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DIRECT TORQUE CONTROL OF MULTI-PHASE INDUCTION MOTOR
WITH FUZZY LOGIC SPEED CONTROLLER
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Abstract. The paper presents the Direct Torque Control with Space Vector Modulation (DTC-SVM) of seven-phase induction motor with Fuzzy Logic
Speed Controller. The mathematical model of the seven-phase squirrel-cage induction motor and chosen methods of Space Vector Modulation have been
presented. Simulation studies of the DTC-SVM with Fuzzy Logic speed controller have been carried out and the results of simulation studies have been
presented and discussed. The author original contribution includes analysis and studies of considered control method of seven-phase induction motor.
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BEZPOSREDNIE STEROWANIE MOMENTEM WIELOFAZOWEGO SILNIKA INDUKCYJNEGO
ZROZMYTYM REGULATOREM PREDKOSCI

Streszczenie. W artykule przedstawiono metode bezposredniego sterowania momentem siedmiofazowego silnika indukcyjnego z zastosowaniem metod
modulacji wektorowej i rozmytego regulatora predkosci. Przedstawiono model matematyczny siedmiofazowego silnika indukcyjnego klatkowego oraz
wybrane metody modulacji wektorowej. Przeprowadzono badania symulacyjne sterowania silnikiem z zastosowaniem metody DTC-SVM i rozmytego
regulatora predkosci. Przedstawiono i oméwiono wyniki badan symulacyjnych. Oryginalny wkiad autora dotyczy analizy i badan przedstawionej metody

sterowania silnikiem siedmiofazowym.

Stowa kluczowe: silnik indukcyjny 7-fazowy, bezposrednie sterowanie momentem, metody modulacji wektorowej, sterowanie rozmyte

Introduction

Nowadays, the three-phase induction motors are
predominately used in the variable speed electric drives. However,
due to the development of the converter systems there is a great
interest in the using of the constructions of induction motors with
the number of the stator winding phases greater than three. The
main advantages of these types of motors are lower torque
pulsations, reduction of the stator current per phase and greater
motor reliability. The multi-phase induction motors may be
conditionally operated at failure of one or more stator phases [3, 5,
6, 8, 11]. In this paper the seven-phase squirrel-cage induction
motor is considered. The seven-phase motors can be used in high
power applications and in drive systems with specific
requirements for accuracy of control and reliability [1, 3].

In this paper the novel system of Direct Torque Control
of seven-phase squirrel-cage induction motor with Space Vector
Modulation and Fuzzy Logic speed controller has been considered
and described. The Fuzzy Logic controllers have the nonlinear
control surfaces and can give much better control results
in comparison with the conventional linear controllers [2, 4, 10].
The aim of the Direct Torque Control method with Space Vector
Modulation (DTC-SVM) is the control of the motor angular
speed, the magnitude of the stator flux vector and the motor
electromagnetic torque [7].

This paper has been divided into eight sections. Section 1
provides an introduction. Section 2 is dedicated to the
mathematical model of the seven-phase squirrel-cage induction
motor. In the section 3 the mathematical model of the seven-phase
Voltage Source Inverter (VSI) is presented. The Space Vector
Modulation (SVM) methods have been discussed in the Section 4
and the applied Fuzzy Logic controller is presented in the
Section 5. Section 6 is dedicated to the description of the DTC-
SVM control system. The results of the conducted simulation
studies have been presented in the Section 7. Section 8 concludes
the paper.

1. Mathematical model of seven-phase
squirrel-cage induction motor

Mathematical model of the seven-phase squirrel-cage
induction motor has been formulated on the basis of commonly
used simplifying assumptions presented in detail in [5, 8]. The

general scheme of the stator and rotor windings of the seven-phase
squirrel-cage induction motor has been presented in Figure 1.

Mathematical model of seven-phase induction motor in phase
coordinate systems is described by the set of differential equations
with the coefficients changing as a function of angle rotation of
the rotor [3, 5, 8]. The equations of seven-phase induction motor
expressed through phase variables can be transformed to equations
with constant coefficients by the use of the appropriate
transformation of variables.

