the actual
trajectory for the four controllers is illustrated in Figure 4b, where the error decreased
from around 0.19 m to almost zero value in a very short time using our proposed method.
Since the proposed T2-EFCS evolves with time, it is important to report the evolving
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rules with respect to the simulation time. It can be seen in Figure 4c that few rules were

required to track the desired trajectory using T2-EFCS. This clearly indicates the simplicity

of the proposed control algorithm, making it suitable for small systems with limited

computational payloads.

—Reference —T1-FLC —T2-FLC - T1-EFCS —T2-EFCS
ot ]
0.2r ]
T-04f 1
=
061 1
0.8f ]
-1 L Il Il Il Il Il Il Il Il ]
06 04 02 0 02 04 06 08 1
X (m)
()
0.2 : : :
—T1-FLC —T2-FLC —T1-EFCS —T2-EFCS)
0.15 ]

0 10 20 30 40 50

Time (sec)
(b)
w 6 T
< —T2-EFCS
g S
~
| 4
=3 : : : :
0 10 20 30 40 50
Time (s)
% 6 \
3 —T2-EFCS
3 Il
S 5
| 4
>~ 3 ‘ ‘ ‘ ‘
0 10 20 30 40 50
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(0)

Figure 4. Performance of the proposed control system in nominal condition. (a) Desired vs. actual
positions of the robot path in nominal condition. (b) Distance error evolution for different controllers.

(c) Evolution of the fuzzy rules for the proposed T2-EFCS.

Table 1. Summary of the experimental comparison of the performance of different controllers.

RMSE Values (Nominal Condition)

Metrics Errory[m] Errory[m] Errorgis[m]
T1-FLC 0.025 0.006 0.026
T2—-FLC 0.021 0.005 0.022
T1—-EFCS 0.018 0.004 0.019
T2—EFCS 0.017 0.005 0.018
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6.2. Performance in the Face of Measurement Noise

In this section, the robustness analysis is presented by injecting a band-limited white
noise into the feedback loop using a MATLAB/SIMULINK block. The position tracking
in the xy-axes is shown in Figure 5a. The simulation results illustrate that the proposed
evolving method can handle the disturbance within a reasonable period of time. Addition-
ally, the distance error between the desired and the actual trajectory for the four controllers
is plotted in Figure 5b. Lower RMSE values were obtained using the proposed method
compared to other benchmark control systems as tabulated in Table 2. Lastly, the fuzzy
rules were pruned according to the plant’s dynamics to accommodate measurement noise
as shown in Figure 5c.

(—Reference —T1-FLC —T2-FLC —T1-EFCS —T2-EFCS
O | .

2 04 06 08 1
(

—T1-FLC —T2-FLC —T1-EFCS —T2-EFCS)

0.15 i

Error(m)

0 10 20 30 40 50

Time (sec)
(b)
w 4 T
O —T2-EF
3 __CS
=3
I
o \ \ \ \
0 10 20 30 40 50
Time (s)
5 T
3 [—T2-EFCS]
= 4r J
=
I3
5 ) I
0 10 20 30 40 50
Time (s)
(0)

Figure 5. Performance of the proposed system in the face of measurement noise. (a) Desired vs.
actual positions of the robot path in the face of sensor noise. (b) Distance error evolution for different
controllers in the face of measurement noise. (c¢) Evolution of the fuzzy rules for T2-EFCS in the face
of measurement noise.
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Table 2. Summary of the experimental comparison of the performance of different controllers in the
face of measurement noise.

RMSE Values (Uncertain Condition-Noisy Sensor Data)

Metrics Errory[m] Errory[m] Errorg;s[m]
T1-FLC 0.0391 0.012 0.041
T2—FLC 0.0269 0.008 0.028
T1-EFCS 0.019 0.010 0.021
T2—EFCS 0.020 0.006 0.021

6.3. Performance under Unknown Disturbance

Additionally, the controller’s performance was assessed by observing the tracking
performance in the face of external disturbance. The position tracking in the xy-axes under
external disturbance is shown in Figure 6a, where the simulation results illustrated the
efficacy of the proposed method to handle the external disturbances. Similarly, the RMSE
criterion was used for comparing the tracking performance with benchmark controllers
as presented in Table 3. The distance error between the desired and the actual trajectory
for the four controllers is plotted in Figure 6b. Lastly, more fuzzy rules evolved to face
uncertainties as shown in Figure 6c.

—Reference — T1-FLC —T2-FLC —T1-EFCS —T2-EFCY|

0.2r

= -04F ]
0.6 ]
0.8 ]

-0.5 0 0.5 1
X (m)

(@)

0.2

—T1-FLC —T2-FLC —T1-EFCS —T2-EFCS)

0.15 7

0.1

Error(m)

0.05

Time (sec)

(b)
Figure 6. Cont.
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Time (s)
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Time (s)

Figure 6. Performance of the proposed system in the face of external disturbance. (a) Desired vs.
actual positions of the robot path in the face of external disturbance. (b) Distance error evolution
for different controllers in the face of external disturbance. (c) Evolution of the fuzzy rules for the
proposed T2-EFCS in the face of external disturbance.

Table 3. Summary of the experimental comparison of the performance of different controllers in the
face of external disturbance.

RMSE Values (Uncertain Condition-External Disturbance)

Metrics Errory[m] Errory[m] Errorgis[m]
T1-FLC 0.0307 0.0140 0.0337
T2—FLC 0.0232 0.0112 0.0258
T1—-EFCS 0.0306 0.0164 0.0347
T2—EFCS 0.0224 0.0049 0.0229

7. Conclusions

This paper proposed a novel type-2 evolving fuzzy controller, named the T2-EFLCS,
for uncertain dynamic systems. The proposed method was implemented to regulate the
dynamics of a mobile robot system. The proposed technique has the ability to perform
self-learning and prune its fuzzy rules efficiently. Our approach is useful for reducing the
computational complexity and memory requirements of the system, and improving its
interpretability and generalization ability, which leads to an optimized fuzzy control system.

To investigate the robustness of T2-EFLCS, an external disturbance was added to the
nonlinear model, where simulation results depicted that T2-EFLCS can handle uncertainties
in the system. Moreover, lower RMSE values were reported from the proposed T2-EFLCS
compared to other controllers. The integration of self-evolving approaches with the SMC-
based adaptive law resulted in a fast learning and compact structure. The proposed
T2-EFCS was computationally efficient while maintaining superior control performance.
The newly developed method leverages the advantages of evolving fuzzy systems for
controlling uncertain nonlinear systems.

For future work, this approach can be extended by applying it to a physical robotic
system to validate the theoretical results obtained from simulation and to provide insights
into practical implementation issues.
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