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Abstract: In this paper, the design of optimized fuzzy variable-structure controllers for a Field-Oriented
Induction Motor (FOIM) is presented. An optimized Proportional-Integral (Pl) is first found using an
optimization procedure known as Neuro-Genetic Algorithm (NGA). Further, two types of fuzzy controllers,
namely, the Split Fuzzy (SF) and the Full Fuzzy (FF) are presented and whose structures are obtained using
Adaptive Neuro-Fuzzy Inference System (ANFIS). The later uses the data generated from the optimized PI-
controlled FOIM. Comparison between PI, SF and FF is made for parameter variation, load disturbance, and
motor speed regulation and tracking. Finally, an improved Concept-based Fuzzy variable-structure controller
(CF) for speed control is proposed and its robustness is demonstrated through load disturbance and command
speed tracking.
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1. Introduction

Induction motors (IM) represent the workhorse of
the industrial drive systems. They are less costly,
more rugged, and more reliable than DC motors.

The problems related to the induction motor are:

1. Stator and rotor parameters variation during
motor operation

2. Difficulty in measuring the rotor time
constant because of the temperature effect

3. Saturation effect on the rotor inductance
and on the decoupling process between the
rotor flux and torque

4. Nonlinear behavior and time-varying
dynamics

Because of these problems, classical control design
could not be done properly especialy when
parameter variation and load disturbance occur [1].
To reduce the nonlinear coupling, field-oriented
technique is usually used. The later is based on the
decoupling between the torque and rotor flux. FOIM
is known to fasten the transient response. Two well-
known methods used are: Direct and Indirect [2].
The former requires the knowledge of the module
and the position of rotor flux. For this purpose,
sensors with Hall effect or a dynamic model can be
used. In the later (used here), only the position of
rotor flux should be known.

In general, a high performance motor drive system is
characterized by [3]:
Fast step tracking response without overshoot
Minimum speed dip and restore time, due to a
step load change

Achievement of zero steady-state error in the

command tracking and load regulation
However, if regulation characteristics with small
speed dip and short restore time following a step
load change is required, relatively large overshoot,
and short settling time in the speed tracking may
result. So, to improve the system performance, the
controller must be robust against speed variation and
external perturbation.

Conventional Pl controller has been widely used in
industrial applications due to its simple control
algorithm and easy implementation. However, It is
difficult and complex to design a high performance
Pl-controller IM drive system [3] because of system
parameter variation and load disturbance change.

In this respect, fuzzy logic control [4,5] represents

an attractive approach sinceitisa

1. Linguistic controller, i.e., no need for a precise
and accurate

2. Flexible nonlinear controller, i.e, can
overcome nonlinearities

3. Robust controller, i.e., insensitive to parameter
variation

This paper presents the design steps of an optimized
fuzzy variable-structure controller [6,7] for a field-
oriented control of an induction motor as follows:

1. An optimization procedure for the Pl-controller
gains, known as NGA, is used. NGA is based on
the combination of Artificial Neural Network
(ANN) with the Genetic Algorithm (GA).

2. A data history of the motor speed and rotor flux
is used to train 2 types of fuzzy controllers: split
(SF) and full (FF) fuzzy controllers. In SF, a



fuzzy block replaces each part of the Pl whereas
in FF, afuzzy block replaces the whole PI.

3. An improved variable-structure concept-based
fuzzy controller (CF) for motor speed is
proposed. The idea is to change the controller
structure depending on the error between the
desired and actual speed. To improve robustness,
afilter (one-time constant) is added.

Simulation tests were carried out using MATLAB-
SIMULINK. The effectiveness is demonstrated
through comparison with the optimal Pl under
diverse tests, namely, parameter variation, load
disturbance, and regulation and tracking of the
motor speed.

2. System Model

Figure 1 shows the circuit diagram of a Field-
Oriented control of an Induction Motor (FOIM). The
state space model of an induction machine using
current model isgiven [2] by
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The system parameter values are given in Table A.
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Figure 1 Induction motor circuit

3. Neuro-Genetic Algorithm (NGA)

The PI gains are optimized using the Neuro-Genetic
Algorithm (NGA) where a combination between
Artificial Neural Network (ANN) and Genetic

Algorithm (GA) is used. The god is to minimize a

cost function represented by the error between the

desired and actual variables to be controlled. NGA

was found to save a lot of computational time since it

avoids the simulation of the system for each value of

the gains as needed by GA.. The steps, illustrated in

Figure 2, are asfollows:

1. Determine the search interval (trial-&-error,
stability criterion, etc.) for the controller gain K.

2. Compute the cost function J for several values of
K in the search interval.

3. Use ANN to interpolate between these cost
function values

4. Operate GA only on ANN output.
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Figure 2 Neuro-Genetic Algorithm

4. Adaptive Neuro-Fuzzy
Inference
System (ANFIS)

Fuzzy logic system (FLS) is based on the theory of
fuzzy sets and uses linguistic variables that are
words rather than numbers. This allows for human
tolerance and data imprecision. In FLS, input
variables are transformed into fuzzy sets
(fuzzification) using membership functions and
processed by a collection of (if-then) fuzzy rules to
get the output. These rules form fizzy inference
engine (FIS).

There are two well-known types of FIS: Mamdani
[8] and Sugeno [4]. The main difference is at the
output level where Sugeno uses a constant or linear
output membership functions rather than a
distributed fuzzy set used by Mamdani. Because it is
a more compact and computationally efficient than
Mamdani, Sugeno system lends itself to the use of
adaptive techniques for constructing fuzzy models.
These adaptive techniques can be used to customize
the membership functions so that the fuzzy system
can model best the data.

