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Abstract. This paper introduces the concept of fuzzy logic to reduce the chattering effect
accompanied by Sliding Mode Control (SMC) in control of single-link robot using muscle-
like actuator. In sliding mode control design, the main source of chattering comes from
the use of Signum function in the switching part of control signal. This inherited behavior
of chattering would degrade the performance of the control systems and may lead to un-
wanted physical phenomena. To elevate the effect of chattering, many works replaced the
discontinuous Signum functions by other different smooth functions. In the present work,
Fuzzy Logic (FL) method has been designed and applied in SMC scheme for controlling
single-link manipulator actuated by Pneumatic Artificial Muscles (PAMs). The effective-
ness of the proposed technique is verified and compared to other switching techniques in
terms of performance and chattering reduction via computer simulation. The numerical
simulation showed that the chattering has been considerably reduced based on FL-based
SMC as compared to Signum-based SMC.
Keywords: Fuzzy logic, Sliding mode control, Chattering phenomenon, Stability anal-
ysis

1. Introduction. One of the well-known robust method which is robust for the exter-
nal disturbances and model uncertainties is the Sliding Mode Control (SMC). In this
technique, the control system is designed in a way that the states are driven and forced
them toward the sliding surface, or even close enough to its neighbor of the switch surface
as well. Hence, the closed-loop dynamics are completely governed by the equations that
define the surface and all states’ trajectories stay within the surface. Thus, the sliding
surface is an attractive. However, the reaching phase for such surface usually uses a fa-
mous discontinuous function, namely “Signum function”, as a switching function. The
function works to keep the system trajectories on the sliding surface until they reach their
corresponding equilibrium points. In spite of important role of this control function, it
has an adverse effect on the performance of actuator, as it causes chattering behavior in
the actuating signal and it may excite neglected high-frequency dynamics in the system.
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These unwanted chattering behaviors could cause possible damages to the actuators. Nev-
ertheless, in some applications, the chattering is an inevitable behavior for discontinuous
switching input systems to maintain some specified performance characteristics for control
of these systems [1,2].
Many methodologies are proposed to lessen such chattering; one of them is that, usually,

introducing a boundary layer is around the sliding surface. However, such a constraining
of the boundary layer costs increased tracking error. In [3,4], the remedy of these draw-
backs, both tracking errors and chattering are reduced by adjusting both linear control
and the bandwidth of sliding surface layer. However, adjustment is based on tracking
error variance. It has been well-known and reported by related researches, there are two
famous methodologies, which are responsible for chattering reduction of discontinuous
input signals in slide mode control applications [3,4]; one is the boundary layer saturation
method, and the second method is based on artificial intelligence.
Although, the first method, boundary layer saturation method, can solve effectively the

chattering phenomenon, it has mainly two shortcomings, signified by the increase of error
and the reduction in speed of transient response.
In the literature of sliding mode design in different control applications, many re-

searchers have addressed the chattering reduction in control signals. Back to [5], Slotine
and Li solved the chattering problem based on linear boundary layer method to enhance
the performance of SMC in industrial applications. While in [6], Yang et al. have de-
veloped an adaptive fuzzy system as replacing the switching term of the SMC, which is
used in control of islanded inverter for power supply system. In [7], Tseng and Chen pro-
posed to use a low-pass filter on the control signal. Such design technique is suitable and
outperforms with application of SMC in noisy environments. In [8] a comparison study
has been made by Sahamijoo et al. In this study, three methods are adapted chattering
reduction purpose of sliding mode control for 3D joint robotic system. These methods are
boundary layer method, intelligent method and PD-parallel method. The results of the
study show the more suitability of two approaches, parallel PD control and intelligent
fuzzy PD controller, than boundary layer approach in terms of chattering attenuation
in such three dimensions joint application. In [9], Cibiraj and Varatharajan proposed an
Adaptive Neural Gain Scheduling Sliding Mode Control (ANGS-SMC) method for solving
the chattering problem. The proposed method ANGS-SMC showed a better reduction re-
sult in high frequency components than its rival of Adaptive Fuzzy Gain-Scheduling SMC
(AFGS-SMC). A Super-Twisting SMC (STSMC) approach is applied to controling 2
degree-of-freedom helicopter dynamics [10], by Humaidi and Hasan. The gotten results
showed that STSMC can maintain the distinctive robustness features of SMC design;
besides that it is successfully providing a smoother control signal than that is gotten
via conventional SMC design approach. Unlike [9], Yang and Yan in their research [11]
proposed Fuzzy Logic System (FLS) to attenuate the chattering due to Signum func-
tion. The FLS is utilized for designing of AFGS-SMC approach to regulate the attitude of
unmanned quad-rotors. The idea behind this approach is that control gains are adaptively
scheduled according to an appropriate fuzzy rules, with two inputs for the FLS: sliding
surface and its derivate of the sliding surface, while control signal gains are represented
as FLS outputs.
The motivation behind this study is to use the characteristics of membership functions

