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Sliding mode controller (SMC) has become a popular traditional control
method in industries due to the most effective control strategies employing
nonlinear control and the ability to reject disturbances, particularly for line
trajectory control. However, this control method has chattering problems due
to high-frequency switching. To cope with the shortcoming, an artificial
intelligence (Al) method is utilized in the traditional SMC to eliminate or
reduce this chattering problem. This paper investigates an adaptive fuzzy
logic system combined with SMC algorithm to alleviate the problem. Fuzzy
logic is chosen due to its advantages in tackling nonlinear properties using
if-then thinking, whereas SMC method can be applied due to its ability to
reject disturbance control. The inverted pendulum is selected as a controlled

Inverted pendulum

Ve object and simulated using MATLAB/Simulink to investigate this control
Sliding mode controller

method. By combining the fuzzy logic system and the SMC approach, the
chattering problems can be adaptively reduced on the line trajectory tracking
signal. The adaptive fuzzy SMC achieved better performance with fast
response compared with previous literature algorithms for similar plants.
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1. INTRODUCTION

In the last decade, many scholars have investigated several control methods to achieve control
optimization [1], [2]. This strategy is carried out to find new control ideas or modify them by combining two
or more control algorithms to reduce or eliminate shortcomings. The combination of these algorithms can be
conducted between conventional control and modern control strategies. By this combination, an adaptive
control strategy can be obtained by online estimation to approximate the parameter varies corresponding to
the unknown model [3]. For example, the proportional-integral-derivative (PID) control approach is
combined with the artificial intelligence (Al) method to achieve adaptive intelligent control [4]. Similar kind
to PID controller, the sliding mode controller (SMC) is also possibly be combined with Al approach to
improving the control performance [5]. Moreover, traditional control systems usually employ Al algorithms
to obtain a more optimal and robust control system [6].

The control system algorithm is generally divided into three functions: line tracking control, balance
and velocity control, and steering control [7]. The traditional SMC control algorithm is very popular to be
applied to line tracking control because of its ability to reject disturbance control [8]. According to the
researches on [9]-[11], this control algorithm is one of the most effective control strategies to tackle the
system with nonlinear properties due to its robustness in parameter variations and external disturbances.
However, due to high-frequency switching, the traditional SMC control algorithm has a shortcoming, namely
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chattering phenomena on the sliding surface [12]. The chattering problem is an undesired phenomenon of
oscillations and becomes a problem in obtaining better control accuracy [13]. To eliminate or reduce this
chattering problem, combining different characteristics of control methods are become a solution to achieve
the tracking control problem effectively and accurately.

Various Al methods have been studied to overcome the chattering problems of the SMC algorithm,
including the fuzzy method, and combining it with other algorithms, such as heuristic or neural network
strategy. One of these methods employed a neural network to tackle the problem. Cibiraj and Varatharajan
[14], the chattering phenomenon can be efficiently reduced using an adaptive neural gain scheduling SMC
approach and eliminated using adaptive fuzzy gain scheduling SMC. Li et al. [15], the adaptive neural
network method is employed to effectively alleviate chattering for a class of nonlinear single-input—single-
output (SISO) systems. Yogi et al. [16] employed a recurrent neural network algorithm to attenuate the
chattering effect on SMC for controlling the position of the quadrotor. This study in [16] could effectively
attenuate the chattering effect on SMC and provide faster and finite-time convergence. Moreover,
Cheng et al. [17] suppressed the chattering problem on SMC algorithm for flexible-joint robot manipulator
using radial basis function neural network (RBFNN). This study obtained effectively eliminate and
suppressed the chattering problem with smaller switching compared with other algorithms without RBFNN.

