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ABSTRACT
This article presents an improved pulse width modulation (PWM) based on fuzzy logic (FL) of induction motor (IM). The major
problem that is usually associated with PWM technique is the high total harmonic distortion (THD), stator flux ripple and
electromagnetic torque ripples. To overcome these problems a PWM strategy is proposed based on the fuzzy logic controller
(FPWM). The fuzzy proposed controller is shown to be able to reduce the THD of stator current, electromagnetic torque ripple and

stator flux ripple. The simulation results are shown by using MATLAB/SIMULINK software.
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1. INTRODUCTION

Fuzzy logic is recently gutting increasing emphasis in
drive command applications. Recent years, fuzzy logic
control has found many applications in the past two
decades. This is so largely increasing because fuzzy logic
control has the capability to command nonlinear uncertain
systems even in the case where no mathematical model is
available for the command system [1].

The induction motor (IM) is of two types. One is a
squirrel cage and other is slip ring induction motor. Many
works of literature are available on the command of IM
and are discussed as follows. However, the IM is suitable
electromechanical systems for a large spectrum of
industrial applications. This is due to their high reliability,
relatively low cost, and modest maintenance requirements
[2]. On the other hand, IMs are considered as nonlinear,
multivariable and highly coupled systems. However, IMs
have been used especially in closed-loop for variable
speed applications [3].

Among the various pulse width modulation (PWM)
strategies, the sinus pulse width modulation (SPWM)
technique is most used one. Typically, there are many
types of PWM inverters topologies. Space vector
modulation (SVM) method [4, 5]. Selective harmonic
elimination strategy (SHEPWM) [6, 7]. Inverted sine
carrier pulse width modulation (ISCPWM) method [8].
Third harmonic injection PWM strategy [9, 10].
Discontinuous pulse width modulation (DPWM)
technique [11]. These modulation techniques are used in
order to reduce the total harmonic distortion (THD).

Traditionally the pulse width modulation strategy is
widely used in variable speed drive of IM, especially for
scalar command where the stator voltage and frequency
can be controlled with a minimum online computational
requirement. In addition, this technique is easy to
implement. However, this strategy has the following
drawbacks. This method is unable to fully utilize the
available DC bus supply voltage to the voltage source
inverter (VSI). This technique gives more total harmonic
distortion [12].

In order to reduce the THD value of stator current and
give a more minimum ripple of electromagnetic torque.
One way to improve PWM modulation performance is to
combine it with fuzzy logic to form a fuzzy pulse width
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modulation (FPWM). The design of a PWM technique
incorporating fuzzy logic command helps in achieving
reduced THD value, simple rule base, simple command,
and robustness against disturbances and nonlinearities
[13].

In this article, two differents PWM inverter will be
compared with each other. These two modulations are
classical PWM technique and FPWM technique. The
proposed modulation techniques are described clearly and
simulation results are reported to demonstrate its
effectectivness. The proposed modulation techniques are
implemented with Matlab/Simulink.

2. MODEL OF INDUCTION MOTOR

The traditional electrical equations of the induction
motor in the Concordia frame are written as follows:

do
Vsa = Rs-lsa dtsa
o m +dCI)s/3 (1)
sp s-Isp dt

do
0=Rr-lra+ dtra+meq)r,B

d Dy @
OZRr'|rﬂ+ “PQAmDry

dt
Osqg = Ls-lsat Lm lrp 3)
Osp=Ls-lspt+ Lm lra
q)ra:Lr-|ra+LM|Sﬂ @)
(Drﬁer~|r,B+LM|Sa

The equation of the dynamic rotor rotation can be
expressed as :

dom 1
dt J

The electromagnetic torque Te can be expressed by the
following formulas :

[Te-TL- fQnl 5)
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Te=—D%LMIm(I:-Ir) (6)
T.= p%lm(qf;.ls) ™)
Where :

Te : Electromagnetic torque.

Tr : Load torque.

f: Viscous constant.

Q. : Angular speed of the motor.

@y, Dsp : Stator flux vector components in stationary a-f3
coordinate system.

@, Dsp : Rotor flux vector components in stationary a-f3
coordinate system.

@, : Space vector of the stator flux linkage.

@; : Space vector of the rotor flux linkage.

