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Abstract: The aim of this paper consists of presenting a new
approach to control an induction motor using type-2 fuzzy
logic. The induction motor has a nonlinear model, uncertain
and strongly coupled. The vector control technique solves
the coupling problem. Unfortunately, in practice this is not
checked because of uncertainties in the model. Indeed, the
presence of uncertainties led us to use the techniques of
fuzzy logic. This technique is used to replace the block of
FOC with a new block control its role is to maintain the
decoupling and overcome the problem of robustness with
respect to the parametric variation. The simulation results
show that the two control schemes provide in their basic
configuration, comparable performances regarding the
decoupling. However, the choice for the type-2 Fuzzy vector
control appears advantageous. The type-2 fuzzy vector
control is found to be a robust control for application in an
induction motor.

Key words: Induction Motor, Vector control, Type-2 fuzzy
logic, Intelligent control.

1. INTRODUCTION

The induction motor is widely used in industry,
mainly due to the simplicity of its structure, its
rigidness, maintenance-free operation, and relatively
low cost [1, 2]. In the opposite of the DC motor, this
one can be used in aggressive or volatile environments
since there are no risks of corrosion or sparks [3].
However, it is still a challenging problem to control
induction motors to get the perfect dynamic
performance because its model is usually multi-
variable, coupled, highly nonlinear, the electric rotor
variables are not measurable, and its physical
parameters are generally imprecisely known because
they are time-varying [3, 4].

Due to power electronics progress, appearance of
new fast components, and development of the
numerical control technologies, it becomes easy to
establish rather complex control making it possible to
reach high performances of torque and speed control
of an induction motor. In this context, one of the
standard controls structures and best adapted to the
industrial requirements is that the field oriented
control. This technique offers a solution to avoid

solving higher order equations with a large number of
variables and non-linearity and achieves an efficient
control with high dynamic. This approach has the
following advantages: the flux and torque are
controlled independently, in a similar fashion to a
separately excited DC machine [5], full motor torque
capability at low speed, better dynamic behavior,
higher efficiency for each operating point in a wide
speed range, and four quadrant operations. However,
this control needs more calculations than other
standard control schemes and is penalized by its
complexity of structure and its sensitivity to the
parameter variations in particular those of the rotor.

To simplify the control structure some approaches
based on backstepping have been presented in the
literature [6, 7, 8]. It presents the advantages to use
only one control loop. For example in [§], the authors
propose a backstepping fuzzy adaptive controller,
where they use backstepping to control the speed and
the current in the same loop. To overcome the
assumption on the machine parameters knowledge, an
adaptive fuzzy system is exploited to approximate the
unknown dynamics, which allows considering the
advantages of direct and indirect adaptive schemes.
Nevertheless, this structure requires calculation time
and measuring currents which increases the
implementation costs.

Another approach applies in the control field using
sliding mode control to deal to the uncertainties; this
approach is powerful to control nonlinear and
uncertain systems [9, 10]. However, it is difficult to
obtain the bound of lumped uncertainty in advance for
practical applications of SMC. Besides, the
disadvantage exists in the application of SMC system
is the undesired chattering phenomena which raises
imperfection for practical switching device using.

During the past decade, intelligent methodologies
have been found to possess the best potential to solve
many engineer problems which, cannot be solved
before. Especially the fuzzy logic has been explored



during the past few years by several researchers [11,
12, 13, 14]. The main property that distinguishes fuzzy
logic is its capacity of representing and modeling
imprecision and uncertainty [15]. The fuzzy systems
can be considered as a universal approximator, and
hence can approximate any continuous functions on a
compact set to a given accuracy [16]. Fuzzy logic
based approaches don’t require complex mathematical
models as used in classic control. The basic principle
of fuzzy logic was stated by the use of "linguistic
variables" in place of or in addition to numerical
variables, the characterization of simple relations
between variables by "conditional fuzzy statement"
and the characterization of complex relations by
"fuzzy algorithms"[13].