Another way to reduce or eliminate the chattering on the traditional SMC is combined with fuzzy
logic control [18]. Baghaei et al. [19] proposed a chattering-free (CF) SMC, namely the CFSMC approach,
using a fuzzy logic model to eliminate the chattering problem. This study achieved less computational cost,
better stability, and high accuracy control system. Ahmed et al. [20] studied modeling and chattering free for
SMC using an adaptive fuzzy algorithm employed on the robotic manipulator systems. The proposed method
achieved a chattering-free fuzzy SMC for uncertain chaotic systems. An adaptive interval type-2 fuzzy SMC
has also been presented to avoid the chattering problem for a robot arm to validate the practical control
approach [21]. As reported in [22], the fuzzy logic system is also adapted to offset the errors on uncertain
nonlinear systems. Most studies above proved that a fuzzy logic system could better reduce and alleviate the
SMC method's chattering problems.

The contribution of this study is to design a control strategy using a combination of two algorithms,
such as fuzzy logic and SMC method, as an alternative for a single-stage inverted pendulum. By combining
an adaptive fuzzy control and the SMC method, a new control strategy can enhance control accuracy and
robustness by reducing the chattering phenomenon. This proposed algorithm is then called adaptive fuzzy
SMC (AFSMC). This proposed control study employs and simulates the controlled object using a single-
stage inverted pendulum. The control performance of adaptive fuzzy combining with traditional SMC can be
simulated using MATLAB/Simulink.

2. RESEARCH METHOD
2.1. System description

This paper considers the following n-order nonlinear SISO systems as the controlled object [23],
[24]. This controlled object employed an inverted pendulum as representative of a nonlinear SISO system.
This inverted pendulum is employed in the system due to the most important problems in the control
laboratories to verify a modern control theory [25]. There is the most familiar inverted pendulum in literature.
In this study, we employed a simulated cart inverted pendulum using MATLAB/Simulink. This dynamic
equation can be modeled in the canonical form as (1).

XU = f(xt) + gxtu) + de) 1)
y=X

Where f and 4 are unknown functions, respectively. xeR",ueR",y<cR", and d(t) are unknown
disturbances, |d (t)| < D, g(x,t) #0,g(x,t) >0. If f(x,t) and g(x,t) are unknown values, the fuzzy systems
f(x,t)and g(x,t) can be used instead of f(x,t) and g(x,t) to achieve the adaptive fuzzy SMC method.

2.2. Basic fuzzy system

Fuzzy control is a kind of control strategy that does not trust the controlled model but relies heavily
on an expert or a knowledgeable control operator [26]. The advantage of a fuzzy control system is that it is
easy to incorporate the experience or expertise of a human into the controller. Without this control
experience, designing a high-level fuzzy control system becomes a challenging issue. In addition, because the
fuzzy controller adopts if-then control rules, it is challenging issue to alter the control parameters, so control
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stability is also difficult to be achieved. In some complex systems, especially where the system has inaccurate
and uncertain information, the effect of fuzzy control is often better than conventional control. The fuzzy
controller parameters must be determined after repeated trial and error, and there is a lack of systematic
analysis and comprehensive methods such as stability analysis. Let the system consist of fuzzy rules in the
form of if-then and it can be written as (2).

RD: if x is Aland ... and x, is Al then y is B! )
Using the inference engine, the output of the fuzzy system can be calculated using (3).
m .

>y (f{HN‘ (Xi)]

j=1

y(x) =1L
o

j=1

n @)
HHN (Xi )]

i=1

Where H ,j (X;) isthe fuzzy membership function, the (3) can be written as (4) and (5).

y(x) =0"&(x) (4)
o=[y' L y"I', g=[E0) L &m1" (5)
Where £(x) can be written as (6).
HHAiJ (%)
g =—— (6)
Z (H MAJ (Xi )j
j=1\i=1 '

2.3. Design of AFSMC algorithm

Designing an adaptive control system is an essential way to obtain good control performance. It is
intended that the appropriate control method is also regarded by using appropriate methods or theories. The
trial-and-error method is one of the strategies for designing a control system, yet this method requires a lot of
time and energy to obtain a good control system. Therefore, if adaptive control law theory is available, why
not use it to obtain reliable and reasonable control results. Considering the advantages and disadvantages of
the algorithm, we choose an appropriate control algorithm or combine it with another one. The main goal of
this strategy is to obtain better control performance by eliminating the drawback of the algorithm.

