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Abstract
A novel decoupling model for a six-phase permanent magnet machine is proposed in this paper. The model considers the machine as two independent

three-phase stator windings that are spatially shifted by a generic angle a. The proposed transformation considers the zero sequence and allows the

coupling between phases to be eliminated. The parameters, which define the dynamic behaviour of the model, are calculated with simulations per-

formed using the finite-element method. The decoupled model and the parameters are analyzed for two configurations of a traditional six-phase

machine. Simulation results were validated by experimental results with a simple procedure.
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Introduction

In general, polyphase machines show better fault tolerance
and size reduction per phase of the converter than conven-

tional three-phase machines (Levi et al., 2016).
Among polyphase machines, the use of six-phase polyphase

machines has increased recently, owing to their advantage of

having a number of phases that is a multiple of three, which
allows the use of well-known available technologies, such as

three-phase power converters, signal adapters and control
strategies. There are different configurations for six-phase
machines, depending on the angular displacement (a) between

each three-phase stator winding. For many years, asymmetric
machines (a= 308) have been a better option, compared with

symmetric ones (a= 608) (Barrero and Duran, 2016; Levi,
2008). This is mainly because of the advantage they show

regarding the cancellation of harmonics in torque pulsations
using six-pulse inverters. However, owing to advances in

power electronics, their high switching frequency and pulse-
width modulation strategies, they allow for both configura-
tions presented in Figure 1 to have similar performances in

relation to torque pulsations (Munim et al., 2016).
With regard to the analytical modelling of a six-phase

machine, the following models stand out among many

proposals:

� Vector space decomposition;
� Double three-phase.

The first model, based on the decomposition of the vector
space for six-phase polyphase machines, commonly known as

vector space decomposition, presented in Zhao and Lipo

(1995), is the most widespread (Bojoi et al., 2003). It allows

the voltage and currents of the machine to be represented in

three pairs of windings. Each orthogonal sub-space is com-

monly represented as a1b2, x1x2 and 0102.
The first sub-space, a1b2, contains the fundamental and

the harmonics 12n61, with n= 1, 2, 3, . . .ð Þ. This sub-space is
in charge of producing the machine electromagnetic torque.

The second sub-space, x1x2, contains the harmonics 6n61 for

n= 1, 3, 5, . . .ð Þ. Unlike sub-space a1b2, it does not produce

torque. Finally, the 0102 plane maps the zero-sequence com-

ponents of the machine, which are not taken into account

when the neutral is not connected.
Numerous works based on the vector space decomposition

model have been proposed in the literature, aiming at mini-

mizing torque pulsations. Karttunen et al. (2014), besides the

torque control performed on the sub-plane a1b2, use the

remaining degree of freedom to control the sub-plane x1x2 in
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order to minimize the harmonic components produced by

EMF imbalances and harmonics. The same principle is

applied by Che et al. (2014), but in this case the sub-plane

x1x2 is used to compensate the harmonics due to the inverter

dead-times.
The second model involves considering the machine as

two independent three-phase windings (double three-phase).

The result is two systems, a1b101 and a2b202, on which con-

ventional control strategies for three-phase machines can be

applied (Nelson and Krause, 1974).
Although it seems, at first sight, that the double three-

phase model is simpler, it is demonstrated in Karttunen et al.

(2012) that considering the machine as two three-phase wind-

ings causes complex couplings between them, which are diffi-

cult to compensate.
Also, Schiferl and Ong (1983) analyzed a six-phase poly-

phase machine with an arbitrary displacement angle, based on

Parks transformation. However, this model is not represented

in decoupled d-q reference frames either; thereby, a further

transformation is needed to decouple the two d-q reference

frames from each other.
Variants of the double three-phase model that allow elimi-

nation of coupling between both three-phase systems and for

an arbitrary angle are proposed by Andriollo et al. (2009),

Camillis et al. (2001) and Kallio et al. (2013). However, for

this variation, the zero sequence as well as its coupling are

not taken into account.
Once the new model is defined, it is important to determine

the fundamental parameters, stator resistance and winding

inductance, of the electric machine accurately, as they deter-

mine the dynamic behaviour of the machine.
The more precise the parameters of the machine, the better

the behaviour of the control strategies based on the model will

be, as they can affect the machine performance. In addition,

these parameters are important to predict system behaviour

during a failure situation.
There are different methods to measure inductance in elec-

tric machines. Broadly, they can be classified as offline

(Dutta and Rahman, 2006) and online (Underwood and

Husain, 2010) methods. Online methods are very effective,

since the inductances vary with different operating condi-

tions. However, the online measurements often lead to

numerical algorithms, such as the recursive least-square

method (Underwood and Husain, 2010).