in fuzzy logic structure instead of using different shapes of switching functions. In this
study, the fuzzy logic approach has been introduced in the design of SMC to reduce the
chattering behavior in control signal which is used to actuate the PAM-based robot link.
The main contributions of this work can be listed as follows.

1) Design SMC based on fuzzy logic system to chattering eliminating in the actuating
signal in controlling the single-link robot motorized by muscle-like actuator.
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2) A stability analysis is conducted for the controlled robot based on SMC.
3) Conduct a comparison study between the FL-based SMC and Signum-based SMC for

controlling the PAM-based robot.

The remainder of the article has been organized in five sections. The dynamic model
has been presented in Section 2. The SMC-based design is developed in Section 3, while
Section 4 is devoted to the proposed chattering-reduction scheme. The numerical results
are shown and discussed in Section 5. The concluded points have been highlighted in
Section 6.

2. The Mathematical Equation of the Manipulator Dynamics. This section is
devoted to developing dynamical equations model for single-link robot arm which is sti-
mulated by PAMs in opposing bicep/tricep passion. The behavior of PAM actuator is
similar to real behavior of physical system. After that, the system is analyzed and its
associated designed controller meets performance’s requirements. The schematic diagram
for the robot-model is shown in Figure 1 [12-16].

Figure 1. The single-link robotic PAM arm [12]

In Figure 1,M denotes the mass (kg), g represents the gravitational-acceleration (m/s2),
L represents the arm length starting from the mass center to the joint-center, a is the
distance from the joint rotation axis to the PM attached point, i.e., (A), and r represents
radius of pulley.

The forearm forms an angle α = arcsin(r/a) with tricep cable. The forearm is freely
allowed to rotate within this angle range only. As shown in Figure 1 above, the pose of
the robot when angle θ = 0 corresponds to the case that the forearm is in downward
pose, while the maximum angle allowable value, i.e., θ = π, represents the pose such that
the forearm is in extreme upward position [12]. The dynamical motion equation which is
derived for the single arm manipulator via Figure 1 is defined as [17-23]

Iθ̈ = n (F (Pb)−K(Pb)xb −Bb(Pb)ẋb) a sin θ

−n (F (Pt)−K(Pt)xt −Bt(Pt)ẋt) r −MgL sin θ (1)

where I = ML2 denotes the moment of mass inertia about the robot-elbow, F (Pt) rep-
resents the force exerted by PAM in tricep case, F (Pb) is the force exerted by PAM in
bicep case, B(Pb) represents the bicep coefficient of viscous friction, B(Pt) represents the
tricep coefficient of the viscous friction, while K(Pb) represents the bicep spring coeffi-
cient, K(Pt) represents the tricep spring coefficient (N/m) and n is the PAMs’ number.
It is evident that coefficient B depends on in what the muscle is posed; in other words,
it is either deflated pose or inflated pose. However, one can easily differentiate between
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them as follows: The tricep coefficient denotes by B(Pt) and bicep coefficient denotes by
B(Pb).
Let n = 1, and assume coefficients F , K and B for either bicep/tricep are pressure-

dependent functions and, thus, they can be expressed in following Equations (2)-(4):

F (P ) = F0 + F1P (2)

K(P ) = K0 +K1P (3)

