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Abstract

In this paper, different switching tables proposed for the Direct Torque Controlled (DTC) of a six-phase induction machine
are simulated and implemented. A six-phase induction motor has 64 space voltage vectors which result in increased complexity in
the selecting of inverters switching. The unsuitable selection of a switching table leads to large harmonics especially at low speed
and it also reduces drive efficiency. A six-phase induction machine has large zero sequence harmonic currents of the order 6k±1.
These harmonic currents are varied in various techniques. Decreasing this loss is essential in a six-phase induction machine. The
main purpose of this paper is to improve the ST-DTC of six-phase induction machines to reduce the voltage and current harmonics
and the torque pulsation. Selecting a suitable method for minimizing these harmonics is very important.
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I. INTRODUCTION

Nowadays, a great deal of attention is being given to multi-
phase machines. Multi-phase machines with various structures
are used in different applications. They are used in different
applications including marine propulsion, railway traction,
electric vehicles, and aerospace applications [1]-[3]. One of
the major benefits of a six-phase induction machine is that it
will continues working after cutting off one to three phases [1],
[4]. A six-phase induction machine has two sets of three-phase
windings, spatially phase shifted by 30 or 60 electrical degrees
and with isolation or non-isolation of the neutrals [5]. 30
electrical degrees by isolation of the neutrals is selected in this
paper. If the angle between two of the three phase windings is
γ = 60◦, the loss in the 6k±1, (k = 1,3, ...) harmonics is zero
and there is no need to improve this loss. Speed control of
a six-phase induction machine can be accomplished by many
approaches such as FOC [2], [6], [7] and DTC. Direct Torque
Control of a six-phase induction machine has been reported in
[3], [8]-[10]. Similar to a three-phase induction machine, there
are two basic approaches for the DTC of a six-phase induction
machine. The first technique is based on the hysteresis torque
and flux control and followed by a voltage vector selecting
table. In this approach the switching frequency is variable
due to the hysteresis bands of the flux and torque controller.
The second technique is based on a fixed switching frequency

Manuscript received Jun. 17, 2010; revised Oct. 31, 2011
Recommended for publication by Associate Editor Kyeong-Hwa Kim.

† Corresponding Author: taheri@znu.ac.ir
Tel: +98-241-515-2326, Fax: +98-241-515-9401, IUST

∗Dept. of Electrical and Electronics Eng., Iran Univ. of Science & Tech.,
Iran

[11]. The need for reduction of a low harmonic current due
to the voltage vector plane is a major aspect which is not
important in a three-phase induction machine [11]. A reduction
of the loss in harmonics by the order 6k ± 1, (k = 1,3, ...)
in various space vector modulation techniques is reported in
[12]-[15]. Designing an optimal switching table in six-phase
direct torque control drives to reduce this loss is important.
In [10] PWM-DTC of a symmetrical six-phase induction
machine is presented. Accuracy in stator flux estimation is
very important in the PWM-DTC of a six-phase induction
motor. In [3] a split-phase induction machine is operated
by two independent voltage source inverters. The proposed
algorithms are complex and they are used in symmetrical six-
phase induction machines.

In this paper the DTC of a six-phase induction machine
is a fast and simple control strategy, which is tolerant to
motor parameter variations. It provides direct control of the
electromagnetic torque and stator flux by optimally selecting
the inverter states in each sampling period. By comparing the
various states in the inverter drive switching of a six-phase
induction motor, a suitable state to reduce 6k±1, (k = 1,3, ...)
harmonics is obtained. In the previous papers published in this
field, the authors did not use an optimal switching table. The
unsuitable switching table selection used in [8] results in a
large loss in the (z1 − z2) domain and a large torque ripple.
Therefore, the authors of [8] say that ST-DTC is not useful or
practical for a 6PIM with γ = 30◦. The DTC of a five-phase
induction motor is reported in [16-18]. In these papers, various
techniques for the DTC of five-phase machines are described
but the effects of different switching tables are not mentioned.

Different Switching Tables (ST) are proposed and compared
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in this paper to achieve a minimum loss in the 6k±1harmonic
and a resultant reduction in the torque ripple. Improving
the ST-DTC of a six-phase induction machine to reduce the
harmonic of the fifth and seventh orders is given here. In the
next section, the machine modeling is described. Then the
DTC of a motor and the switching table used in this paper
is presented. In section IV, the efficiency and losses in a six-
phase induction machine are presented. The simulation results
of various switching tables and loss in a 6PIM is presented in
section V. The experimental results are shown in section VI
and some conclusions are presented in section VII.