The classical fuzzy logic control (called type-1
fuzzy logic control and noted T1FLC) strategy has
been the focus of many studies and research for the
control of induction motor [17, 18, 19, 20]. One of the
advantages of the fuzzy based control is that linguistic
information can be directly incorporated into the
controller without the need to accurate mathematical
model of the system.

However, the imprecision in such classical fuzzy
system, which is called sometimes Type-1 fuzzy logic
system (T1FLS) is not fully exploited and can deliver
anon-satisfactory performance. Practically, three ways
of uncertainty can be observed in the fuzzy logic
system (FLS): (1) the used words in antecedents and
consequents of rules can have different meaning to
different people; (2) consequents obtained by polling a
group of experts will often be different from the same
rule; and (3) both of training data and measurements
used to activate the FLS are noisy [21, 22]. Despite
having a name which carries the connotation of
uncertainty, research has shown that there are
limitations in the ability of TIFLS to model and
minimize the effect of uncertainties [23, 24, 25, 26].

Recently, the applications of type-2 fuzzy logic
(T2FL) to uncertain control processes have received
considerable attention [24]. This concept was also
introduced by Lofti Zadeh in 1975 [25]. Nevertheless,
the first T2FL system was developed and presented
only 23 years later by N. Karnik and J. Mendel in [28].
As J. Mendel defines, type-2 is an expanded and richer
fuzzy logic which, enables to better handle the
uncertainty [29]. This technique is a relatively new.
Indeed, in the last years it has begun to interest
researchers around the world, the number of
publications increases at a high rate. Most of the
authors working in this research consider that T2FL
can outperform their counterparts T1FL because they

can model complex processes, it’s characterized by
MFs that are themselves fuzzy and it is usually more
robust and better able to eliminate oscillations. The
interval type-2 (IT2) [25], a special case of type-2
FLS, are currently the most widely used for their
reduced computational cost.

In this paper, we propose a new approach to control
the induction motor by using Interval type-2 Fuzzy
Logic, in order to design a fuzzy control capable of
encompassing all the uncertainties of the motor and to
provide a robust and simple control. Indeed, this
control retains ownership of the rotor flux orientation
without using park transformation, which allows us to
eliminate the PI and current sensors and make its
implementation cheaper. For this control, we impose
the rotor flux and we use a single loop speed to control
the motor, the control voltages and the stator pulsation
are deduced from the type-2 fuzzy rules taking account
parametric variations.

This control strategy has been performed on a
typical induction motor with 1.5 kW rating, with
parameter reported in the APPENDIX B. The paper is
organized as follows: in section II, a model of
induction motor is presented. In section III, the vector
control theory is presented. In section IV, we give an
overview of the theory of the type-2 fuzzy logic.
Section V, the new approach using the type-2 fuzzy
logic is presented. In section VI, the simulation results
are presented. Finally, concluding remarks are given in
section VIL

2. MATHEMATICAL MODEL OF AN

INDUCTION MOTOR

A three-phase induction motor with squirrel cage rotor
is considered in this paper. Assuming that three-phase
AC voltages are balanced and stator windings are
uniformly distributed and based on the well-known
two-phase equivalent motor representation.
The mathematical model of the induction motor in the
reference frame linked to the rotating field is obtained
by considering the components of voltage (Vgs, Vgs) as
control variables and (lgs, lgs, @ar, @yr, €2 as state
variables. This model is presented as follows [13, 30,
31, 32,33, 34]:
%= f(x)+g(x)u (1)
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The induction motors have been used at a
single speed, which was determined by the
frequency of the main voltage and the number of
poles. Controlling the speed of an induction motor
is far more difficult than controlling the speed of a
DC motor since there is no linear relationship
between the motor current and the resulting
torque as there is for a DC motor. Moreover, the
dynamic behavior of an induction motor is
complex due to the coupling effect between the
stator and rotor phases. Therefore, to render the
dynamics of the induction motor similar to the DC
motor a vector control is required.

3. THE VECTOR CONTROL THEORY

The technique called vector control is used to vary
the speed of an induction motor over a wide range. It
was initially developed by Blaschke (1971-1973) [5].
The main objective of the vector control or field
oriented control of induction motors is, as in DC
machines, consists in the control of the torque and the
flux independently; this can be done by using a d-q
rotating reference frame synchronous [5]. To achieve
field orientation, the flux (d axis) component of stator
current Iy is aligned in the direction of the rotor flux

and the torque component of current I is aligned in
the direction perpendicular to it, at this condition [5,
13, 30, 31, 32, 33, 34].