B(P ) = B0 +B1P (4)

where Fi, Ki and Bi for i = 0, 1 represent the coefficients that characterize the functions
F (P ), K(P ) and B(P ), respectively. The tricep displacement and bicep displacement xt,
xb are defined, respectively, by [12]

xb = a(1− cos θ) (5)

xt = a(1 + cos θ) (6)

The first-time-derivatives of xt and xb are as follows:

ẋb = a sin θ · θ̇ (7)

ẋt = −a sin θ · θ̇ (8)

Substituting Equations (5)-(8), into Equation (1), yields

Iθ̈ = (F (Pb)−K(Pb)xb − (B0b +B1bPb)ẋb) a sin θ

− (F (Pt)−K(Pt)xt − (B0t +B1tPt)ẋt) r −MgL sin θ (9)

Substituting Equations (2)-(4) into Equation (9), yields

Iθ̈ =
(
F (Pb)−K(Pb)xb − a(B0b +B1bPb) sin θ · θ̇

)
a sin θ

−
(
F (Pt)−K(Pt)xt + a(B0t +B1tPt) sin θ · θ̇

)
r −MgL sin θ (10)

The tricep and bicep pressures of PAM are given via Equations (11) and (12), shown
in the following.

Pt = P0t −∆P (11)

Pb = P0b +∆P (12)

where P0t, P0b are the initial pressure values of the tricep/bicep pressures, respectively,
and ∆P is the variation of pressure amount. Substituting Equation (11) and Equation
(12) into Equation (10), yields

Iθ̈ =
[
(F0 + F1P0b) + F1∆P − a(K0 +K1P0b)(1− cos θ)− aK1(1− cos θ)∆P

− a(B0b +B1bP0b) sin θ · θ̇ − aB1b sin θ · θ̇∆P
]
a · sin θ −

[
(F0 + F1P0t)− F1∆P

− a(K0 +K1P0t)(1 + cos θ) + aK1(1 + cos θ)∆P + a(B0t +B1tP0t) sin θ · θ̇

− aB1t sin θ · θ̇∆P
]
r −MgL sin θ (13)

Re-arrange Equation (13) to put it in its compact form:

θ̈ = f
(
θ, θ̇

)
+ b

(
θ, θ̇

)
∆P (14)

Let u = ∆P , and then Equation (14) becomes

θ̈ = fo +∆f + bu (15)

where ∆f and fo represent the uncertainties and nominal value of f
(
θ, θ̇

)
, respectively.

The state function fo

(
θ, θ̇

)
can be described by
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fo

(
θ, θ̇

)
=

6∑
i=1

fiZi

(
θ, θ̇

)
b
(
θ, θ̇

)
=

6∑
i=1

biZi

(
θ, θ̇

)
where i ∈ Z and i ∈ [1, 6]. The definitions of the elements of the coefficients fi, Zi and
bi, are listed in Table 1.

Table 1. Definitions of the elements of the coefficients fi, Zi and bi

Zi fi bi
z1 = sin θ f1 = (aF0 + aF1P0b −MgL)/I b1 = aF1/I

z2 = sin θ(cos θ − 1) f2 = a2(K0 +K1P0b)/I b2 = a2K1/I

z3 = sin2θ · θ̇ f3 = −a2(B0b +B1bP0b)/I b3 = −a2B1b/I

z4 = 1 + cos θ f4 = ar(K0 +K1P0t)/I b4 = −arK1/I

z5 = sin θ · θ̇ f5 = −ar(B0t +B1tP0t)/I b5 = arB1t/I

z6 = 1 f6 = (−rF0 − rF1P0t)/I b6 = rF1/I

Equation (15) has its space state variable representation as shown in Equation (16):

x1 = θ

ẋ1 = θ̇ = x2 (16)

ẋ2 = θ̈ = ẍ1 = fo(x1, x2) + b(x1, x2)u+∆f

In Table 2, all the elements of the coefficients definitions are listed for fi, Zi and bi.

