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Application of the fuzzy controller in the speed control system

of an induction motor

Abstract. The paper presents a model of an asynchronous motor powered from an IGBT converter. The control system of the converter includes a
conventional current controller and a fuzzy angular speed controller. The tuning procedure of the fuzzy controller is carried out by means of the
sequential quadratic programming. The results of simulation tests are presented as time curves of phase-to-phase voltage, phase current, angular

velocity and electromechanical moment.

Streszczenie. W artykule przedstawiono model silnika asynchronicznego zasilanego z przeksztattnika IBGT. W ukiadzie sterowania przeksztaftnika
zastosowano konwencjonalny regulator pradu oraz rozmyty regulator predko$ci katowej. Procedure strojenia regulatora rozmytego przeprowadzono
z zastosowaniem metody sekwencyjnego programowania kwadratowego. Rezultaty badan symulacyjnych zaprezentowano w postaci przebiegow
czasowych napiecia miedzyfazowego, pradu fazowego, predkosci katowej oraz momentu elektromechanicznego. (Zastosowanie regulatora

rozmytego w ukifadzie sterowania predkosci silnika indukcyjnego).
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Introduction

Induction motors have many advantages such as a
simple structure, high reliability and low maintenance costs.
However, considering the requirements of modern industrial
applications, the control of these engines is a significant
challenge. This is due to non-linearities and a large number
of parameters that vary depending on the operating
conditions.

There are many methods of controlling speed of an
induction motor, such as the scalar control, the field-
oriented control, the flux control and the adaptive control.
The field-oriented or vector method is based on the
transformation of currents from a rotating reference frame to
a stationary frame, and vice versa. This method provides an
optimum transient response and a high steady-state
performance of the drive [4, 5].

There are problems with selecting an accurate
mathematical model of the unknown load changes, the
temperature changes and the impact of non-linearities on
the motor parameters. In this case, a good solution will be
to use a fuzzy controller in the speed control system.

The controller tuning procedure was carried out using
the sequential quadratic programming method. This method
belongs to the group of nonlinear programming methods
with constraints. The method works in an iterative way and
consists in determining the improvement direction and in
calculating the optimum of the objective function for the
direction. The conditions for ending the iteration are
specified on the basis of the step length or on the basis of
the value of the objective function gradient. That is why the
calculations stop when the step performed turns out to be
sufficiently short, or when the gradient is sufficiently small.

The model of an alternating current motor

The AC induction motor model is given by the space
vector form of the voltage equations. The system model
defined in the stationary a,B-coordinate system attached to
the stator is expressed by the differential equations. The
following assumptions were used: the motor model is
symmetrical and the magnetic circuit has a linear
characteristic. The stator voltage differential equations can
be expressed in the following form [1, 4]:
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However, the rotor voltage differential equations can be
written as:
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The electromagnetic torque expressed by utilizing space
vector quantities [1, 4]:
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where: a, f — stator orthogonal coordinate system, us,, Usg
— stator voltages, is,, iss — stator currents, Rs — stator phase
resistance, Ws,, Ws; — stator magnetic fluxes, ur, U —
rotor voltages, ir, iz — rotor currents, R, — rotor phase
resistance, o — rotor speed, p — number of pole pairs, Te —
electromagnetic torque,

The structure of the fuzzy controller

The controller is characterized by the structure of the
Mamdani type, as well as by the direct operation based on
error signals and error integrals. Owing to that, the general
base of the rules can be written down in as follows [7]:

R IF (eis LEW) AND (ieis LIEM)

THEN (uis LU (D)

R IF (eis LE®®) AND (ieis LIE®)

(6) THEN (uis LU )

R IF (eis LE®)) AND(ieis LIE®))
THEN (uis LU ()

where: e, ie - are the linguistic input variables: of the error
and of the error integral, u - is the linguistic output variable,
LEM . LE® LIE™M . LIEW - are the linguistic values of
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the error and the error integral, LU“),...,LU(")- are the
linguistic values of the output variable.

For the sake of the present research, a fuzzy controller
has been designed with the use of Fuzzy Logic Toolbox.
The controller has two modules of linguistic input data e and
ie, and one module of linguistic output data u. The linguistic
input data include five triangular membership functions
defining the error e and the error integral jie. The functions
are labelled as follows: NM — negative medium, NS —
negative small, ZO - zero, PS — positive small, PM —
positive medium.