Here is one of the control strategies to reduce the chattering problem using a fuzzy logic system on
the SMC system. The following is a control system design using an algorithm with good stability analysis.
Designing an adaptive fuzzy SMC is firstly written the switching function of the SMC as (7).

s(x,t) = —Ke = —(kje + k@ +---+ k,, ,e(""2 4 ") ©)

Wheree = x, —x =[e,é,...,e" ], k,,..., k.- The control law can be generated as (8).

n-1
u(t) = ﬁ {; kie® +x —d(t)—ug, - f(x, t)j @)

Where ug,, =nsgn(s)and r>0. By inserting (8) into (1), $(x,t) can be formulated as (9)
$0x,1) = —Ugy =-7750n(s) ©)

Then s(x,t)- x,t) = -n|s|<0

Int J Adv Appl Sci, Vol. 11, No. 4, December 2022: 324-334



Int J Adv Appl Sci ISSN: 2252-8814 a 327

Where f, g, and d are unknown values, the control law in (8) is not possible to be applied on the system.
These values could be approximated using fuzzy logic systems notated by { , §, and h. The product inference
engine uses the single-value-fuzzifier and the central-average-defuzzifier. The outputs of the fuzzy aref ,§,

and h, respectively. Hence, the control law of the system can be rewritten as (10).

u(t)= g(>1<,t) E kie® +xMW —h(s) - f(x,t)} (10)

The approximation of i, ¢, and h can be generated. Those approximation values can be calculated
using (11).
f(x10;)=07¢(x)
4(x|84) =Bg&(x) (12)
h(s]0,) = 074(s)
Where f(xje,), g(x|e,), and n(x|e,) are the fuzzy approximation of the (3), ¢(s)and &(x) are the

fuzzy vectors of the (5), vector o .07 and e! varies according to the adaptive law, and h(x|e,) can be
expressed using equations as (12), (13), and (14).

h(s|6}) =7, sen(s) (12)
ny=D+n,n20 (13)
|d(t)|<0 (14)

Design adaptive law can be obtained by finding the solution of derivative vector o7, 9; ,and @] . They can
be written as (15), (16), and (17).

éf = nsg(x) (15)
0, = nsE(x)u 5)
0y, = 1354(s) (17)

The optimal parameters of the vector 0}, 67, and 07 can be defined using equations as (18), (19), and (20).

0; =arg min | sub|sup| f(x] 0; )—f(x1)] (18)
Or e xeR"

0, =arg min [sublsupl G(x| 0 )-g(x.1) |] (19)
9% xeR"

0;, —arg min (sub|sup [h(x| 0, )—uy, |J (20)
0,eQ, xeR"

Where the symbols 2, 2, and 2, can be set of the vectors 6, 8,and 6,. The approximation error values of
the control system can be calculated as (21) and (22).
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o= f(xt)+[g(xt) - §(x|0)lu— f(x|6}) (21)

| @< Oy (22)
Then, the derivative § can be derived as (23).

n ) n-1 . n-1 .
§=-> kie® =—>"kie® —x{ +x® = > kie® + g(x, u(t) + f (x,t) +d(t) - x§”

i=1 i=1 i=1

= _"f kie® +[g(x,t) — §(x, Du(t) + §(x, Du(t) + f (x,t) +d () —x{”

i=1

= £(x,1)+(g(x ) - n(s]8,) ~ (x,1) - G(x,))u() +d(t)
= (x| 07) +[9(x|05) - 4 (x, D]u(t) + d () + w+h(s| 8;) —h(s | 07) — f (x,t) ~h(s] B

=180+ @gE0U(D) + @p4(s) + (1) + w—h(s|0y) (23)
Where k, =1, ¢ =07 —0; Oq = 9; —04, ¢, =0 —0, . Defining the Lyapunov function as (24).