Dy =@, and Py =0 ()
The electromagnetic torque of field oriented
induction motor is given by:
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With vector control the dynamic equations of stator
current components and rotor flux are given by (4):
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The vector control block is shown in Fig 1.
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Fig. 1. Block diagram of the vector control.

4. TYPE-2 FUZZY LOGIC SYSTEMS
The interval type-2 FL is a special case of the type-2
FLS. It uses interval type-2 fuzzy sets to represent the
inputs and/or outputs of the FL.. The interval type-2 FL
is depicted in Fig 2 and it consists of a Fuzzifier,
Inference Engine, Rule Base, Type-reducer and
Defuzzifier.
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Fig. 2. Type-2 fuzzy logic system.

The interval type-2 FL works as follows: the crisp



inputs from the input sensors are first fuzzified into
input type-2 fuzzy sets; singleton fuzzification is
usually used in interval type-2 FLC applications due to
its simplicity and suitability for embedded processors
and real-time applications. The input type-2 fuzzy sets
then activate the inference engine and the rule base to
produce output type-2 fuzzy sets. The type-2 FL rules
will remain the same as in type-1 FL, but the
antecedents and/or the consequents will be represented
by interval type-2 fuzzy sets. The inference engine
combines the fired rules and gives a mapping from
input type-2 fuzzy sets to output type-2 fuzzy sets. The
type-2 fuzzy outputs of the inference engine are then
processed by the type-reducer [24]. The type reduction
was proposed by Karnik and Mendel [33]. It is in
extension of type-1 defuzzification method, and it is
called type-reduction because this operation
transforms type-2 output sets of the FLS to a type-1
set. Then, this set may be defuzzified to obtain a single
crisp number. Many kinds of type-reduction [36, 37,
38] there exist. In this paper, we will use the center of
sets type reduction.

In practice the computations in an IT2 FLS can be
significantly simplified. Consider the rule base of an
IT2 FLS consisting of N rules assuming the following
form:

R": IF X is X[ and......... and X, is
X", THEN y isy" n=1,2..,N  (5)

Where Xin (i=1..., I) are IT2FLS, and

n —n
Y"=[y", Y ]isan interval.
Assume the input vector isX = (X[,X},...,X]).

Typical computations in an IT2 FLS involve the
following steps:

1) Compute the membership of X on each X',
Ltyo (6 £, OD] i=12,... 1, n=1.2,... N
2) Compute the firing interval of the rule F" (X') :

P00 =[O0 x4, (04), 41, 00 x24, OO, T

n=1,...,N (6)

Note that the minimum, instead of the product, can
be used in (6).

3) Perform type-reduction to combine F"(X') and
the corresponding rule consequents. There are many
such methods. The most commonly used one is the

centre-of-sets type-reducer, this method is proposed by
Karnik and Mendel [25, 39].
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5. APPLICATION OF THE INTERVAL TYPE-2
FUZZY LOGIC TO THE CONTROL OF THE
INDUCTION MOTOR

The vector control requires a precise knowledge of
the motor parameters, the variation of these parameters
degrades its performance. The Interval type-2 Fuzzy
logic is applied to the vector control by replacing the
block of FOC by a fuzzy vector control block taking
account of the parametric variation.

We chose for the model:

o A limited number of fuzzy sets, three or five
for each variable.

e The membership functions of the fuzzy sets
are Trapezoidal and Triangular shape for the input
variables.