For the linguistic output variable wu, membership
Gaussian functions were applied. The functions are
distributed evenly in the standardised output interval. There
are seven functions altogether, with NB — negative big and
PB — positive big introduced additionally.

The rule base for the fuzzy controller was initially
defined by means of the standard Mac Vicar-Whelan table,
which was subsequently modified taking into account the
input and output parameters of the membership functions
defining the linguistic variables. The rule base is presented
in Table 1.

Table 1. The rule base of the fuzzy controller

Designations Error integral ie
Error e NM NS Z0 PS PM
NM NB NB NM NS Z0
NS NB NM NS Z0 PS
Z0 NM NS Z0 PS PM
PS NS Z0 PS PM PB
PM Z0 PS PM PB PB

When the rule base is entered, the defuzzification
process starts. It consists in selecting a mathematical
procedure which transforms the fuzzy set, defined by the
membership function, into a scalar value. When the Centre
of Area (COA) method is applied, the scalar value of the
controller output signal for the discrete case is obtained
from the following formula [2]:
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where: uy — is the normalized output linguistic variable, uy -
is the membership function of output fuzzy set, ucruw) - is
the compressed membership function for each k-th rule.

The sequential quadratic programming method

The fuzzy controller is characterized by an original
method of tuning based on the sequential quadratic
programming. In this method the objective function f(x) is
approximated by a square function fap(x), which can be
described by means of [3]:

fap(X) = f(Xg)+ VF(Xg)" (x—Xg)+

8
®) +%(x—x0)T H(X—X,)

where: xp - is the point at which the objective function is
examined, Vf(xy) - is the objective function gradient at the
point xp, H - is the square matrix known as the Hesse
matrix.

The Hesse matrix consists of the values of the second
order derivatives of the function f(x) calculated for the point
Xo [3]:
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where: n — the dimension of the space in which the
objective function f(x) is described.

Knowing the Hesse matrix of the objective function, one
can determine the improvement direction dr on the basis of
the following [3]:
(10) ds =—HVE(x,)

It is advisable to apply the variable metric methods,
which employ the approximation of the Hesse matrix and
not its reverse in order to obtain the improvement direction
dr. The matrix approximating the Hesse matrix reverse is
updated in every step of the iteration by means on a
mathematical method [8].

Currently, the most popular and effective method of this
kind is considered to be the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) method. It makes it possible to update the
Hesse matrix value in every next iteration (Hk+1) on the
basis of the current value (Hx) and the objective function
gradient.

The tuning procedure of the fuzzy controller

The numerical calculations employing the nonlinear
programming method with constraints are the substantial
component of the tuning procedure, which comprises the
following stages [6]:

- Division of the error input space and of the integral error
input space of the angular speed,

- Selection of variables to be optimized, i.e. the amplification
factor and the time of doubling the nonlinear angular speed
controller,

- Determining the constraints referring to the
characteristics of the angular speed,

- Performing the calculations for the particular fragments of
the input space by means of the sequential quadratic
programming method,

- Preparing the matrix consisting of the amplification factors
and of the doubling times obtained for the particular
fragments of the error input spaces and for the error
integrals.

- Applying the results obtained in the form of the matrix for
determining the parameters of the fuzzy controller.

With the right computational tool, such as the SQP
method, it is possible to tune the Mamdani-type fuzzy
controller. For this purpose, a universal simulation model of
an AC drive was constructed, as shown in Fig. 1.

With respect to drive systems, an indicator is often
applied which is calculated as an integral of the product of
time and the absolute value of the control deviation. The
indicator can be represented as [1]:

time

0 ty
(1) Irag = [t-|e(t)|dt= [t-|e(t) dt
0 0

where: e(t) - is the control deviation, t - is the time of
ending the control process, ¢ - is the time.