From the previous considerations, in this work we propose

a novel double three-phase model that defines a new transfor-
mation Q, which allows the coupling between phases to be

eliminated. The transformation is applied on two traditional

configurations of six-phase polyphase machines, the asym-
metric and symmetric setups. In addition, this variation of

the double three-phase model includes the zero sequence,
which may be significantly useful in fault-tolerant systems

(Catuogno et al., 2016). Once the model is defined, the
machine parameters are calculated by finite-element simula-

tion and validated with an experimental offline method devel-
oped for three-phase machines that is much easier to apply.

Machine model

The six-phase polyphase machine model in phase variables

abcxyz, can be represented by

~vabcxyz =Rs
~iabcxyz +Ls

d
dt
~iabcxyz +~eabcxyz ð1Þ

where ~vabcxyz,~iabcxyz and ~eabcxyz are the vectors that represent
the voltage, current and EMF of the phases abcxyz. The latter

can be defined as

ej =
dcj

dt
=

dcj

du

du

dt
=uj uð Þv ð2Þ

with j= a, b, c, x, y, z, where cj are the fluxes linked by the sta-
tor, du=dt =v is the rotor angular speed and uj uð Þ is a func-

tion that depends on the flux density distribution in the air
gap and also determines the waveform of the induced EMF.

These functions depend on the geometrical configuration of

the stator windings, as well as on the shape and location of
the magnets and the stator core. Rs and Ls are the resistance

and inductance matrix of the stator windings, respectively

Rs =

0 rs 0 0 0 0

0 0 rs 0 0 0

0 0 0 rs 0 0

0 0 0 0 rs 0

0 0 0 0 0 rs

2
66664

3
77775 ð3Þ

and

Ls =

Ls Ms Ms M1 M2 M3

Ms Ls Ms M3 M1 M2

Ms Ms Ls M2 M3 M1

M1 M3 M2 Ls Ms Ms

M2 M1 M3 Ms Ls Ms

M3 M2 M1 Ms Ms Ls

2
6666664

3
7777775

ð4Þ

The following considerations were made regarding the
inductance matrix Ls

Ls = Laa =Lbb =Lcc =Lxx =Lyy =Lzz

Ms =Mab =Mbc =Mca =Mxy =Mxz =Mzy

M1 =Max =Mby =Mcz

M2 =May =Mbz =Mcx

M3 =Maz =Mbx =Mcy

ð5Þ

(a) (b)

Figure 1. Configurations: a) asymmetric, b) symmetric.
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The inductances defined in equation (5) can also be repre-

sented as a function of the phase angle a between the two
three-phase systems abc and xyz, as

Ms =M cos 2p=3ð Þ
M1 =M cos að Þ
M2 =M cos 2p=3+að Þ
M3 =M cos 4p=3+að Þ

ð6Þ

where M is the mutual inductance of two phases if they are
aligned.

The model proposed in this paper consists of a double

three-phase system. That is, the modelling of two three-phase
systems independently, including, in this case, the neutral
connection. With the objective of simplifying the equations
for the model proposed in equations (1) and (2), the following

transformation was carried out first

~fa1b101a2b202
=K1:~fabcxyz ð7Þ

where K1 is a 6 3 6 matrix defined as

K1 =
K 0

0 K

� �
ð8Þ

where K is the power invariant Clarke Transformation
defined as

K=

ffiffiffi
2

3

r 1
�1

2

�1

2

0

ffiffiffi
3
p

2

�
ffiffiffi
3
p

2
1ffiffiffi
2
p 1ffiffiffi

2
p 1ffiffiffi

2
p

2
666664

3
777775

ð9Þ

where~f is a generic vector that can represent current, voltage,
flux or the EMF of the stator.

Using the Clarke transformation, the following six-phase

polyphase machine model in variables a1b101 and a2b202 can
be obtained

~va1b101a2b202
=R~ia1b101a2b202

+L
d

dt
~ia1b101a2b202

+~ea1b101a2b202

ð10Þ

where ~va1b101a2b202
,~ia1b101a2b202

, and ~ea1b101a2b202
represent the

voltage, current and EMF of the stator and R and L are sta-
tor winding resistance and inductance matrices.

Such matrices are obtained as

R=K1 � Rs � K�11

L=K1 � Ls � K�11 ð11Þ

resulting in

R=

rs 0 0 0 0 0

0 rs 0 0 0 0

0 0 rs 0 0 0

0 0 0 rs 0 0

0 0 0 0 rs 0

0 0 0 0 0 rs

2
6666664

3
7777775

ð12Þ

and

L=

L�s 0 0 Mb Ma 0

0 L�s 0 �Ma Mb 0

0 0 L�0 0 0 Mc

Mb �Ma 0 L�s 0 0

Ma Mb 0 0 L�s 0

0 0 Mc 0 0 L�0

2
6666664

3
7777775

ð13Þ

where

L�s =Ls �Ms

L�0 =Ls + 2Ms

Ma =

ffiffiffi
3
p

2
M3 �

ffiffiffi
3
p

2
M2

Mb =M1 �
1

2
M2 �

1

2
M3

Mc =M1 +M2 +M3

ð14Þ

Different inductance couplings between both of the three

phase windings systems can be observed in equation (13).

