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Abstract: This paper presents a new method combining sliding mode control (SMC) and fuzzy logic control (FLC) to enhance
the robustness and performance for a class of non-linear control systems. This fuzzy sliding mode control (FSMC) is developed for
application in the area for controlling the speed and flux loops of asynchronous motors. The proposed control law can solve those
problems associated with the conventional control by sliding mode control, such as high current, flux and torque chattering, variable
switching frequency and variation of parameters, in which a robust fuzzy logic controller replaces the discontinuous part of the classical
sliding mode control law. Simulation results of the proposed FSMC technique on the speed and flux rotor controllers present good
dynamic and steady-state performances compared to the classical SMC in terms of reduction of the torque chattering, quick dynamic
torque response and robustness to disturbance and variation of parameters.
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1 Introduction

Induction motors (IM) are most suitable for industrial
drives because of their simple and robust structure, high
torque-to-weight ratio, high reliability and ability to oper-
ate in hazardous environment. However, their control is a
challenging task, because the rotor current, responsible for
the torque production, is induced from the stator current
and also contributes to net air-gap flux, resulting in the
coupling between torque and flux[1]. The input-output lin-
earization has been frequently used in nonlinear systems to
find a direct relation between the system output and input
in order to implement a control law. However, the complex-
ity and the presence of high nonlinearities in some cases do
not allow an exact compensation for these nonlinearities to
obtain the desired tracking performance in the presence of
external disturbances.

Known by its robustness and simplicity of implementa-
tion, the sliding mode has been largely used to control a
large class of nonlinear systems[2−6]. In order to be attrac-
tive, the surface called sliding is defined depending on the
system states. The synthesized global control consists of
two terms: the first allows the approach to this surface and
the second maintains sliding along it towards the origin of
the phase plane. The global control ensures a good tracking
performance, rapid dynamic and short response time[7, 8].

However, this control law represents a disadvantage
in using the sign function in the control law to ensure
the passage of the approach phase to the sliding mode. This
gives rise to the phenomenon of chattering that consists of
sudden and rapid variations of the control signal, which can
excite the high frequency of the process and cause damages.

A fuzzy logic control has been a subject of active research
since the work of Mamdani in 1974[9]. For more explain the
concept of fuzzy logic control (FLC) is used the qualitative
knowledge of a practice to design a controller. It is generally
applicable to systems that are in the wrong modeled, but
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the qualitative knowledge of experienced operators is avail-
able for design. It is particularly suitable for systems with
uncertain or complex dynamics. Generally, a fuzzy control
algorithm consists of a set of decision rules and heuristically
can be considered as a nonmathematical control algorithm,
in contrast to a conventional feedback control algorithm[10].
To remedy the disadvantage of the chattering phenomenon,
more works[3, 11−13] have been focused on the combination
of sliding mode control with fuzzy logic control.

In this paper, we present a new hybrid nonlinear control
method which is based on sliding mode control and fuzzy
logic method. The sliding mode control approach is em-
ployed to design the induction motor speed and flux rotor
controllers. The dynamic decouple control is accomplished
under the condition that the parameter of stator resistance
variants and the load torque are time variants. In order
to reduce the undesired chattering phenomenon of signum
function, the fuzzy control method is used, which is used
to design a new fuzzy switching function to replace the tra-
ditional sliding mode signum function. Finally, simulations
and a comparison are presented to demonstrate the contri-
bution of this approach.

2 Model of an induction motor

The model of a three-phase induction motor in the labo-
ratory frame (α, β) is given by the following equations.

The voltage equations become

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vsα = Rsisα +
dφsα

dt

Vsβ = Rsisβ +
dφsβ

dt

Vrα = 0 = Rrirα +
dφrα

dt
+ ωφrβ

Vrβ = 0 = Rrirβ +
dφrβ

dt
− ωφrα.