Table 2. Definitions of the elements of coefficients fi, Zi and bi with state
space representation

Zi fi bi
z1 = sin x1 f1 = (aF0 + aF1P0b −MgL)/I b1 = aF1/I

z2 = sin x1(cosx1 − 1) f2 = a2(K0 +K1P0b)/I b2 = a2K1/I

z3 = sin2x1 · x2 f3 = −a2(B0b +B1bP0b)/I b3 = −a2B1b/I

z4 = 1 + cos x1 f4 = ar(K0 +K1P0t)/I b4 = −arK1/I

z5 = sin θ · x2 f5 = −ar(B0t +B1tP0t)/I b5 = arB1t/I

z6 = 1 f6 = (−rF0 − rF1P0t)/I b6 = rF1/I

3. Design of SMC for PAM-Actuated Single-Link Manipulator. The error e =
q − qd refers to the difference between the actual and desired angle, respectively. It can
be expressed as Equation (17):

e = θ − θd (17)

The first-, and second-time-derivatives of the error equation can be gotten through
Equations (18) and (19), in respective order:

ė = θ̇ − θ̇d (18)

ë = θ̈ − θ̈d (19)

The well-known sliding surface definition, [24-32], as

s = ė+ λe (20)
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For the first time-derivative of the sliding surface s, Equation (20), the following equa-
tion is gotten:

ṡ = θ̈ − θ̈d + λė (21)

Use Equation (16) and Equation (21) to have

ṡ = fo − θ̈d + λė+∆f + bu (22)

The control law is made up of two main parts, namely the equivalent part ueq and the
switching part us.

u = (1/b)(ueq + us) (23)

According to Equation (22), the equivalent control law can be deduced by setting ṡ to
zero, that is,

ueq = −fo + θ̈d − λė (24)

Using Equation (23) and Equation (24), Equation (22) becomes

ṡ = ∆f + us (25)

Defining the switching control part as us = −k sign(s), Equation (25) becomes [24]

ṡ = ∆f − k sign(s) (26)

In order to guarantee the convergence of system trajectories, the reaching condition
ṡs ≤ 0 has to be satisfied. Then, one can obtain

ṡs = s∆f − k s sign(s) (27)

or,

ṡs = s∆f − k|s| ≤ |s||∆f | − k|s| ≤ −|s|(k − |∆f |) (28)

According to above equation, the reaching condition can be satisfied if the following
inequality holds, that is,

k > |∆f | (29)

Thus, according to Equation (29), choice of gain k must be chosen such that the uncer-
tainties of the system are cancelled. Generally speaking, as higher values of k are chosen,
the higher levels of chattering in the control signal. However, the value k = 1 is chosen
as suitable choice in the design of SMC for this application.

4. Proposed Chattering-Free FL Scheme. In the proposed FL-based SMC scheme,
the control law will be defined by the following equation:

u = (1/b)(ueq + usfl) (30)

Instead of using us as Signum function, the switching part is the output of the fuzzy
logic system as indicated in Figure 2.

Figure 2. The switching part of control law based on FL system
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The sliding variable described by Equation (20) is passed through the input Membership
Function (MF) of non-symmetric triangular set. Then, set of linguistic rules is synthesized
according to Table 3.

Table 3. The rule base of the proposed FL system

Knowledge base of FL system

IF [S = ] THEN [Us = ]

1. NB NB

2. NM NM

3. NS NS

4. Z Z

5. PS PS

6. PM PM

7. PB PB

In this fuzzy scheme, the mamdani method is used to perform the fuzzy inference. In the
defuzzification step, the fuzzy output is converted to crisp value usfL by using equi-spaced
MFs as described by Figure 2. In this study, the centroid of area has been used to extract
the crisp output usfL. In this FL system, five MFs have been used for both the input and
the output. These MFs represent the linguistic values as the following representations: Z
(Zero), NS (Negative Small), NM (Negative Medium), NB (Negative Big), and for positive
values, PS (Positive Small), PM (Positive Medium), and PB (Positive Big) [33-38].

5. Numerical Simulation. The single-link manipulator is powered by pneumatic mus-
cles (tricep and bicep muscles). The efficacy of the proposed FL-based and conventional
SMCs is demonstrated via computer simulation within MATLAB/Simulink programming
platform. The numerical simulation has been conducted within MALTAB environment
using Simulink library blocks which are interacted with written m-functions. The math-
ematical model and control algorithm have been developed and coded inside MATLAB
m-functions. The FL-based SMC Simulink model is illustrated in Figure 3. Parameters’
setting is given in Table 4.