II. MATHEMATICAL MODEL OF SIX-PHASE INDUCTION
MOTOR

In the six-phase VSI shown in figure 1, the inverter has
six legs and 64 voltage vectors. These voltage vectors are in
6 dimensional spaces and for the sake of simplicity they are
mapped on three subspaces by the transformation matrix in
(1). This simple and much discussed technique is the VSD
method [5]. The fundamental supply harmonic that produces
the electromechanical energy conversion is mapped on the
(α −β ) subspace. Also the harmonics of the order (12n±1)
are mapped on this subspace. The other subspace is (z1 − z2),
and the harmonics of the order 6k±1, (k = 1,3, ...) are mapped
on it [5]. Because of the isolation of the neutrals of the two
windings, the (o1 − o2) voltage vectors are all equal to zero
[3], [8], [10]. {

V̄s = Rs Īs +ρΨ̄s
0 = Rr Īr +ρΨ̄r − jωrΨ̄r.

(2)

The flux equations produced in the (α − β ) subspace are
as: [

Ψ̄s
Ψ̄r

]
=

[
Ls M
M Lr

][
Īs
Īr

]
(3)

where:

Ls = Lls +M, Lr = Llr +M, M = 3Lms

The electromagnetic torque is reduced as:

Te =
3P
2

Im(Ψ̄s.Ī∗s ). (4)

The six-phase induction machine in the (z1 − z2) subspace
is modeled as [5]:[

vsz1
vsz2

]
=

[
Rs +ρLls 0

0 Rs +ρLls

][
isz1
isz2

]
. (5)

Fig. 1. Diagram of six-phase induction motor and inverter.

III. DTC METHOD AND SELECTING VARIOUS SWITCHING
TABLES

In the DTC technique the motor flux and the torque can
be controlled without accurately determining the position
of the rotor flux. For this purpose, finding the flux sector
is enough. A fast decoupled control of the stator flux and
the electromagnetic torque is the main object of the DTC
technique. The inverter voltage vector is selected by hysteresis
comparators of the flux and the torque and a switching logic
table, as shown in fig 2. In a multi-phase induction machine
with more space voltage vectors, there is more flexibility
in selecting the inverter switching. Unsuitable selection of a
switching table leads to large 6k±1, (k = 1,3, ...) harmonics
especially at low speeds and it results in a reduction of the
drive efficiency.

To reduce these harmonics in the DTC of a six-phase
induction machine, K. Hatua, et al. [3] individual the flux
control method. In this technique, two different two-level
flux hysteresis controllers are used separately for two stator
fluxes (Ψ̄s1,Ψ̄s2). In [10] the switching table DTC of a six-
phase induction machine is a topic requiring further research.
Because of the small stator impedance of the (z1−z2) domain,
the voltage harmonics of the order 6k± 1, (k = 1,3, ...) gen-
erate large stator current harmonics. In the previous papers
published in this field, the authors did not use an optimal
switching table. The unsuitable switching table selection used
in [8] results in a large loss in the (z1−z2) domain and a large
torque ripple.

The selection of vectors in different solutions is carried
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Fig. 2. Block diagram of DTC control of 6PIM.

Fig. 3. Voltage vectors in the (α-β ) subspace according to maximum ampli-
tude, (a) γ = 30◦, (b) γ = 60◦.

out on the basis of the errors in the torque and in the
stator flux, as shown in table 3. This is assuming that the
stator flux space vector in the (α −β ) subspace is located in
sector k (k=1,. . . , and12). Selecting the voltage space vectors
vk, vk+1, vk−2 increases the flux magnitude while selecting
vk+4, vk+6, vk−5 decreases it. The zero voltage space vectors
do not affect the stator flux. These voltages are selected from
table 2 in order to minimize the switching loss. From (2), the
stator flux can be calculated as:

ψsα =
∫
(Vsα −Rsisα)dt (6)

ψsβ =
∫
(Vsβ −Rsisβ )dt. (7)

If the switching numbers are selected from table 2, they have
minimum amplitude in the (z1 − z2) subspace. According to
the supposed DTC method in fig 2, the switching table rules
must be selected to decrease the flux and torque errors. The
switching table must be selected in a manner which decreases
the power loss in the (z1 − z2) subspace, thus increasing the
efficiency of the motor. A 6PIM with direct torque control
(DTC) and speed control are shown in Fig 2. The DTC rule
is from table III.