(1)

The expressions of electromagnetic torque and the move-
ment for the induction motor are as
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Te = p
M

Lr
(φrαisβ − φrβisα) (2)

J
dΩ

dt
= Te − TL − fΩ. (3)

The state model of the induction motor is a nonlinear
multivariable system taking the following form

ẋ(t) = f(x) + g(x)u(t). (4)

The model of the induction motor, driven by (1), (2) and
(3), is defined by the nonlinear system as

d
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(5)

where

K =
M

σLsLR
, γ =

1

σLs

(

Rs + Rr
M2

L2
r

)

, Tr =
Lr

Rr

μ =
pM

JLr
, α =

1

σLs
, σ = 1 − M2

LsLR

isα,β : Component of the stator current reference.
φrα,β : Component of the rotor flux reference.
ω : Angular speed of rotation.
Vsα,β : Component of stator voltage reference.
Rs, Rr : Resistances of stator and rotor windings.
Ls : Stator inductance matrix.
Lr : Rotor inductance matrix.
M : Matrix of stator-rotor mutual inductances.
p : Number of pole pairs.
J : The moment of inertia.
f : The friction coefficient.
σ : The dispersion coefficient of Blondel.
Te : The electromagnetic torque.
TL : The load torque.
Ω : Mechanical rotation speed of the rotor.

3 Basic concepts of sliding mode con-
trol

A sliding mode controller (SMC) is a variable structure
controller (VSC)[14]. A variable structure system is char-
acterized by the choice of a function and a switching logic.
This choice will switch at any time between the different
structure to combine the useful properties of each of these
structures in order to have the desired behavior of the sys-
tem. Consider the system described by (4)[3, 15, 16].

The SMC design consists of the following steps:

1) Design a switching manifold s in the state space to rep-
resent a desired system dynamics, which is of lower order
than the dimension of the given plant; s is defined by

s = {x ∈ Rn : s(x) = 0} (6)

where s(x) ∈ Rn is called the switching function.
2) Design a variable structure control

u =

{
u+

max(x) Si s(x) > 0

u−
min(x) Si s(x) < 0

(7)

such that any state x outside the switching surface is
driven to reach this surface in finite time, i.e., the condi-
tion s(x) = 0 is satisfied in a finite time. Once the sliding
mode takes place on the switching surface, the desired sys-
tem dynamics is followed up. This procedure makes the
VSC system globally asymptotically stable[6].

Equation (6) is a variety of sliding that divides the state
space into two disjoints s(x) > 0 and s(x) < 0.

The switching logic is designed to force the trajectory to
follow the surface switching. We then say that the trajec-
tory of the system sliding along the surface switching s(x) =
0 is referred to as the phenomenon of chattering[4, 6, 13].

So we are interested in calculating the equivalent con-
trol and then to calculate the attractive control defined in
the state space (4). The control vector u is composed of
two parameters ueq and Δu, we must find the analytical
expression of the control u(t).

We have

ṡ(x) =
ds

dt
=

∂s

∂x

∂x

∂t
=

∂s

∂x
{f(x, t) + g(x, t)ueq(t)} +

∂s

∂t
{g(x, t)Δu} . (8)

During the sliding mode and the standing system, the
surface is zero, therefore its derivative and discontinuous
part are zero. Hence, we deduce the expression of the
equivalent control as

ueq(t) = −
{

∂s

∂t
g(x, t)

}−1 {
∂s

∂x
f(x, t)

}

. (9)

As the equivalent control can take a finite value, it holds
that ∂s

∂x
g (x, t) �= 0.

During the convergence mode and the replacing of the
equivalent control by its expression in (8), we find the new
expression of the derivative of the surface as

ṡ(x) =
∂s

∂x
{g(x, t)Δu} . (10)

The problem is to find Δu such that

s(x)ṡ(x) = s(x)
∂s

∂x
{g(x, t)Δu} < 0. (11)

The simplest form that can take the discrete control is a
relay. In this case, the attractive control is as

Δu = −k sgn(s(x, t)). (12)

Substituting (12) into (11), we obtain

s(x)ṡ(x) =
∂s

∂t
g(x, t)k |s(x)| < 0. (13)

It is necessary that ∂s
∂t

g(x, t)k |s(x)| < 0 satisfies the condi-
tions of attractiveness of the sliding surface. The positive
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gain k is chosen to satisfy the condition (13). The choice
of this gain is very influential, because if it is very small,
the response time will be very long, and if it is chosen very
large, we will have large oscillations at the control system.
These oscillations can excite the dynamics neglected (the
chattering phenomenon)[2,3, 7].

4 Fuzzy sliding mode controller design

The conventional sliding mode control is based on the
discontinuous function of state variables in the system that
is used to create a “sliding surface”. When this surface
is reached, the discontinuous function keeps the trajec-
tory on the surface so that the desired system dynamics
is obtained[6, 17, 18].

In this paper, the controllers of speed and rotor flux are
substituted by a fuzzy sliding mode controller to obtain a
robust performance. By keeping one part of the equivalent
control (SMC) and adding the fuzzy logic control (FLC),
we obtain the new method control (FSMC) as shown in
Fig. 1[10].