The expression of the vector control is written as
follows (9):

y=f(x) ©)
Where:

dc, . do, Y
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Considering that the flux of reference @; is constant,
this means that:
do, ~0

dt (10)

The new input variable is given as follows:

t
x:[Ce,&,CDr,Qj
dt (11)

The system of equations which characterize the
model is given by (12):
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However, it remains to conceive the fuzzy
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representation of the system; this representation
gathers all uncertainties of the system defined by:
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The rules are then presented as follows:
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qs
and Yaikl’“’“) are IT2 FSs.
For the output, we transform a type-2 fuzzy set into

type-1 fuzzy set using the method of centers sets:
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The block diagram corresponding to the Interval type-
2 fuzzy model is shown in Fig 3.
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Fig. 3. Block diagram of the Interval type-2 fuzzy
control replaces the vector control.

This new model (Fig. 4) has an Interval type-2
fuzzy control algorithm which updates the values of
the stator voltage and the synchronous pulse. This new
block has four inputs and three outputs. The inputs are
the electromagnetic torque, the derivative of
electromagnetic torque, the rotor flux and rotor speed,
with each of these inputs corresponding to a fuzzy
variable (Fig. 5). The output is the fuzzy control
decision.

Theoretically, it is interesting to note that when the
number of fuzzy sets of inputs increases, the
approximation obtained is better. However, we
couldn’t exceed a certain number of fuzzy sets, we risk
losing the utilities of fuzzy logic, among other things
such as the increase in computing time.

Consequently, it would be judicious to reduce the
complexity of the Interval type-2 fuzzy model. The
easiest method consists in subdividing the model in
several blocks. In our case, we chose a three under-
block as shown in Fig 6.
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Fig. 6. Decomposition of Interval type-2 fuzzy model
into sub-fuzzy systems.

5. SIMULATION RESULTS

In order to verify the effectiveness of the proposed
approach, some simulation studies were carried out
using MATLAB/SIMULINK. The induction motor
used in the simulation is a 2-pole machine with a 1.5
kW rated power and 1423 rpm rated rotational speed.
The test concerns a no-load starting of the motor with
areference speed Q,.s= 150 rad/sec and reference rotor
flux ¢,=0.3 Wb, then a load torque of 1 Nm is applied
at 5 sec.

In the Fig 7, the application of the load torque
causes a step change in the electromagnetic torque
response without any effects on the flux responses,
which are maintained constant, due to the decoupled
control introduced by the proposed approach. So, these
characteristics are similar to those obtained with a
vector control technique, which is the aim of the
proposed approach.
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Fig. 7. The performance of the interval type-2 fuzzy
vector control.

In the Fig.8, the performance of the fuzzy vector
control is shown at low speed. These results show that
using the interval type-2 fuzzy control at low speed
give the better performance with maintaining
decoupling.
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Fig. 8. The performance of the interval type-2 fuzzy
vector control at low speed.

In this simulation, VC only incorporates



proportional integral current regulators. The
comparisons between the two control techniques show
that the flux ripple is more significant in the case of
vector control (Fig. 8).
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Fig. 9. The flux response of the two control
techniques.

The transient performance of the two schemes has
been compared through the motor torque response to a
variation step of the torque reference starting from 0
Nm to 1 Nm and with the same parameters of the PI
regulator. These results show that using the type-2
fuzzy control scheme can be achieved a better torque
response in terms of settling time without major
overshoot in comparison with classical vector control.
In addition, the type-2 fuzzy control presents less
ripple of the speed compared to the vector control. It
can be seen also the better performance in the fuzzy
control when the changing of the rotational direction
of the induction motor within 0.35 seconds (Fig .9).

a) Classical Vector control

Speed(ds)

b) Interval type-2 fuzzy vector control

Fig. 10. The torque response of the two control
techniques.

When the rotor resistance increases, the time
constant decreases, the rotor flux is affected and it
decreases. As aresult, we lose the decoupling. The Fig
10 shows that decoupling is maintained for the fuzzy
control in spite of an increase in resistance to 50% of
its real value.