IV. EFFICIENCY AND LOSSES IN A SIX-PHASE INDUCTION
MACHINE

To derive the expression of the efficiency, the input and
output power must be calculated. For calculating the input
power, the motor losses are calculated.

Pin = Pout −Ploss (8)

Motor losses consist of electrical and mechanical losses. If
the torque and the speed remain fixed, the output power is
constant. A simple modeling of the input and output power is
used for simplicity of the calculation efficiency.

Pout = T ∗ω. (9)

The losses of a six-phase induction machine consist of
stator and rotor copper losses(Pcu), copper loss in the (z1−z2)
subspace(Pz), and core loss (Pc). Other losses can be ignored
to simplify the calculation of losses. The core losses consist
of hysteresis and eddy current losses. These losses can be
expressed as:

Pc = Physt +Peddy. (10)

The copper loss in the (z1 − z2) subspace can be expressed
by:

Pz =
1
2

Rs(i2z1 + i2z2). (11)

To simplify the computation of the input power, (13) can
be used. As given in this equation, there is no need to
calculatePloss. The total input power to a six-phase induction
motor can be calculated using only the DC voltage and current.

Pin dc =VdcIdc. (12)

The efficiency is calculated by the following formula:

η =
Pout

Pin dc
. (13)

V. SIMULATION RESULTS

In order to compare the effectiveness of various switching
tables, a computer simulation model is developed using Mat-
lab. The simulation results for five different proposed methods
for switching tables are shown in Figure 4 and Figure 5. In
figure 4, the simulation results for various parameters in high
speed and changed load are shown. The motor speed is fixed
in 100 rad/s and the motor load is varied. The motor load is
0.2N.m at startup and varied to 3.5 N.m at 1.2 seconds. The
motor load is varied to 1 N.m at 4 seconds. In this figure,
the output of the change in the electromagnetic torque, the
loss in the (z1 − z2) domain, and the efficiency are presented.
According to the simulation results, if the motor speed is high,
solution A has the least torque ripple at low load (0.2 N.m and
1 N.m). At high speed and high load, solution B has as small
a torque ripple as solution A. At high speed and low load
conditions, solution B has a large torque ripple. The torque
ripple in other techniques is large. Solution E has the largest
torque ripple at various loads. The power loss in the (z1 − z2)
domain in solutions A and B are less than the others.

In low and high loads, solutions E and C have the greatest
losses in the (z1 − z2) domain. Solution D has less loss than
solutions C and E and greater loss than solutions A and B.
Solutions C and E have the lowest efficiency at high speed.

Simulation results at low speed and varied loads are shown
in figure 5. The motor speed is fixed at 20 rad/sec and the
motor load is varied. The motor load is 0.2 N.m at startup
and varied to 3.5 N.m at 1.2 seconds. The motor load is then
varied to 1 N.m at 4 seconds. In this figure, the output of
the change in speed, the loss in the (z1 − z2) domain, and the
efficiency are presented. According to the simulation results,
if motor speed is low, solution A has the least torque ripple
at low load (0.2 N.m and 1 N.m). When solution A is used,
the torque ripple at low load and low speed is greater than the
torque at low load and high speed conditions. However, at high
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(a) (b) (c)

Fig. 4. Simulation results of various ST-DTC of 6-phase induction motor in high speed. (a) Power loss in (z1 − z2) domain. (b) motor torque. (c) Efficiency.
From top to bottom solution A, solution B, solution C, solution D, and solution E.

TABLE I
VOLTAGE VECTORS

V0 V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 V12
0 48 56 60 28 12 14 15 7 3 35 51 49

TABLE II
SWITCHING SOLUTIONS

∆T ∆Ψ Solution A Solution B Solution C Solution D Solution E Solution F

1 1 Uk+1 Uk+1 Uk+1 Uk+1 Uk+1 Uk+2
0 Uk+4 Uk+4 Uk+4 Uk+4 Uk+1 Uk+3

0 1 U0 U0 U0 U0 U0 U0
0 U0 U0 U0 U0 U0 U0

−1 1 U0 Uk Uk Uk−2 Uk−1 Uk−3
0 U0 U0 Uk+6 Uk−5 Uk−4 Uk−4
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(a) (b) (c)

Fig. 5. Simulation results of various ST-DTC of six-phase induction motor in low speed. (a) Mean of power loss in (z1 − z2) domain,(b) motor torque, and
(c) Efficiency. From top to bottom solution A, solution B, solution C, solution D, and solution E.