Fig. 1 The diagram of FSMC approach

uFSMC = ueq + ufuzzy. (14)

The two parts are combined to provide stability and ro-
bustness of the system. The method of control by fuzzy
logic approach is adopted to solve the problem of chatter-
ing.

4.1 Synthesis of the SMC controller

In the design of sliding mode control of speed and rotor
flux of the system, the switching function is chosen as[2]

{
s1 = k1eω + ėω

s2 = k2eφr + ėφr

(15)

where
{

eω = ω − ωref

eφr = φr − φrref .
(16)

In (16), ωref is the speed reference, φrrdf is the flux ref-
erence; ew is the error between rotor speed and reference
speed (input output speed loop), eφr is the error between
rotor flux and reference flux (input output flux loop).

Beginning with the replacement of (16) into (15), we have
{

s1 = k1(ω − ωref ) + (ω̇ − ω̇ref )

s2 = k2(φr − φrref) + (2φrαφ̇rα + 2φrβφ̇rβ − φ̇rref )

(17)

where k1 and k2 are positive gains.
After substitution of (17) and (15), we arrive

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

s1 =
k1

μ
(ω − ωref ) + (isβφrα − isαφrβ) − TL

Jμ
− ω̇ref

μ

s2 =
Tr

2
k2(φr − φrref) + [M(isαφrα + isβφrβ) − φr]−

Tr

2
φ̇rref

(18)

where k1 and k2 are positive gains. The development of
derivatives of the surfaces gives

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ṡ1 =

(

k1 − 1

Tr
− γ

)

μf2 − k1
TL

J
− pμω(f1 + Kφr)−

k1ω̇ref − ω̈ + αμφrαVsα − αμφrβVsβ

ṡ2 =
2

Tr

(
Trk2

2
− 1

)

φ̇r+

2M

Tr

(
M

Tr
f3 −

(
1

Tr
+ γ

)

f1 +
K

Tr
φr + pωf2

)

−

k2φ̇rref − φ̈rref +
2α

Tr
MφrβVsβ +

2α

Tr
MφrαVsα

(19)

where
⎧
⎪⎨

⎪⎩

f1 = isαφrα + isβφrβ

f2 = isβφrα + isαφrβ

f3 = i2sα + i2sβ .

(20)

The necessary condition for the system states follow the
trajectory defined by the sliding surfaces is si = 0. For the
nominal system function, the equivalent control ueq is the
control ensuring ṡ = 0, which gives

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(

k1 − 1

Tr
− γ

)

f2 − k1
T L

μJ
− pω(f1 + Kφr)−

k1

μ
ω̇ref − 1

μ
ω̈ = αφrβVsα − αφrαVsβ

(
Trk2

2
− 1

)

φ̇r + M

(
M

Tr
f3 −

(
1

Tr
+ γ

)

f1+

K

Tr
φr + pωf2

)

− Tr

2
k2φ̇rref − Tr

2
φ̈rref =

αMφrβVsβ + αMφrαVsα.

(21)

Assume
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A =

(

k1 − 1

Tr
− γ

)

f2 − k1
T L

μJ
− pω(f1 + Kφr)−

k1

μ
ω̇ref − 1

μ
ω̈

B = (
Trk2

2
− 1)φ̇r+

M

(
M

Tr
f3 −

(
1

Tr
+ γ

)

f1 +
K

Tr
φr + pωf2

)

−
Tr

2
k2φ̇rref − Tr

2
φ̈rref

(22)

or

ṡ = 0 ⇒
[

A

B

]

=

[
−αφrβ αφrα

αMφrα αMφrβ

] [
Vsα

Vsβ

]

(23)
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we have

F =

[
A

B

]

, and ⇒
[

Vsα

Vsβ

]

= −E−1F = ueq . (24)

4.2 Design of FLC controller

The chattering phenomenon is well known as one of the
disadvantages of the SMC. In this section, a fuzzy control
FLC is introduced to replace the function k1,2 sgn (s1,2) .
Since the trajectory of state can reach and move on along
the surface of change, a good dynamic steady state can be
achieved by the combination of SMC and FLC[5, 18].

The fuzzy controller used in this paper has two inputs
and one output, as shown in Fig. 2.