Fig. 1. General scheme of the stator and rotor windings of seven-phase squirrel-cage
induction motor

The transformation of stator variables can be made by using
the transformation matrixes denoted as [C] and [Ds] and the
transformation of rotor variables can be made by using the
transformation matrixes denoted as [C] and [D,] [8].

After applying the transformation matrixes denoted as [C] to
the stator and rotor equations, the original seven-phase system can
be decomposed into decoupled systems: the stationary a-f
coordinate system, the additional coordinate systems z1-z2 and z3-
z4 and the system of zero components (there is one zero
component for the considered induction motor).
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The transformation matrix [C] for seven-phase induction
motor is defined as follows [8]:

al 1 cosa cos2a cos3a cosda  cos5a  COS6a |

£l 0  sing sin2a sin3a  sinda  sinba  sinba

z,| 1 cos2a cosda cosba cos8a coslOa cosl2e
[C]=§zz 0 sin2a sinda sinba sin8a sinl0a sini2e | ()

z, 1 cos3a cosba cos9a cosl2a coslSa cosl8a

7, 0 sin3a sin6a sin9% sinl2a  sinlbe  sinl8a

0N N2 N2 Y2 Y2 Y2 y2 |

where: a = 27/7 — is the electrical angle between the axes of the
machine phase windings.

The components in coordinate system a-f can be transformed
to the general common x-y coordinate system, which rotates at
arbitrary angular speed wy by using the [D] transformation matrix.
The elements of the [D] and [D,] transformation matrixes are
defined as follows [8]:

cosY, sing,
[D,]=[D.(9,)]=| -sin9, cosY,
diagft), 2. | @
cos($,—¢.) sin(9,-¢.)

[Dr]: [Dr (‘9k_(/’e)]= _Sin(‘gk_‘r”e) Cos(lgk_‘/’e) @)
diag [1](n72)x(n72)

t
where: § = jwkdt; wy — the arbitrary angular speed of the
0

coordinate system relative to the stator; n — the number of the
stator phases (for the considered motor n = 7).
The equations of seven-phase induction motor after
transformations of variables have the following form [3, 5, 8]:
e the voltage equations of the stator and rotor in the x-y
coordinate system:

Uy = Rsisx _wkl//sy + Py (4)
Uy, =Ry, + oy, + Py, ©)
0= Rrirx _(a)k — @ )l//ry T P¥ ()
0= Rriry +(a)k - a)e)l//rx + pV/ry U]

e the stator voltage equations in the additional coordinate
systems z1-z2 and z3-z4:

l"Iszl = Rslszl + pl//szl (8)
uszZ = Rsiszz + pl/’szZ (9)
usz3 = RSiSZ3 + pWszS (10)
uszA = Rsi524 + pl//sz4 (11)
o the equation of the motor electromagnetic torque:
7 . .
Te = E Py (l//sylrx - l//sxlry) (12)
e mechanical motion equation:
J
T.-T,=—"Tpa, (13)
Py

where: U, Us, — components of the stator voltage vectors in the x-y
coordinate system; Ug;, ..., us,s — COmponents of the stator voltage
vectors in the additional z1-z2 and z3-z4 coordinate systems; i,
iy, i iy — COmMponents of the stator and rotor current vectors
in the x-y coordinate system; ig; ..., is;s— cOmponents of the stator
current vector in the additional z1-z2 and z3-z4 coordinate
SYStems; v, W, Wne Wry — COMponents of the stator and rotor
flux linkage vectors in the x-y coordinate system;

IAPGOS 4/2017 39

Va1, - Wsq — cCOmponents of the stator flux linkage vectors
in the additional z1-z2 and z3-z4 coordinate systems;
we — the electrical angular speed of the motor; R, R, — stator and
rotor phase resistance; p, — the number of motor pole pairs;
p = d/dt — derivative operator; T, — the motor electromagnetic
torque; T,, — the load torque; J,, — the inertia of the drive system.

The values of variables considered in the additional coordinate
systems z1-z2 and z3-z4 are not involved in the generation of the
motor electromagnetic torque. However they must be considered
in the analysis and minimized with the use of the appropriate
control structures, because they can cause enlargement of the
amplitude of the stator phase currents and power losses in the
stator windings [3, 5, 8].