V=05(s" +1, 0 or +1, "0g0g +15 '0r0p ) (24)
Where r, r, andr,are normal numbers. Then (23) can be derived as (25).

¥ s& (p (ﬁé +—(p

=s[ o75(x) +<pg§<x)u(t) +@r0(s) + 0+ d(®) —h(s| 07) |+ —<Pf(f£f +—<pgq% +—¢E<@ﬁ

=SQf&(x) += <p<1?f+S<Pg§(X)U(t)+—<pg<ﬁg+S<Ph¢(8)+—q>h<§ﬁ+S[d(t) h(s|0;)]+so  (25)
1

Because h(S | 9; )1 =1,50Nn(S) , then, (24) can be rewritten as (26).

Ve~ T [15503) + 1+ 07 S8 (U + 1+ 07 [1:50(6) + 1 +50(0) +50 - (+4) ||
1 2 3
< 0 T650) + 1+ = 0] [5EMU() + 641+ 01 1:506) + ] +s0-ns| (26)
1 2 3
Where ¢ = —6%, & - -é, $& =—6% . Substituting (15)-(17) form into (26), then

$<so-7|s| (27)

By fuzzy approach, the adaptive control can be realized by making the error » approaching zero value.
Therefore, it can be calculated using equation as (28).

W< 0 (28)

The proposed method using the adaptive fuzzy logic system with the SMC approach achieves a stable control
system. The diagram block of adaptive fuzzy SMC can be described in Figure 1.
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Figure 1. The adaptive fuzzy SMC for inverted pendulum

3. RESULTS AND DISCUSSION

In this part, we investigate two examples to verify the performance of the proposed fuzzy SMC
algorithm in reducing chattering problems. We employed a single-stage inverted pendulum to verify the
control tracking performance as the controlled object. In this paper, we employed the inverted pendulum as
the controlled object written in (29). This simulation is conducted using MATLAB/Simulink as the control
law (10). The controlled object takes a single-stage inverted pendulum and it can be described in Figure 2.
The equation of this plant can be written as (29).

X=X,
K= f(x) + g(x)-u (29)
Where
. 2 .
f00 = gsmxl—mlxz5|n2xlcosxl/(m+mc) )
I[4/3-mcos xl/(m+mc)]
9(x) = cos X, /(m+m,;) (31)

I[4/3—mcos? x, /(m+m.)]"

where x =[x, X,] X is the swing angle, x, is the swing speed, m is the pendulum mass, m, is the trolley
mass, g is the gravity velocity, | is the length, g =9.8m/s?, m=0.1 kg, m, =1 kg, | =0.5m, and u is the
input of the control.

Figure 2. A single-stage inverted pendulum as the controlled object

The m/s position command as the reference signal is x,(t) =0.1 sin (xt), the function can be
calculated using switching strategy as s = —ke—&, k, =5. In this paper, we use five rules to approximate
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u(t). The membership functions, both s(t) and u(t), use "negative big" (NB), "negative small" (NS), "zero"
(20O), "positive small" (PS), and "positive big" (PB). The following five memberships u(t) are used to the
fuzzy sliding surface and can be written as (32)-(36).

g (%) = exp[—[(x‘gn)/(yﬁ)]z] (32)
s (%) = exp| {05/ GOT | (33)
hzo(6) = exp[ 10x)/ (51 ] )
hes () = exp 455/ | (3)
Hpg (%) = exp[—[(x%r)/ (2%)]2} (36)

The membership u(t) of the adaptive SMC with the fuzzy method can be expressed in Figure 3. The
switching function s(t) can be converted using the fuzzy membership function as (37)-(39).