R : Rotor phase windings resistance.

R : Stator phase windings resistance.

p : Number of pole pairs.

ms : Number of phase windings.

Lwm : Main, Magnetizing inductance.

L, : Stator winding self-inductance.

L : Rotor winding self-inductance.

Ise, Isp : Stator current vector components in stationary o-f3
coordinate system.

Iro, Iip ¢ Stator current vector components in stationary o-3
coordinate system.

3. VOLTAGE SOURCE INVERTER

The three-phase two-level voltage source inverter
(VSI) consists of six active switches. The basic
construction of the inverter is shown in Fig. 1. The
converter consists of the three legs with IGBT transistors
and free-wheeling diodes. The inverter is supplied by a
voltage source composed of a diode rectifier with a C
filter in the dc-link. The capacitor C is typically large
enough to obtain adequately low voltage source
impedance for the alternating current component in the
de-link [14].
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Fig. 1 Structure of the VSIL
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4. PULSE WIDTH MODULATION

Different Pulse-Width Modulation (PWM) command
strategies have been proposed in order to give minimum
the residual harmonics at the output and to increase the
performances of the inverters. The most popular one is
probably the Sinusoidal pulse width modulation method
(SPWM) which shifts the harmonics to high frequencies
by using high-frequency carriers [15]. However, The
modulation technique is an important part of the command
structure. It should provide features like [14]:

e  Wide range of linear operation.

Low content of higher harmonics in voltage and
current.

Low frequency harmonics.

Operation in over modulation.

Reduction of common mode voltage.

Minimal number of switching to decrease switching
losses in the power components.

Fig. 2 shows the principle of the traditional PWM
strategy of the two-level inverter for IM drive.

7

Camier wave

Relay 3
Fig. 2 Block diagram of the PWM inverter.

In PWM strategy three reference signals V1, V2, V3
are compared with triangular carrier signal Vp, which is
common to all three phases. In this way, the logical
signals Sa, Sg, Sc are generated.

The modulation index m is defined as:
m= YL ®)
Vip
Where :
Vi : Peak value of the modulating wave (i=1, 2 or 3).
Vp : Peak value of the carrier wave.

The modulation index m can be varied between 0 and
1 to give a linear relation between the reference and
output wave.

The satisfied of the higher harmonics current and
electromagnetic interference generated in the inverter fed
drive depends on the modulation strategy. Therefore,
pulse width modulation techniques are investigated from
this point of view. To reduce these disadvantages several
methods have been proposed. In this paper, we propose
new modulation technique based on a fuzzy logic
regulator.
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5. FUZZY PULSE WIDTH MODULATION

Fuzzy logic (FL) is identified as the universal
approximators and has numerous applications in
command design and identification [16]. Zadeh first
introduced the fuzzy set theory in 1965 [17]. However,
this technique is able to use human reasoning not in terms
of discrete symbols and numbers, but in terms of fuzzy
sets. These terms are quite flexible with respect to the
definition and values [18].

Fuzzy pulse width modulation technique (FPWM) is
similar to traditional PWM strategy. However, the
hysteresis controllers are replaced by the FL controllers.
The construction of the PWM strategy with fuzzy logic
technique is represented by Fig. 3. However, the FPWM
strategy has numerous advantages, reducing the
electromagnetic torque ripple of IM drives, gives more
minimum THD value of stator current, simple rule base,
simple command and robustness against disturbances.
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Fig. 3 Block diagram of the FPWM inverter.

With : K*u=(E/3)*[2 -1 -1; -1 2-1;-1-1 2].
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The FL rules are developed using linguistic changes
that are formulated in the form of « IF THEN » rules. The
Table 1 shows this rules [19, 20].We use the following
designations for membership functions:

NB: Negative Big.
NS: Negative Small.
PB: Positive Big.

PM: Positive Middle.
PS: Positive Small.
EZ: Equal Zero.

NM: Negative Middle.

The FL controller contains three blocks: fuzzification,
fuzzy rule base and defuzzification. However, the
universes of discourses are first partitioned into the 7
linguistic changes NB, NM, NS, EZ, PS, PM, PB. The
block diagram of Fuzzy regulator based hysteresis
comparators is shown in Fig. 4.