Owing to this coupling, the two three-phase windings are not
independent. This leads to a more complex control strategy

or, in the case of non-consideration, affects the performance

of the system. Therefore, in this paper it is proposed that the

couplings are evaluated and eliminated to simplify the control

design.
To do this, a diagonalization of equation (13) is proposed,

with the aim of finding a transformation P that allows a diag-
onal matrix LD to be obtained that fulfils

LD =P�1 � L � P ð15Þ

The transformation matrix P can be built by arranging,

column by column, the eigenvectors of L (Robbiano, 2011);

hence, the elements of LD will result in the eigenvalues of L. A

tool for symbolic computation was used to obtain the eigen-

vectors and eigenvalues, yielding

P=

Mb

Mx

Ma

Mx

0 �Mb

Mx

�Ma

Mx

0

�Ma

Mx

Mb

Mx

0
Ma

Mx

�Mb

Mx

0

0 0 1 0 0 �1

1 0 0 1 0 0

0 1 0 0 1 0

0 0 1 0 0 1

2
6666666666664

3
7777777777775

ð16Þ

where

Mx =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

a +M2
b

q
ð17Þ

LD =

Ld1 0 0 0 0 0

0 Ld2 0 0 0 0

0 0 Ld3 0 0 0

0 0 0 Ld4 0 0

0 0 0 0 Ld5 0

0 0 0 0 0 Ld6

2
6666664

3
7777775

ð18Þ

with
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Ld1 =Ld2 =Ls �Ms +Mx

Ld3 =Ls + 2Ms +Mc

Ld4 =Ld5 =Ls �Ms �Mx

Ld6 =Ls + 2Ms �Mc

ð19Þ

From equation (16), it can be observed that the inductance

matrix depends on a component that contains values Ls and

Ms from one of the three-phase windings and also mutual

inductances from the remaining three-phase winding formed

by M1, M2 and M3. Inductances M1, M2 and M3 are different,

depending on the phase angle between two three-phase wind-

ings. By substituting equation (6) into the matrix P obtained

in equation (16), it is possible to obtain the transformation

matrix that depends only on the phase angle a

P=

� cos (a) sin (a) 0 cos (a) � sin (a) 0

� sin (a) � cos (a) 0 sin (a) cos (a) 0

0 0 1 0 0 �1

1 0 0 1 0 0

0 1 0 0 1 0

0 0 1 0 0 1

2
6666664

3
7777775
ð20Þ

and its inverse transformation P�1

P�1 =

� cos (a)

2

� sin (a)

2
0

1

2
0 0

sin (a)

2

� cos (a)

2
0 0

1

2
0

0 0
1

2
0 0

1

2
cos (a)

2

sin (a)

2
0

1

2
0 0

� sin (a)

2

cos (a)

2
0 0

1

2
0

0 0 � 1

2
0 0

1

2

2
66666666666666664

3
77777777777777775

ð21Þ

Finally, the model of the machine in the new coordinate

system will be obtained from the transformations

~fp1p2p3p4p5p6
=Q ~fabcxyz ð22Þ

where

Q=
ffiffiffi
2
p
� P�1 � K1 ð23Þ

where the term
ffiffiffi
2
p

is included to ensure that the transforma-

tion Q is power invariant and this new transformation allows

the model proposed in equation (1) to be obtained in the new

coordinate system p1p2p3p4p5p6, as

~vp1p2p3p4p5p6
=Rs

~ip1p2p3p4p5p6
+LD

d

dt
~ip1p2p3p4p5p6

+~ep1p2p3p4p5p6

ð24Þ

where the transformation Q is responsible for the elimination

of the coupling effects in equations (4) and (13) and can take

different values, depending on the phase angle a between the

two three-phase windings in equation (25)