The values of the rotor components in the additional z1-z2 and
z3-z4 coordinate systems and the values of stator and rotor zero
sequence components are equal to zero because the rotor is short-
circuited and the star connection of stator phase windings
is assumed. The equations for these components are neglected
in the analysis.

2. Mathematical model of the seven-phase Voltage
Source Inverter

The scheme of the two-level seven-phase VSI used for control
of the seven-phase induction motor is shown in Figure 2.
VS/
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Fig. 2. Seven-phase induction motor supplied by the seven-phase VSI
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Stator voltage space vectors generated by the seven-phase VSI
in the stationary coordinate system «-f and additional coordinate
systems z1-z2 and z3-z4 can be determined in general form [3]:

u

Ugyy = U, + Uy =§(31 +aS, +a%S, +2°, +a's, +2°5, +2°S, )-u, (14)

. (5)

Hsaz2 =

. 2
Ugy + JUg, = ;(31 + QZSZ +§4S3 + éaSA + @855 + Qlose + §1237)' u

(16)

. 2
Ugsps =Ug+ Uy =7(51 +a’s, +a°S, +a’s, +a'’s, +2°S, +2s, }u

where: a = exp(j2xl/7); Sy, ..., S;— the states of the switches of the
seven-phase Voltage Source Inverter (S5;=0o0r1,i=1,....7).

The seven-phase VSI generates 2’ = 128 output stator voltage
space vectors. In the set of all generated voltage vectors, 126
active vectors and 2 zero vectors can be identified. The active
space vectors have different magnitudes and divide the surface
of voltage vectors into fourteen sectors [3].

Voltage space vectors generated by the seven-phase VSl in the
coordinate system - are presented in Fig. 3a), voltage space
vectors generated in the additional coordinate system z1-z2 are
presented in the Fig. 3b) and in the additional coordinate system
z3-z4 are presented in Fig. 3c).

All voltage space vectors presented in Fig. 3 have been
identified with decimal numbers and these numbers can be
converted into seven-position binary numbers. These binary
numbers determine the states of the individual switches of the
seven-phase VSI.
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Fig. 3. Voltage space vectors generated by seven-phase VSI: a) in the stationary
coordinate system a-f; b) in the additional coordinate system z1-z2
c) in the additional coordinate system z3-z4
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3. Space Vector modulation method

Due to a great number of voltage space vectors, the different
concepts of Space Vector Modulation can be adopted for control
of seven-phase Voltage Source Inverter [3]. In this article two
concepts of the synthesis of the reference voltage vectors have
been analyzed. In the first concept the switching times of two long
voltage vectors chosen from the same sector in which the
reference voltage vector is located and two zero voltage vectors
have been applied. In the second concept the using of switching
times of six active voltage vectors from the same sector and two
zero voltage vectors have been chosen.

Graphical interpretation of the first concept of Space Vector
Modulation method has been presented in Figure 4. The voltage
space vectors in the o-f plane and the case when the reference
voltage vector Uges IS Situated in Sector 1 are considered.

U113

—_————————
=

U127

Fig. 4. The principle of determining the reference voltage vector with the choice
of long voltage vectors

In this case the reference voltage vector is synthesized through
using two long voltage vectors: Ug7, Ujiz and two zero voltage
vectors: Uy, Uio7. The principle of Space Vector Modulation
method can be described by the following general equations:

Ug Ty =Ugy -ty +Upp5 Ty an

t, =T, _(tal +tb1) (18)

where: t4, tp; — switching times of long active voltage vectors; to—

switching time of zero voltage vectors; uge — magnitude of the
reference voltage vector; Ts— switching period.