The Adaptive Neuro-Fuzzy Inference System
(ANFIS) constructs a fuzzy inference system based
on given input/output data sets. The membership
function parameters are tuned (adjusted) using either
a backpropagation algorithm aone, or in
combination with a least-squares type of method.

5. Test Results

5.1 Proportional-Integral Control



To achieve the steady-state values of the motor
speed wi,, and the rotor flux f,, a Proportional plus
Integral (Pl) controller is used for a Field-Oriented
Induction Motor (FOIM).

Optimum values for the Pl gains are obtained using

superimposed technique discussed in [ 9] asfollows:

1. Vary Ki1 while Kp1=Kp2:Ki2=0 (U% |d3:06580
[A] inthe f -loop to achieve nominal flux of 1.7
[Wb]) to get Kilopt

2. Vary Kiz while Kp]_:szzKi]_:O (Use IQS:03925
[A] in the w;,, — loop to achieve nominal speed of

157.1 [rad/sec]) to get Kizop
3. Vary Kpl while Kii= Kiloptr Kp2:O, Kio= Ki20pt to
get Kplopt

4. Vay sz while Kj;= Kilopt, KplzKplopti Ki= KiZOpt
to get KpZOpt

NGA is used to determine the optimum gain values
that are: K;,=0.2, K;=0.08, K,=0.1, and K;,=15.

5.2 Fuzzy Logic Control

Using the optimum Pl controller gains found

previoudly, training data for ANFIS are generated

using the input-output pairs as shown in Table 1. For

each fuzzy controller, a history block is used. For the

Split Fuzzy (SF), 2 blocks are generated for each Pl

controller. For the Full Fuzzy (FF), one block is

generated for each Pl controller. The design steps

arel

1. Run the simulation of the FOIM using PI
controllers

2. Using the input-output sets given in Table 1,
create fuzzy blocks for the speed and the flux
using ANFIS

3. For SF, replace each part of each Pl by its
corresponding fuzzy block. For FF, replace each
Pl by its corresponding fuzzy block.

4. Test the robustness of the fuzzy controller using
different operating conditions

Table 1 Training set for Fuzzy Controllers

Both Split Full
Type SF & FF Fuzzy(SF) | Fuzzy(FF)
Input Output Output
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Note: The sampling time, dt=T, istaken as 0.01 sec.
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Figure 3 Pl Control of Speed and Flux
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The structure of FIS consists of 2 bell-type MMFs
for each input. The training error is around 10°®. To
test the robustness of the fuzzy controllers, some
tests are used and the results are compared to the Pl

ones, hamely,

1 Change in load torque

2. Change in speed reference

3. Change in system parameters



Test 1: Load torque variation

In order to compare the Pl with the fuzzy
controllers, a new load torque pattern (not used
during training process) is used. The time response
of w, and f, are shown in Figure 5. It is worth
noting that both fuzzy (SF & FF) responds
identically with lower overshoot and faster settling
time (not clearly shown in w;, because of the scale)
than the PI.
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Figure 5 Time Response to load torque variation

Test 2: Speed Reference Tracking

A random pattern for the desired speed (W)
tracking is applied and the time responses of w;, and
f, are shown in Figure 6. It is clear that both fuzzy
(SF & FF) show identical performance with lower

controllers, an improved Concept-based Fuzzy
variable-structure controller (CF) is presented. It is
based on [9] added to it a filter with one-time
constant, as shown in Figure 8, where G=T=8.

The control input u=lq takes only one value, uwp or
uwi, depending on the error magnitude (tolerance,
tal), that is,

iuwp  for |ew |> tol
uw=lqs=i .
7 uwi for |ew [E tol

The value of the tolerance, tol, could be found using
[9]. Here, 5 [rad/sec] is selected.
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Figure 7 Speed and Flux Regulation for a 50%
Increasein Ls, Rsand R,

overshoot and faster response |n motor Speed.
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Figure 6 Speed and Flux variation during W, change

Test 3: System Parameter Changes

A 50% increase in the stator inductance Ls and
resistance R,, and rotor resistance R, The time
response of wy,, and f, are shown in Figure 7. It is
clear that fuzzy controllers exhibit better
performance.

5.3 Variable Structure for Speed Control

To fully anayze the structure of the fuzzy
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Figure 8 Improved Variable-Structure Fuzzy
Concept-Based Controller (CF)

Figure 9 shows the time response of wy, and lg
during load torque T, disturbance whereas Figure 10
shows the time response of w, and Iy for speed
tracking with T disturbance. This controller shows
robustness to load torque variation but with the
presence of chattering that should be eliminated or at
least reduced.



6. Conclusion

This paper has presented the basic steps to design
fuzzy controllers for field-oriented control of an
induction motor. The first step was to find optimum
values for the PI controllers used for speed and rotor
flux controls. The Pl controllers were used to
generate fuzzy blocks through ANFIS. Three
configurations were presented, namely, the Split
Fuzzy (SF), the Full Fuzzy (FF) and the Concept
VSC Fuzzy (CF).

From the tests performed, it can be noticed that both
SF and FF exhibit identical behavior and present
better performance (lower overshoot and faster
settling time) than the Pl one, with chattering free.
However, for the CF, robustness is demonstrated but
the chattering is still present that should be
eliminated or at least reduced.
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Figure 9 Speed control during T, variation
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8. Appendix
Table A: Model Parameter Values

Parameters Values
Number of Poles, N, 2 poles
Rotor Resistance, R, 3.805W
Rotor Inductance, L, 0.274H
Stator Resistance, Rq 4.85W
Stator Inductance, L 0.274H
Mutual Inductance, Ly 0.258 H
Inertia, J 0.031 Kg.m?
Viscous Coefficient, B 0.008 N/sec
Nominal Speed, w, 1490 rpm
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