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Abstract—This paper presents an approach toward the
design of arobust control with sliding-mode (SMC) plusy logic
control (FLC) for induction motors. As the variations of both
control system parameters and operating conditions occur, the
conventional control methods may not be satisfied further.
Sliding-mode control is robust with respect to both induction
motor parameter variations and external disturbances. By
embedding a fuzzy logic control into the diding-mode control,
the chattering (torqueripple) problem with varying
parameters, which are the main disadvantage in sliding-mode
control, can be suppressed, Smulations results of the proposed
control theme present good dynamic and <eady-date
performances as compared to the classical SMC from aspects
for torqueripple minimization, the quickly dynamic torque
response and robustness to disturbance and variation of
parameters.

Key-Words— Induction motor; diding mode control, fuzzy
logic control, fuzzy diding mode control, torque-ripple,
parameters variation

|I. INTRODUCTION

nduction Motors (IM) are most suitable for industrial

drives, because of their simple and robust structure, higher

torque-to-weight ratio, higher reliability and ability to
operate 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 coupling
between torque and flux [12]. The input-output linearization
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 complexity and the
presence of high nonlinearities, in some cases do not have an
exact compensation of these nonlinearities and thus obtain
the desired tracking performance in the presence of external
disturbances.

Known by its robustness and simplicity of
implementation, the dliding mode has been largely used to
control alarge class of nonlinear systems, [3], [8], [11], [15].
To define a surface called diding depending on system states
such that it is attractive. The synthesized global control
consists of two terms; the first allows the approach to this

surface and the second maintaining sliding along it towards
the origin of the phase plane. The global control as well
congtructed ensures good tracking performance, rapid
dynamic and short response time [16].

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 diding mode. This
gives rise to the phenomenon of chattering which consists of
sudden and rapid variation of the control signal, which can
excite the high frequency of the process and it damaging
A fuzzy logic control has been a subject of active research
since the work of Mamdani proposed in 1974 [9], the
concept of FLC is to utilize the qualitative knowledge of a
system to design a practical controller; it is generally
applicable to plants that are ill-modelled, but qualitative
knowledge of experienced operators available for design. It
is particularly suitable for those systems with uncertain or
complex dynamics. In general, a fuzzy control algorithm
consists of a set of heuristic decision rules and can be
regarded as a nonmathematical control algorithm, in contrast
to a conventional feedback control algorithm [17], indeed, to
remedy the disadvantage of the chattering phenomenon more
works [5], [6], [13]. Have been focused on the combination
of diding mode control with fuzzy logic control

The main objective of this paper proposes the synthesis of
nonlinear control law and more precisely, the synthesis of
two control strategies, control by sliding mode (SMC) and
the diding mode fuzzy control (FSMC) for application to an
induction motor this is used to minimization the torque-
ripple with varying parameters. Finally, smulations results
and a comparison are presented to demonstrate the
contribution of this approach.

II. MATHEMATIC MODEL OF AN INDUCTION MOTOR

The model of three-phase induction motor in the
laboratory frame (a , b ) isgiven by the following

equations:
The voltage equations become:
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The expression of electromagnetic torque and the
movement for induction motor written as follows:
T, = pt/l—(f iy —fpia) 2

e ra'sb rb 'sa
r

dQ
J—=T_-T, - fQ
dt et (3)
The state model of the induction motor is that of a

nonlinear system multivariable taking the following form:
X(t) = £(x) +g(xu(t) 4
The model of the induction motor, driven by (1), (2) and
(3), is defined by the nonlinear system as follows:

- - K .
-0 +—f ., + pKwf
gsa Tr ra p rb
i . K
la —0g, — pKWf , +—F a o0 (5)
i T 0 a
D
d M. 1 Va
T fra = 7'53_7fra_prrb +0 0
o T Vo
f 00
b M. 1
w f$+mra_ffrb 00
f T
iy —f i, )——w——Lt
_n( ra'sh rb m) J J ]
With
M2 M 1 M2 pM 1
s =1- K= 0= + m=—a=
LLs sL Ly ¢ sl (Fg R Lf ) JL sL,

i : Component of the stator current reference of the

stator.
f o - Component of the rotor flux reference of the stator.

W : Angular speed of rotation.
Vsa’b : Component of stator voltage reference of the stator.

R,, R : Resistances of stator and rotor windings.
[L.] : Stator inductances matrix.

[L, ] : Rotor inductances matrix.

[M ] : Matrix of stator-rotor mutual inductances.
P : Number of pole pair.

J : The moment of inertia.

f : Thefriction coefficient.

S : Thedispersion coefficient of Blondel.

T, : The electromagnetic torque.