M () =exp(5(s +3)) " +1 37)
Hzo (s)= exp(—sz) (38)
b (5) = XP(5(5—3)) * +1 (39)

We use 25 fuzzy rules to approximate both variable f and g values, and three fuzzy rules to
approximate s(t) . The parameters setting of the simulation can be adjusted as follows. Let o7 and e be

25x1 vector, and @] be 3x1 vector. Vectore7, @7 and @ have an initial value 0.10. With the control law
(9), the initial state is [n/60,0]. The adaptive fuzzy parameters are defined as: r, =5, r, =1, and r; =10.
fsd,, fsu,,and fs; are used to represent the numerator & (x), and denominator & (x) , whereas fsd,, fsu,
,and fs; are denoted the numerator &,(x) and denominator &,(x) .

We employ, (29) in this simulation as the controlled object. The fuzzy SMC is applied to the control
system using the equation of control law in (10). Figure 4 shows signal tracking simulation, and Figure 4(a)
shows the trajectory tracking between the desired signal and output signal using MATLAB/simulation. From
this figure, the reference signal rrr is marked with a red line color, and the output signals are marked with
blue dotted line color. The simulation has different tracking between the desired and the output signal.
Furthermore, the convergence of both the reference signal and the actual output is faster, and the performance
of the fuzzy SMC control algorithm improves for the class of a SISO nonlinear system due to the error being
close to zero. In addition, chattering errors in position tracking are reduced, and the control system achieves
good performance.

Figure 4(b) illustrates the results of the magnification of Figure 4(a) at the state time of 7.6 to
7.8 seconds. It means that the trajectory tracking signal still has chattering, but it is very small. The
magnitude of this catering error is different from the traditional SMC, which is quite significant if not the
control system is not combined with the fuzzy logic system. The input u is exhibited in Figure 5. The signal
of the trajectory control system varies with a certain amount that is different at any given time. Figure 6
shows the estimated f (x, t) and estimated §(x, t) signals to replace the quantities f and g in the control law.

The estimated values of f and g are different and meet the control system's needs, so the adaptive fuzzy SMC
control can be realized with minimal chattering error by approaching zero or zero value.
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Figure 4. Signal tracking simulation of (a) sinusoidal position tracking and (b) magnification of chattering
phenomenon
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Figure 5. Control input u
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Figure 6. The estimated signal f(x,t)y and §(xt)

Here is the comparison result between two different control algorithms, both using traditional SMC
and adaptive fuzzy SMC. The traditional SMC method has a bigger error than the hybrid SMC control
algorithm combined with the fuzzy system. By combining adaptive fuzzy and SMC, the chattering problem
can be reduced to a minimum so that the resulting error is smaller or approaching zero value. A small error
makes the control system on the inverted pendulum more robust from disturbances and performs better than
the traditional SMC algorithm.

To evaluate the performance, we also compared the proposed control system with the previous
studies in [24] with a similar controlled object. Table 1 shows the reference controller (MRC) model
combined with fuzzy type-1 and type-2 has been investigated in a similar controlled plant. Based on the
performance comparison, the proposed control algorithm using the AFSMC obtained the smallest ITSE of
0.0004587, or in other words, AFSMC had better control performance for the inverted pendulum.

Table 1. Comparison of a control algorithm for an inverted pendulum

Control Algorithms ITSE
MRC [27] 0.00144
MRC+T1F with Tab. 5 [27] 0.0008619
MRC+T2F with Tab. 5 [27] 0.0008128
Proposed Algorithm (AFSMC) 0.0004587

4. CONCLUSION

Combining fuzzy logic systems and SMC algorithms is one of the methods for reducing
chattering problems. We consider the merits of the fuzzy logic approach and SMC algorithm as well if
they are combined. A single-stage inverted pendulum is employed in the system as the controlled object.
MATLAB/Simulink simulated the hybrid control to evaluate this combination and achieved high-
precision control of linear and nonlinear systems. The chattering problem on the trajectory signal of the
inverted pendulum is eliminated using the combination of fuzzy logic system and SMC algorithm
compared with the traditional SMC control system. The combination of the adaptive fuzzy and SMC
algorithm demonstrates better control performance with fast response and robustness for industrial
application.
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