Fig. 6. Experimental setup.
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(a) (b) (c)

Fig. 7. Experimental results of various ST-DTC of six-phase induction motor in high speed. (a) Power loss in (z1 − z2) domain, (b) motor torque, and (c)
Efficiency. From top to bottom solution A, solution B, solution C, solution D, and solution E.

TABLE III
SWITCHING TABLE IN SOLUTION D

Sector number
∆T ∆Ψ 1 2 3 4 5 6 7 8 9 10 11 12

1 1 2 3 4 5 6 7 8 9 10 11 12 1
0 5 6 7 8 9 10 11 12 1 2 3 4

0 1 0 7 63 54 0 7 63 54 0 7 63 54
0 7 63 54 0 7 63 54 0 7 63 54 0

−1 1 11 12 1 2 3 4 5 6 7 8 9 10
0 8 9 10 11 12 1 2 3 4 5 6 7

load the torque ripples are almost similar. At low speed and
high load, solution B has as small a torque ripple as solution
A. In solution B, the torque ripple at low load is greater than
at high speed, but the torque ripple at high load is less than
at high speed. The torque ripples in solutions C, D, and E are
large. Solution E and C have largest torque ripple at various
loads. The torque ripples in solutions C, D, and E at low load
are less than at high speed. The power losses in the (z1 − z2)
domain in solutions A and B are better than in the others.
At low and high loads, solution E has the greatest loss in the
(z1 − z2) domain. Solution C has a small loss at low load, but
the loss at high load is large. Solution D has a fast torque
response to load torque variations.

VI. EXPERIMENTAL RESULTS

The proposed techniques for comparing the loss in the
(z1 − z2) domain and the efficiency have been developed and
tested in an experimental set up. The system described in Fig.2
has been built. A six-phase induction motor was produced with
a three-phase induction motor by rewinding the stator. This
motor was wound for γ = 30◦ to obtain a six-phase induction
motor for experimental tests. The 6PIM was coupled to a
DC machine that operates as a generator. Two three-phase
inverters were designed and used to drive the motor. Various
switching tables for the DTC of a six-phase induction motor
are implemented on a dskf2812 board. The flux reference in
the experiment remains constant. Experimental results for the
various techniques are shown in figure 7 and 8. The motor



134 Journal of Power Electronics, Vol. 12, No. 1, January 2012

(a) (b) (c)

Fig. 8. Experimental results of various ST-DTC of six-phase induction motor in low speed. (a) Power loss in (z1 − z2) domain, (b) motor torque, and (c)
Efficiency. From top to bottom solution A, solution B, solution C, solution D, and solution E.

speed reference is 100 rad/s at high load and 20 rad/s at low
load. The load torque is 0.2 N.m at startup and it is changed
to 3.5 N.m after 15 seconds and to 1 N.m after 30 seconds.
The motor speed reference is 100 rad/s at high load and 20
rad/s at low load. The simulations and experimental results are
almost the same. As can be seen from the experimental results
in figures 7 and 8, solutions A and B have minimum losses
in the (z1 − z2) domain and the efficiency of these techniques
is maximized.

Also the torque ripple in solution A is less than it is with
the other solutions. However, the speed responses in solutions
A and B are slower. The torque ripple in solutions A and B
at high speed is less it is with the other solutions. The power
loss in the (z1 − z2) domain is presented without averaging
thus there are some variations with respect to the simulation
results. The torque ripple at low speed and high speed with
the various solutions are almost similar.

VII. CONCLUSION

In this paper, after a brief review of six-phase induction
motor structure modeling, different strategies in the DTC
of that machine are compared. The different strategies have
varied responses and efficiencies. Solutions A and B have

larger efficiencies and minimum losses in the (z1−z2) domain.
Solution A has the least torque ripple at high speed and load
variations. Solution B has as small a torque ripple as solution
A at high speed and high load. Solution B is not useful at
low load and high speed because of its large torque ripple.
Solution E has the largest torque ripple in various loads. Also
this solution has a large power loss in the (z1 − z2) domain.
In low and high loads, solutions E and C have the greatest
losses in the (z1 − z2) domain. Solution D has less loss than
solutions C and E and greater loss than solution A and B.

However, it has a fast torque response. Solutions C and E
have the lowest efficiencies at high speed. If the motor load
variations are low or the torque response is not very important,
solution A is the best choice. Solution D is the best choice if
the motor load is varied a great deal or the torque response
time is important but the torque ripple is great.
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