T, :Theload torque.
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V. <Rj df o, €2 : Mechanical speed of rotation of the rotor.
dfdt I11. BASIC ConcerTsOF VSC
_ . sb
Vo = Rilg + dt (1) Variable structure systems are characterized by the
V. —0<=Ri df . wh choice of a function and a switching logic. This choice will
ra VT Nl * dt W switch at any time between the different structures,
PN df , wh combining the useful properties of each of these structuresin
Vi =0=Rii, + a M order to have the desired behavior of the system. Consider

the system described by (4). [2], [4], [10].

The V SC design consists in achieving the following steps:

1) Design a switching manifold S in the state space to
represent a desired system dynamics, which is of lower order
than the dimension of the given plant; S isdefined by

s:{XeiR”:s(x):O} (6)
Where S(X) € R" iscalled the switching function.
2) Design avariable structure control

U U (X) S s(x)>0
U, (X) S s(x)<0

Such that any state X outside the switching surface is
driven to reach this surface in finite time, that is, the
condition S(X) = 0 is satisfied in finite time. Once on the
switching surface, the diding mode takes place, following
the desired system dynamics. This procedure makes the VSC
system globally asymptotically stable [15].

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

The switching logic is designed to abuse the trajectory to
follow the surface switching. We then say that the trajectory
of the system dliding along the surface switching s(x) = 0 and
isreferred to the phenomenon of chattering [8], [13], [15].

So we are interested in calculating the equivalent control
and then to calculate the attractive control defined in the
state space (4), the control vector u is composed of two

parameters U, and AU must be found the analytical

()

expression of the control u(t)

We have:
ds dsox os 0s
() =— =—— =— 1T (%) + g tu, () {+— {g(x t)Au} (8)
= = o = o T 6D+ X O]+lalxhaul
During the dliding mode and the system standing, the
surface is zero and therefore its derivative and discontinuous
part are zero. Hence, we deduce the expression of the

equivalent control:

u (t)——{a—sg(x t)}_l{ﬁf(x t)} )
o ot ' dx '
For the equivalent control can take a finite value,

0S
—.g(x,t)=0.
must— a(x,t) =
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During the convergence mode and replacing the

equivalent control by its expression in (8), we find the new
expression of the derivative of the surface:

0s
5(X) = — DA 10
809 =—{g(x AU (10)
The problemisto find AU such that:
s(X)&(x) = s(x)%{g(x,t)Au} <0 (12)

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

Au = —ksign(s(x,t)) (12)
Substituting (12) into (11), we obtain:
S(X)$(X) = % g(xt)k|s(x)| < 0 (13)

It is necessary that %g(x,t)k|s(x)| <0 to saisfy the

conditions of attractiveness of the sliding surface. The gain k
is chosen to satisfy the positive condition (13). The choiceto
gain great influence because it is very small response time is
very long, and if chosen very large, we will have large
oscillations at the organ of the control. These oscillations can
excite the dynamics disregarded (the phenomenon of
chattering) [3], [16].

1V. DESIGN OF FUZZY SLIDING MODE CONTROLLER

The approach of the sliding mode control is based on the
discontinuous function of state variables in the system that is
used to create a "dliding surface". When this surface is
reached, the discontinuous function guarded the trgjectory on
the surface of such so that the desired system dynamics is
obtained [1], [14], [15].

In this paper, the regulators of speed and rotor flux are
substituted by a fuzzy sliding mode control to obtain a robust
performance. One part of the equivalent control (SMC) and
part of fuzzy control (FLC) are contained in this hybrid
control (FSMC) as show in fig. (1)[17].

uFSJ\/IC = ueq + ufuzzy (14)
The two parts are combined to provide stability and

robustness of the system, the method of control by fuzzy
logic approach is adopted to solve the problem of Chattering.
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Fig. (1): Diagram of the hybrid control FSMC
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A. Synthesis of the dliding mode control

In the design of sliding mode control of speed and rotor
flux of the system, the switching function is chosen as
follows[3]:

3T AT (15)
S, = kzef, +6
With:
8, =W—W,
{ef, =f r —f rref (19

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

S.L:kl(W_Wref)+(W_Wref) ' . (17)
Szzkz(fr rref)+(zra ra+zrbfrb _frref)
After substitution of (18) and (5) we arrive at:
k T We
=—=(W-w)+(f
% m( Wef) (-sb ra_ rb) ‘]_n m (18)

T . T,
% :é kz(f rref) +[M(I:a ra +Isbf rb)_fr]_éf rref)

K, and K, arepositive gains.
The development of derivatives calculated of the surfaces
give:

. 1 T, L
%=(K—;—g)nﬁz—|ﬂﬁ—mV\(f1+Kfr)—|ﬁwef—W
+antV aan (19)
Tk
f— +—(—f f, f
( J)fTT(+g)+ .+ Paf,)
_k'zf.rref frref+ Mrbv + M V
With:
f, fra +igf
fmigf . +igf, (20)
fo=i2 + |sID

The necessary condition for the system states follow the
trajectory defined by the dliding surfaces iss, =0, the

equivalent part Ug, isthe control to providing $= 0 for the

nominal system $= 0 give:

1 T K, . 1.
(klff*g)fz 7klﬁl_* pW(f1+ Kf r)**nl]wref 7EW
=af Vg (21)
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We have

A A .
F= g |@9= =-E"F=u, (24)

B. Design of fuzzy logic control

It is well known as one of the disadvantages of the SMC
is the phenomenon of Chattering. In this section, a fuzzy
control FLC is introduced to replace the

function K, ,SIgN(s, ,) . such kinds that the trajectory of

state can reach and move on aong the surface of change, a
good dynamic steady state can be achieved by the
combination of SMC and FLC [11], [14].