0.4

|
|
0.3 — i
|
|

1
|
| |
3 oabfCo b e e
% | | | |
JE 1) A R [ — - [ —
E 0.1 ‘ ‘

e |
| | | | |
|

| |

L L
o 1 2 3 a 5 6 7 8 9 10
Time (s)

a) Performance of the fuzzy vector control with +50% of

a | | | I

Rr.
0.4 T T T -
I I | |
g 0.3 Wil sbbby bl W H‘\ i \hw bl il “\ ‘M‘ b un i W“‘ M‘ \‘“‘ ik \”‘m i ““\‘ wd‘ I
| | i I
= 02H----- T == - —F -t - - |- - ===
3 h | | | |
g oAl
- ‘ ‘
S e [ T [
| | | |
0.1 | | I I
0 2 4 6 8 10
Time (s)



Fig. 11. Performance of the two control techniques with

The robustness of the fuzzy vector control is
confirmed with the variation of the rotor resistance and
the moment of inertia in terms of rise time and
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b) Performance of the vector control with +50% of Rr.
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0.5 .
. . |
—H+— Fuzzy vector control D
0.4 —-| —&— vector control . B
—~ ! | /o
@ | | ya
° /
e SRR AR R
‘5 | | / |
| | |
2 02F------- -————=—-- \***/****ﬂ 77777777
2 | o/ |
= | | |
| / |
Olp-------=--—-—- YAy SR AN
B =
G—F S0 I
o 1 1 1
0] 20 40 60 80
Variation of Rr (%)
0.14 ‘ ‘ ‘ ;
‘ (
0.12 —+F— Fuzzy vector control %\}
a —— Vector control P
Py . : - I
e 01
o
2 0.08
Q
£
0.06
0.04
Vartiation of the moment of inertia (%)
Fig. 12. The rise time.
30 T T T —
| Q B o
| ) |
e I B
= 20 /// : —+t+— Fuzzy vector control
4 L~—""""" o v I I
3 ‘ —— Vector control
= | | |
8 5 ------- T T \7 T 7\ 77777777
O | | |
Q 10l - _ ____ o __ |
2 10 | | |
| | |
% ,,,,,,, S - 1
H— T |
| | |
O 1 1 1
0 20 40 60 80

Variation of Rr (%)

25 \ \ \
I I AN D
I o ——
e E TR -
P | | |
’a | | |
E 15F------ J‘ — - - — | —H&— Fuzzy vector control -
= | €— Vector control
| T T
g_ e e e T T
%) | | |
| | ]
Sho- 1]
| | |
| | |
0 1 1 1
0 20 40 60 80

Variation of the moment of inertia (%)

Fig. 13. The Overshoot of the speed.

6. CONCLUSION

The validity of the proposed control technique has
been established both in simulation at different
operating conditions. This control technique has
revealed very interesting characteristics. The novelty
in this control, compared to previous works in the
literature, is to replace the FOC block by the fuzzy
logic block to control the induction motor. This
control maintains the decoupling and provides a high
dynamic and statistic performance. Furthermore,
compared with the conventional vector control, the
fuzzy vector control is simple to implement as it uses a
reduced model, reduced time of simulation and its
insensitivity to parametric variation. Another
advantage of this control is the absence of d-q current
regulators. Therefore, leading the induction motor with
fuzzy control presents a low cost system for many
applications. Currently, we are working on the real
time implementation of this approach on benchmark
designed in our laboratory.

APPENDIX
1) Nomenclature:
Rs, Rr: stator and rotor resistances, respectively,
Ls, Lr: stator and rotor inductances, respectively,
L,,: mutual inductance,
J: moment of inertia,
P: the number of pole pairs,
Q: rotor speed,
Dy, Dg: rotor flux d-q components,
L, Igs: stator current components,
Vs, Vgs: stator voltage components (control signals),
®,: reference rotor flux,
Q.¢: reference rotor speed,
C,: the load torque,
C. : the electromagnetic torque,
®;: stator pulsation.
2) The motor data are as follows:
Electric power: P =1.5KW,
Stator voltage: V =380/ 220V,
Number of Poles: p =2,
Rated speed: Q =150 rad/sec,
Frequency: f = 50Hz,
Stator resistance: Rs = 4.70Q,



Rotor resistance: Rr = 4.32Q),

Stator inductance: Ls = 0.276H,

Rotor inductance: Lr = 0.276H,

Mutual inductance: Lm = 0.262H,

Moment of inertia: J = 0.0023kg.m>,
Viscous friction coefficient =0.00088 Nms.
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