Figure 3. Simulink modelling of FL-based SMC

The desired angular position θd is suggested from the well-known literature equation
[12]:

θd =
π

2
+ 0.5 (sin(2πf1t) + sin(2πf2t) + sin(2πf3t))

where f1 = 0.02 Hz, f2 = 0.05 Hz and f3 = 0.09 Hz are the proposed frequencies for
such function. Figure 4 shows the behaviors of desired and actual angular positions of
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Table 4. Physical system parameters [12]

Description of system parameter Value Unit

Force applied by the PAM F0 (Nominal) 0.986 N

The change in force applied by PAM F1 0.803 N

Coefficient of bicep viscosity B0b (Nominal) 1.35 N·s/m
The deviation in bicep viscosity coefficient B1b 4.66×10−3 N·s/m

Tricep viscosity coefficient B0t (Nominal) 0.403 N·s/m
The variation tricep viscosity coefficient B1t 12×10−4 N·s/m

Spring coefficient k0 (Nominal) 6.51 N/m

Link mass M 20 Kg

Devaition in spring coefficient k1 2.12×10−2 N/m

Radius of pulley r 5.08×10−2 m

Gravitational acceleration g 9.81 m/s2

Bicep pressure P0b (Nominal) 0.510×103 K·Pa
Tricep pressure P0t (Nominal) 4×102 K·Pa

Distance L 0.46 m

Distance a 7.02×10−2 m

Figure 4. (color online) The behaviors of desired and actual angular po-
sitions of robot link in case of Signum-based SMC

robot link in case of classical SMC. It is clear that the conventional SMC could give good
tracking performance and there is negligible error between the desired and actual angular
positions of the robot link. Figure 5 shows the angular velocity of the robot link. Figure
6 shows the control signal actuating the robot link. This actuating signal represents the
amount of pressure has to be applied to the muscles to achieve the required angular
position. It is evident from the figure that there is high chattering in control signals which
may lead to defectives in used PAM actuators. In addition, the conventional SMC absorbs
high control efforts as the pressure source have to supply maximum pressure at specified
times of control task.
In Figure 7, the desired and actual angular positions are demonstrated in case of in-

corporating the fuzzy logic block to synthesize the control law of actuating signal. The
figure shows that there is no complete coincidence of both desired and actual trajectories.
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Figure 5. The behavior angular velocity of robot link

Figure 6. The behavior control signal in case of Signum-based SMC

Figure 7. (color online) The behaviors of desired and actual angular po-
sitions of robot link in case of FL-based SMC
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Figure 8. The behavior angular velocity of robot link

Figure 9. The behavior control signal in case of FL-based SMC

However, tuning of membership functions may lead to zero tracking error, which is beyond
the scope of this study. Figure 8 shows the behavior of angular velocity for robot link.
On the other side, the chattering which has been shown in conventional SMC has

disappeared in the control signal as illustrated by Figure 9. In addition, the control signal
did not exceed the prescribed limits of pressurized source. This in turn led to lower cost of
exhaustive pressure to be absorbed by the controlled system as compared to higher cost
in the previous SMC. However, the price to be paid by this improvement in the chattering
behavior is the degradation in tracking performance.

6. Conclusions. In this study, the Signum function used as switching part in the control
law of SMC has been synthesized by FL system. The proposed FL system objective is
the chattering reduction due to applying the Signum function in the feedback control law.
Firstly, the design of SMC based on Signum function is developed to control angular po-
sition of PAM-actuated single-link manipulator. A comparison study between FL-based
SMC and Signum-based SMC has been conducted in terms of chattering and dynamic
performance. The numerical simulation showed that the chattering due to Signum func-
tion has been considerably reduced when using FL system to replace the hard switching
function. However, introducing the FL system could degrade the tracking performance
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of controlled robot unless parameters of FL system have to be tuned. These parameters
include number and shape of MFs, knowledge base information, input and output gains
of FL system. One can suggest future work by using different optimization methods to
tune these design parameters for further reduction of chattering effect [39-45].
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