The fuzzy controller used in this paper is two inputs and
one output.
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Fig. (2): Diagram of the FLC

The membership functions are defined in Fig. (3a) and
Fig. (3b). the fuzzy rule base consists of a collection of
linguistic rules of the form [7], [11]:

Rulel:if S, isNGand ds,, isNGthen dU, , isNG
Rule2:if S, isNM and ds,, isNGthen dU,, isNG
Rule3:if S, isNPand ds,, isNGthen dU, , isNG

Rule49:if S, ,isPGand ds, ,isPGthen dU, ,isPG

These inferences can be made in a more explicit form of a
table, called decision table [9].
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TABLE .l: TABLE OF FUZZY DECISION (INFERENCE)

du; dsi;

' NG NM NP EZ PP
NG NG NG NG NM | NP
NM NG NM NM NM | NP
NP NG NM NP NP | EZ
si2| EZ NG NM NP EZ PP
PP NM NP EZ PP PP
PM NP EZ PP PM | PM
PG EZ PP PP PM PG
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Fig. (3a): membership function of input
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Fig. (3b): membership function of output

Fig. (3): Diagram of the FLC

V. RESULTSOF SIMULATION AND INTERPRETATIONS

To conclude on the performance of the use of a control
using the principle of a hybrid control by fuzzy diding mode,
we will present simulations of an induction motor controlled
by a voltage inverter. This performance was established from
the simulation of operating modes: robustness of the control
relative to parametric variations (stator and rotor resistances)
and variation of inertia follows by a variation of a load
torque
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Fig. (4): Block diagram of the proposed FSMC

Speed response of FSMC
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Fig. (5): Simulation results under deferent’s speed
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To show the robust fuzzy diding mode performances we
have simulated the system described in Fig. (4). The first test
concerns the speed evolution and the disturbance 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 operated at 100 rad/sec under
no load and aload torque 5 N.m is suddenly applied at t= 0.3
s, followed by a consign inversion -100 rad/sec at t= 0.4 s
and accelerate again to 15 rad/sec. When the induction motor
operates in low speed we eliminate the torque load in t= 0.8
s. This approach shows clearly that the FSMC gives good
performances, rejects the load disturbance very rapidly with
no overshoot, with a negligible steady state error, maintain
the decoupling between a torque-flux and reduce the torque-
ripple phenomenon

Stator resistance variation 50%

Rs variation (Ohme)

Rr variation (Ohme)

0.5
Time(s)

Fig. (6): Stator and rotor resistances variations

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

To show the effect of the parameters uncertainties, we have
simulated the system with different values of the parameter
considered and compared to nominal value.

Tow cases are considered:

1. The stator and rotor resistances (50% and 100%
respectively) as show infig. (6).

2. The moment of inertia (50% to 100%).

To illustrate the performances of control, we have simulated
the starting mode of the motor without load, and the
application of the load T,= 5 Nm at t;= 0.3 s and it’s
elimination at t,= 0.7 s, in presence of the variation of
parameters considered (the moment of inertia, the stator and
rotor resistances) with speed step of 100 rad/sec.
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Fig. (7): Results smulation under stator
and rotor resistances variation.

Fig. (7) shows the system response realized with the SMC
and FSMC for different values of stator and rotor resistances.
Fig. (8) shows the tests of robustness realized with the SMC
and FSMC for different values of the moment of inertia. For
the robustness of control, a variation of the moment of inertia
J, the stator and rotor resistances doesn’t have any effects on
the performances of the approach used, in the SMC control
the torque-ripple phenomenon increases during the load
period

The paper describes a new approach to robust control for
induction motor. It’s develops a simple robust controller to
deal with parameters uncertain and external disturbances.
The control strategy is based on SMC and FLC approaches.
The FSMC has the advantage in handling the torque-ripple
phenomenon and in reducing the number of the fuzzy rules.
The simulation results show that the proposed controller is

CONCLUSION

superior to SMC in minimization torque-ripple with varying
parameters and with higher tracking precision. It appears
from the response properties that it has a high performance
in presence of the plant parameters uncertain and load
disturbances. It is used to control system with unknown
model. The FSMC control gives fast dynamic response with
no overshoot and zero steady-state error. The decoupling
between torque-flux is verified.

Speed response of FSMC
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Figure (8): Results simulation under
variations of inertia.
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