Fig. 2 Fuzzy logic control diagram

The membership functions are defined in Figs. 3 (a) and
(b). The fuzzy rule base consists of a collection of linguistic
rules of the form[5, 19]:

Rule 1: if s1,2 is NB, and ds1,2 is NB then dU1,2 is NB.
Rule 2: if s1,2 is NM, and ds1,2 is NB then dU1,2 is NB.
Rule 3: if s1,2 is NS, and ds1,2 is NG then dU1,2 is NS.

...
Rule 49: if s1,2 is PB and ds1,2 is PB then dU1,2 is PB.
These inferences can be made in a more explicit form of

a table, called the decision table (Table 1)[9].

Table 1 Fuzzy inference table

dU1,2
ds1,2

NB NM NS EZ PS PM PB

NB NB NB NB NM NS NS EZ

NM NB NM NM NM NS EZ PS

NS NB NM NS NS EZ PS PM

s1,2 EZ NB NM NS EZ PS PM PB

PS NM NS EZ PS PS PM PB

PM NS EZ PS PM PM PM PB

PB EZ PS PS PM PB PB PB

5 Sensitivity study and simulation re-
sults

To demonstrate the performance of the technique using
the principle the hybrid control by fuzzy sliding mode, we
will present simulations of an induction motor controlled
by a voltage inverter. This performance is established from
the simulation of operating modes: Robustness of the con-

trol relative to parametric variations (stator and rotor re-
sistances) followed by a variation of a load torque.

Fig. 3 Membership function

5.1 Speed variation test with application
of a load torque

To show the hybrid fuzzy sliding mode performances, we
simulated the system described in Fig. 4.

The first test concerns the speed evolution and the dis-
turbance rejection of FSMC and SMC controllers. This
test is related to the performances of the drive system at
low reference speed. When the induction motor is oper-
ated at 100 rad/s under no load, a load torque 5N·m is
suddenly applied at t = 0.3 s, followed by a consign in-
version −100 rad/s at t = 0.4 s and acceleration again to
15 rad/s. When the induction motor operates in low speed,
we eliminate the torque load in t = 0.8 s. A comparison
between the proposed control by the FSMC and a conven-
tional control SMC is presented in Figs. 5 (a) and (b). This
comparison shows clearly that the FSMC gives good perfor-
mance. The FSMC controller rejects the load disturbance
very rapidly with no overshoot, with a negligible steady
state error, maintains the decoupling between a torque and
flux and reduces the chattering phenomenon in the electro-
magnetic response. The conventional control SMC rejects
the load disturbance very rapidly with no overshoot and
with a negligible steady state error only in the nominal
speed and has the chattering phenomenon in electromag-
netic torque.
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Fig. 4 Block diagram of the proposed FSMC

(a) FSMC results (b) SMC results

Fig. 5 Simulation results under deferent speed references application of a load torque
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5.2 Robustness test

In order to test the robustness of the proposed approach,
we studied the effect of the parameters uncertainties on the
performances and we compared it with the SMC control.

To show the effect of the parameters uncertainties, we
simulated the system with different values of the parame-
ter considered and compared the results with the nominal
value.

Two cases are considered:
1) The stator and rotor resistances (50% and 100%, re-

spectively) as shown in Fig. 6.
2) The moment of inertia (50% to 100%).
To illustrate the performances of control, we simulated

the starting mode of the motor without load, and the ap-
plication of the load TL = 5N·m at t1 = 0.3 s and it is
elimination at t2 = 0.7 s, in the presence of the variation
of parameters considered (the moment of inertia, the stator
and rotor resistances) with speed step of 100 rad/s.

Fig. 6 Stator and rotor resistances

Fig. 7 shows the system response realized by the SMC and
FSMC for different values of stator and rotor resistances.
Variations of the stator and rotor resistances do not have
any effects on the performances of the approach used. In the
SMC control, the chattering phenomenon increases during
the load period.

6 Conclusions

This paper describes a new hybrid approach to reduce
the chattering phenomenon based on the combination of the
SMC and FLC principles. The control strategy requires less
information about the system model and is simple and easy
for on-line implementation. The different simulation results
show the high performance and robustness of the controller
in the presence of parameter variations and load distur-
bances. The speed control gives a fast dynamic response
with no overshoot and zero steady state error. The decou-
pling between the flux and the torque is maintained with
regard to parameter variations and external load distur-
bance. In the steady state, torque chattering is decreased

when compared with the conventional control SMC.

Fig. 7 Simulation results under stator and rotor resistance vari-

ations
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