The membership function designation for the input
changes and output is given by Fig. 5.
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Fuzzy Logic
Controller

Fig. 4 Block diagram of fuzzy controller.

With : K1=0.03, K2= 5*10%, K= 0.02.
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Fig. 5 Fuzzy sets and its memberships functions.
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Table 1 FL ruls of hysteresis comparators

flux ripple, stator current ripple, and robustness against
induction motor parameter variations.

el [NB ([NM |NS |EZ |PS |PM | PB
Ael The general structure of the IM with two-level PWM
NB |NB |NB |NB |NB |NM | NS | EZ with fuzzy logic technique is represented by Fig. 6.
NM [NB |NB [NB |NM | NS | EZ |PS
NS [NB |[NB |[NM | NS |EZ |PS |PM
EZ |[NB |NM | NS | EZ |PS PM | PB )
PS NM NS EZ S PM | PB | PB Table 3 Implementation parameters
PM [ NS | EZ |PS PM | PB | PB | PB
Parameters Values
PB | EZ | PS PM |[PB |PB |PB |PB Nominal power MW
Line to line voltage 791V
The Table 2 shows the parameters of fuzzy controller Frequency 60 Hz
for the PWM inverter. Stator resistance 0.228 Q
Stator inductance 0.0084 H
Table 2 Parameters of fuzzy controller Rotor resistance 0332 Q
Rotor inductance 0.0082 H
Fis type Mamdani Mutual inductance 0.0078 H
And method Min Inertia 20 Kg.m?
Or method Max Friction 0.008 N.m.s
Implication Min Number of poles 3
Aggregation Max
Defuzzification Centroid
rad f s=o
Elm L a P I
W_alpha = v's_sipha Te
= Sesena|—— 5]
-
|%—h WiZ3  wb L L] —
v1za = s
I=_alpha
V_beta P Vs beta Qs beta
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FRWIM PR I=_sipha Isa
tofmin —»—CZ} 1t
m . I=_beta 1= b=t —
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Induction motor {1}

Fig. 6 IM drive with FPWM inverter.

6. RESULTS

Simulation of the proposed modulation strategies for
an induction motor is conducted by wusing the
Matlab/Simulink package. The induction motor is
connected to a 791V/60Hz grid. On the other hand, the
induction motor is rated at IMW, and its parameters are
listed in Table 3. both modulation strategies traditional
PWM technique and FPWM technique are simulated and
compared in terms of reference tracking, stator current
harmonics distortion, electromagnetic torque ripple, stator
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6.1 Reference Tracking Test (RTT)

Figs. 7-13 show the obtained simulation results for
tracking test of the IM. As it’s shown by Figs. 12-13 show
the harmonic spectrums of stator current and stator
voltage of the IM obtained using Fast Fourier Transform
(FFT) technique for both proposed modulation strategies.
It can be clearly observed that the THD is more and more
reduced for FPWM strategy. Table 4 shows the
comparative analysis of the THD value of stator current
and stator voltage for proposed modulation strategies.
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Table 4 Comparative analysis of THD value

THD (%)
PWM FPWM
Stator current 16.86 0.17
Stator voltage 81.47 0.76

Figs. 14-16 show the zoom in the electromagnetic
torque, stator flux, and stator current of the traditional
PWM and FPWM technique. This figure shows that the
ripple of electromagnetic torque, stator flux, and stator
current in the FPWM strategy has been zero compared
with the traditional PWM strategy. It is clear from the
results that the proposed FPWM technique has satisfied
performance.
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Fig. 10 Stator current (RTT)
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Fig. 11 Stator voltage (RTT)
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Fig. 12 THD of one phase stator current for the IM drive (RTT).
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Fig. 16 Zoom in the stator current (RTT).

6.2 Robustness Test (RT)

In order to examine the robustness of the proposed
modulation strategies of the IM drive, the nominal value
of the R, and Rs is multiplied by 2, the values of
inductances Ls, M, and L, are multiplied by 0.5.
Simulation results are presented in Figs 17-23. As it’s
shown by these Figures, these variations present a clear
effect on the electromagnetic torque, stator current, and
stator flux curves and that the effect appears more and
more important for the traditional PWM strategy. On the
other hand, these results show that the THD value of stator
voltage and stator current in the FPWM strategy has been
reduced significantly. Table 5 shows the comparative
analysis of THD value.