Graphical interpretation of the second concept of Space

Vector Modulation method has been presented in Figure 5. The

voltage space vectors in the o-f plane and the case when the
reference voltage vector U IS Situated in Sector 1 are considered.
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Fig. 5. The principle of determining the reference voltage vector with the choice
of six active voltage vectors

In this case the reference voltage vector is synthesized by
using six active voltage vectors: Uss, Ujis,_Ug7,_Ui17,_Ugg, Uggz and
two zero voltage vectors: Uy, Uj,7. This concept of Space Vector
Modulation allows to achieve the reference voltage vector in the
a-f plane and at the same time to achieve the zero values of
vectors in the additional z1-z2 and z3-z4 planes [3].
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The principles of Space Vector Modulation method can be
described by the following general equations:

Usret 'Ts =Uy; 'tal +Upp5 'tbl +Ups 'taz +Ugs 'tbz +Uss 't +U;, 'tba (19)

0= Use 'ta1 +Ujpg 'tbl +Ujpg 'taz +Ugs 'thz +Up, 'ta3 TUpp, 'tbs (20)

a3

0= Ugy 'ta1 +Ug 'tm +Ugy 'taz FUg 'tbz Uy 'tas +Ug 'tbs (21)

ty =Ty —(tag +tog +1ap +top g +1o3) (22)
where: t,,, ty, tas, ths— Switching times of active voltage vectors.
Switching times of voltage vectors are calculated according
to the equations (these formulas allow to ensure the average value
of voltage in z1-z2 and in z3-z4 coordinate systems equal to
zero) [3]:

ty ::~:in(37r/7)osin(s«;z/7—19)~ulj—’e‘~TS (23)
d

t., =sin(27r/7)-sin(s-;z/7—19)-ulj—ref-Ts (24)
d

ts =sin(;r/7)-sin(s-;z/?—lsl)-ulj—’ef-TS (25)
d

t, :sin(37r/7)-sin[19—(s—1)-7:/7]-ulj—ref-TS (26)
d

th, =sin(2;r/7)~sin[.9—(s—l)-;r/7]-ulj—“*f~TS @
d

tys :sin(ﬂ/7)-sin[3—(s—1)-7;/7].UJ7'€‘.T5 (28)

=T, _(tal +ly +h, +h, + 1 itbs) (29)

where: 9 — the angle position of reference voltage vector, s — the
number of sector.

4. Fuzzy Logic controller

In the analyzed DTC-SVM control system the Fuzzy Logic
speed controller has been applied. The block diagram of the
selected Fuzzy Logic Controller (FLC) has been presented
in Figure 6.

The applied FLC consists of five parts [2, 4, 10]:

e Part 1 isresponsible for calculation of two control signals. The
difference between the reference and calculated motor speed e
is the first control signal. The time derivative of the first input
signal e is the second control signal. The calculation of the
output signals is performed with the use of the scaling factors
ke and Kge.

e The output signals from Part 1 are fuzzified in the Part 2. The
triangle-shaped membership functions presented in Figure 7
have been used in this part of FLC.

e In Part 3 of the FLC the multiplication of the appropriate
output signals from Part 2 is carried out.

e Part 4 is responsible for multiplication of the activation levels
of the rules and weight coefficients. The weight coefficients
were chosen as: N (negative), ZE (zero), P (positive),
NB (negative big), NS (negative small), PS (positive small),
PB (positive big).

e Part 5 is responsible for calculation of the output signal from
FLC. The determination of the output signal is performed with
the use of the scaling factor kg,. The output signal is calculated
according to the following equation:

u(k):zn“wiai Zn:ai (30)
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The scaling factors ke, kg and ky, of the Fuzzy Logic controller
have been matched with the use of genetic algorithm. The quality
index K:

K= min{[ (a); -, )2 dt+J.(Te* -T, )2 dt+j(y/: -y )2 dt| G
0 0 0

with the use of integral square error (ISE) criterion has been used

in the FLC tuning procedure [10].

FLC

Fig. 6. The block diagram of the Fuzzy Logic speed controller

Fig. 7. The triangle-shaped membership function

5. DTC-SVM control system

The block diagram of DTC-SVM control scheme of seven-
phase induction motor is shown in Figure 8.

To implement the DTC-SVM control system the estimation
block has been used [9]. The estimation block determines the
instantaneous magnitude of the stator flux vector s, the estimated
value of the motor electromagnetic torque T, and the instantaneous
angle y,, of the stator flux vector position.