Utilizing Eq. (11), one can represent the integral quality
indicator of the angular speed as:
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Flux Calculation

where: «f(t) - is the angular speed, wr - is the prescribed
angular speed, e ({) - is the angular speed error.
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Fig. 1. Simulation model of an AC drive
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Fig. 2. Time characteristics of the phase-to-phase voltage and the
phase current (T,=0 Nm)
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Fig. 3. Time characteristics of the angular speed and the
electromechanical torque (T,=0 Nm)

150 20s(e® )

100

50

0

1 Time[s] 1.5 2 25
Fig. 4. Time characteristics of the angular speed error (T,=0 Nm)
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Fig. 5. Time characteristics of the phase-to-phase voltage and
phase current (T,=100 Nm)
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Fig. 6. Time characteristics of the angular speed and the
electromechanical torque (T,=100 Nm)
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Fig. 7. Time characteristics of the angular speed error (T,=100 Nm)

To verify the results obtained, a system with a
conventional controller has also been tested for identical
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prescribed parameters, and the comparison of the quality
indicators can be seen in Table 2.

Table 2. Quality indicators for the drive model with the fuzzy speed
control system and with the conventional speed control system.

= Fuzzy speed control | Conventional speed
arameters
system control system
Load torque Setting Inte?_;al Setting Inte?_;al
T, [Nm] time t,[s]| . 48" | time t.[s] |, dUEMY
° " indicator /, " indicator I/,
0 2,14 94,6 2,21 99,2
20 2,26 102,5 2,36 108,8
40 2,31 110,9 2,45 117,3
60 2,45 119,5 2,59 125,7
80 2,55 128,3 2,71 135,6
100 2,68 136,1 2,96 143,1

Conclusions

The time characteristics of angular speed, phase
current, and electromechanical torque, as well as quality
indicators of angular speed confirm the usefulness and
validity of the sequential quadratic programming method in
the tuning procedure for the fuzzy controller. The method
enables creating a knowledge base and determining the
mutual position of input and output membership functions of
the linguistic variables in the Mamdani controller used in the
drive control system of an inductive motor.

The control space of the designed fuzzy logic controllers
consists of a number of segments which are not, in the
general case, planes. The segments are multilinear spaces
which can assume various locations and various degrees of
convexity, which makes it possible to shape the time
characteristics of the drive system angular speed.

The comparative analysis of the drive system with the
fuzzy controller and the one with the conventional controller
demonstrates that control time is shorter for the fuzzy
controller, especially with higher load torques. Integral
quality indicators are also smaller for the fuzzy controller,
however the correlation with load torque values is
significantly smaller than that for the control time.

REFERENCES

[1] Boldea I., Nasar S. A., Electric Machine Dynamics, Macmillan
Publishing Company, New York, 1986.

[2] Carvajal J., Chen G., Ogmen H., Fuzzy PID controller: Design,
performance evaluation, and stability analysis, Information
Sciences, No. 123 (2000), 249-270.

[3] Dorf R., Bishop R., Modern Control Systems, Prentice Hall,
12th Edition, 2010.

[4] Lepka J., Stekl P., 3-Phase AC Induction Motor Vector Control
Using a 56F80x, 56F8100 or 56F8300 Device - Design of
Motor Control Application, Freescale Semiconductor, Inc. 2005.

[5] Mishra A., Zaheeruddin, Design of Speed Controller for
Squirrel-Cage Induction Motor using Fuzzy Logic Based
Techniques, International Journal of Computer Applications,
Volume 58 (2012), No. 22, 10-18.

[6] Olesiak K., Tuning the Mamdani Fuzzy Controller by Means of
the Sequential Quadratic Programming (SQP) Method, Polish
Journal of Environmental Studies, Vol. 18 (2009), No. 4B, 162-
166.

[7]1 Xu J. X, Hang C. C., Liu C.: Parallel structure and tuning of a
fuzzy PID controller, Automatica, vol. 36 (2000), 673-684.

[8] Zhang J., A New Non-monotone Line Search Algorithm for
Nonlinear Programming, Przeglad Elektrotechniczny (Electrical
Review) 88 (2012), No 7b, 265-268.

Authors: dr inz. Krzysztof Olesiak, Politechnika Czestochowska,
Instytut Telekomunikacji i Kompatybilnosci Elektromagnetycznej,
Al Armii  Krajowej 17, 42-200 Czestochowa, E-mail:
kolesiak@el.pcz.czest.pl

339