Figs. 23-25 show the zoom in the electromagnetic
torque, stator flux, and stator current of the traditional
PWM strategy and FPWM strategy. This figure shows that
the ripple of electromagnetic torque, stator flux, and stator
current in the FPWM strategy has been zero compared
with the traditional PWM technique. Thus it can be
concluded that the proposed FPWM technique is more and
more robust than the traditional PWM one.

Table 5 Comparative analysis of THD value (RT)

b)FPWM

Fig. 13 THD of one phase stator voltage for the IM drive (RTT).
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Fig. 15 Zoom in the stator flux (RTT)
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THD (%)
PWM FPWM
Stator current 17.17 0.17
Stator voltage 81.47 0.76
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Fig. 17 Electromagnetic torque (RT)
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Fig. 18 Stator flux (RT)
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Fig. 21 THD of one phase stator current for the IM drive (RT).
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Fig. 24 Zoom in the stator flux (RT).
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6.3 Changes in Load Torque (CLT)
In this section, it is apparent that the stator flux ripple,
stator current and torque ripple for the tow-level FPWM

inverter is considerably reduced (See Figs. 26-29 and

Figs. 32-34).

Figs. 30-31 show the harmonic spectrums of stator
current and stator voltage of the IM using PWM and
FPWM inverter. It can be clearly observed that the THD is
more reduced for FPWM strategy. Table 6 shows the
comparative analysis of the THD value of stator current
and stator voltage for proposed modulation strategies.

Table 6 Comparative analysis of THD value (CLT)

THD (%)
PWM FPWM
Stator current 11.57 0.12
Stator voltage 81.40 0.76
ok 10"
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Fig. 26 Electromagnetic torque (CLT).
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Fig. 27 Stator flux (CLT).
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Fig. 28 Stator current (CLT).

ISSN 1335-8243 (print) © 2019 FEI TUKE

1500 : : : Vas (PWM)
1000 B as (FPVWM
= ; ! ! i e
P
£ 500
: | .
g 0 ;
° ! : :
Z 500
h=]
& 1000
-1500

Time (s)

Fig. 29 Stator voltage (CLT).

— Signal to analyze
' Display selected signal @

FFT window: 3 of 120 cycles of selected signal

500

-500 1 1 1 1 1 1 1 1
14 14056 141 1415 142 1425 143 1435 144 1445
Time (s)
— FFT analysi
Fundamental (60Hz) = 509 2 , THD= 11.57%
8 F |

Mag (% of Fundamental)
=

2 F 4
0 L-J._l. Ler o 1 1 L 1
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)
a)PWM
— Signal to analyze
_ Display selected signal @ i
FFT window: 3 of 120 cycles of selected signal
500 T T T T T T
ot ]
500 I I I | I I I L J
14 1405 141 1415 142 1425 143 1435 144 1445
Time (s)
—FFT analysi
Fundamental (60Hz) = 509.2 , THD= 0.12%
0.08F T T T T T 7
E
f=4 -
@
£
m
=
=
=
g ]
s
£
o 4
o
=
[ETTP [ NP0 TR TR TTUPRETINE T TSy PR
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

b)FPWM

Fig. 30 THD of one phase stator current for the IM drive (CLT).
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Fig. 31 THD of one phase stator voltage for the IM drive (CLT).
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Fig. 32 Zoom in the electromagnetic torque (CLT).

ISSN 1335-8243 (print) © 2019 FEI TUKE

Stator flux Qs (Wb)

Stator current las (A)

L e e et e s

&
Y

IS

i r
1425 143 1435 144 1445 145 1455 146 1465 147 1475
Time (s)
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CONCLUSIONS

The paper presents the simulation of a new pluse width

modulation scheme based on fuzzy logic for induction
motor. The comparaison through simulations between
conventional PWM technique and FPWM strategy have
been done. The simulation result has shown that the
reduction of stator flux ripple, electromagnetic torque
ripple and THD value of stator current and stator voltage
can be achieved through the FPWM technique. The
simulation results obtained were satisfactory, and system
solidity has been insured.
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