In the DTC-SVM control structure three control loops are
applied: the control loop of motor angular speed w, with Fuzzy
Logic controller, the control loop of the motor electromagnetic
torque T, with PI controller and the control loop of the magnitude
of the stator flux vector s with PI controller. Output signal from
Fuzzy Logic controller of motor angular speed is the reference
value of motor electromagnetic torque T,. Output signal from
electromagnetic torque controller is the reference value of the y
component of the stator voltage vector ug,”. Output signal from
controller of the magnitude of the stator flux vector is the
reference value of the x component of the stator voltage vector
Us. The reference values of components of the stator voltage
vectors in the x-y coordinate system are transformed to the o-$
coordinate system and afterwards given to the Space Vector
Modulation (SVM) block. The SVM sets the switching states of
the seven-phase Voltage Source Inverter.
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Fig. 8. DTC-SVM control system of seven-phase induction motor

6. Simulation results

Simulation studies were carried out for the seven-phase
squirrel-cage induction motor with the following data: fy = 50 Hz,
P, =2, Ry=10Q, R, =6.3Q, Li;=L,=0.04H, L,=042H. The
simulation model of DTC-SVM control of seven-phase induction
motor with Fuzzy Logic speed controller has been implemented in
Matlab/Simulink® Software. The simulation studies of the
considered control method were performed for the assumed
trajectories of the reference motor speed and for variable values of
the load torque. Thesecond concept of the Space Vector
Modulation method with the use of the six active voltage vectors
and two zero voltage vectors has been applied in the simulation
model.

The waveforms of the reference speed and calculated speed of
the seven-phase induction motor have been presented in Figure 9.
Analysis of this waveforms leads to the conclusion that the

™
nal)

calculated speed is with high accuracy equal to the reference
speed.

The waveforms of the electromagnetic torque of the seven-
phase induction motor and the load torque are presented in the
Figure 10. The values of the electromagnetic torque depends on
the reference trajectory of motor speed and values of the load
torque.

Figure 12 shows the trajectory of the estimated values of the
magnitude of the stator flux vector. It can be stated, that the
magnitude of the stator flux vector is regulated at the nominal
value.

The waveform of the stator phase current has been presented
in Figure 11. It can be concluded, that the amplitudes of the stator
phase current depend on the load condition of the drive system.

The waveforms of the stator current vector components in the
z1-72 coordinate system are shown in Figure 13. As a result of the
applied Space Vector Modulation method, these components and
components in the z3-z4 coordinate system have small amplitudes.

We

t fs]

Fig. 9. The waveforms of reference and measured speeds of seven-phase induction motor for DTC-SVM with FLC
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Fig. 10. The waveforms of the electromagnetic torque of seven-phase induction motor and the load torque for DTC-SVM with FLC
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Fig. 11. The waveforms of the stator phase current of the seven-phase induction motor for DTC-SVM with FLC
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Fig. 12. Trajectory of the estimated magnitude of the stator flux vector

1

-1k
0
t[s]

Fig. 13. The waveforms of the stator phase current vector components in the z1-z2
additional coordinate system

7. Conclusions

The mathematical models of the seven-phase squirrel-cage
induction motor and seven-phase Voltage Source Inverter have
been presented. The chosen concepts of the Space Vector
Modulation methods have been described, the scheme and
description of the Fuzzy Logic Speed controller have been
presented.

The structure of Direct Torque Control method with Space
Vector Modulation with seven-phase induction motor and Fuzzy
Logic speed controller has been presented and described.

Simulation studies of the considered control method were
carried out and the results of the simulation studies have been
presented and discussed. The analyzed control method allows for
control of the given waveforms with great accuracy. The
calculated motor speed is with high accuracy equal to the
reference speed. The DTC-SVM system with Fuzzy Logic speed
controller provides accurate control of the motor electromagnetic
torque and the magnitude of the stator flux vector.

The drive system with Direct Torque Control of seven-phase
induction motor and Fuzzy Logic speed controller can be used in
industrial applications that require precise adjustment and reliable
operation.
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