Q=
ffiffiffi
3
p

� cos (a)
3

� cos a�23pð Þ
3

� cos a�43pð Þ
3

1
3
� 1

6
� 1

6

sin (u)
3

sin a�23pð Þ
3

sin a�43pð Þ
3

0
ffiffi
3
p

6
�
ffiffi
3
p

6ffiffi
2
p

6

ffiffi
2
p

6

ffiffi
2
p

6

ffiffi
2
p

6

ffiffi
2
p

6

ffiffi
2
p

6

cos (u)
3

cos a�23pð Þ
3

cos a�43pð Þ
3

1
3
� 1

6
� 1

6

� sin (u)
3

� sin a�23pð Þ
3

� sin a�43pð Þ
3

0
ffiffi
3
p

6
�
ffiffi
3
p

6

�
ffiffi
2
p

6
�
ffiffi
2
p

6
�
ffiffi
2
p

6

ffiffi
2
p

6

ffiffi
2
p

6

ffiffi
2
p

6

2
6666666666664

3
7777777777775

ð25Þ

From the new transformation Q found in equation (25),

the power equation can be written as a function of the new

coordinate system p1p2p3p4p5p6 as

p= Q�1:ip1p2p3p4p5p6

� �T
:Q�1:vp1p2p3p4p5p6

ð26Þ

By considering, the transformation defined in (25), the fol-

lowing term yields the identity matrix

Q�1
� �T

:Q�1 = I63 6 ð27Þ

and therefore the power is

p= ip1
vp1

+ ip2
vp2

+ ip3
vp3

+ ip4
vp4

+ ip5
vp5

+ ip6
vp6

ð28Þ

which demonstrates, that the transformation is power invar-

iant. The developed methodology simplifies the analysis of the

six-phase polyphase machine generator by converting the six-

phase equations described in equation (1) into two decoupled

three-phase systems.

Study cases

In this section, we analyze the configurations presented in

Figure 1, to find the matrix Q that allows the diagonal matrix

to be obtained for each of them. In subsequent sections, the

parameters for these configurations will be obtained.

Asymmetric machine

This is perhaps the most widespread configuration within six-

phase machines; its angle a is

a= 308 ð29Þ

Substituting equation (29) into equations (20) and (21), the

transformation matrices P and P�1 are obtained

P=

�
ffiffiffi
3
p

2

1

2
0

ffiffiffi
3
p

2
� 1

2
0

� 1

2
�

ffiffiffi
3
p

2
0

1

2

ffiffiffi
3
p

2
0

0 0 1 0 0 �1

1 0 0 1 0 0

0 1 0 0 1 0

0 0 1 0 0 1

2
6666666666664

3
7777777777775

ð30Þ
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P�1 =

�
ffiffiffi
3
p

4
� 1

4
0

1

2
0 0

1

4
�

ffiffiffi
3
p

4
0 0

1

2
0

0 0
1

2
0 0

1

2ffiffiffi
3
p

4
1=4 0

1

2
0 0

� 1

4

ffiffiffi
3
p

4
0 0

1

2
0

0 0 � 1

2
0 0

1

2

2
66666666666666666664

3
77777777777777777775

ð31Þ

and the new transformation matrix is Q=
ffiffiffi
2
p
� P�1 � K1

Q=
ffiffiffi
3
p

�
ffiffiffi
3
p

6
0

ffiffiffi
3
p

6

1

3
� 1

6
� 1

6

1

6
� 1

3

1

6
0

ffiffiffi
3
p

6
�

ffiffiffi
3
p

6ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6ffiffiffi
3
p

6
0 �

ffiffiffi
3
p

6

1

3
� 1

6
� 1

6

� 1

6

1

3
� 1

6
0

ffiffiffi
3
p

6
�

ffiffiffi
3
p

6

�
ffiffiffi
2
p

6
�

ffiffiffi
2
p

6
�

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

2
666666666666666666664

3
777777777777777777775

ð32Þ

Symmetric machine

In this case, the symmetric configuration presents a phase

angle a between three-phase windings equal to

a= 608 ð33Þ

Substituting equation (33) into equations (20) and (21), the
transformation matrices P and P�1 are obtained

P=

� 1

2

ffiffiffi
3
p

2
0

1

2
�

ffiffiffi
3
p

2
0

�
ffiffiffi
3
p

2
� 1

2
0

ffiffiffi
3
p

2

1

2
0

0 0 1 0 0 �1

1 0 0 1 0 0

0 1 0 0 1 0

0 0 1 0 0 1

2
6666666664

3
7777777775

ð34Þ

P�1 =

� 1

4
�

ffiffiffi
3
p

4
0

1

2
0 0ffiffiffi

3
p

4
� 1

4
0 0

1

2
0

0 0
1

2
0 0

1

2
1

4

ffiffiffi
3
p

4
0

1

2
0 0

�
ffiffiffi
3
p

4

1

4
0 0

1

2
0

0 0 � 1

2
0 0

1

2

2
666666666666666664

3
777777777777777775

ð35Þ

and the new transformation matrix is Q=
ffiffiffi
2
p
� P�1 � K1

Q=
ffiffiffi
3
p

� 1

6
� 1

6

1

3

1

3
� 1

6
� 1

6ffiffiffi
3
p

6
�

ffiffiffi
3
p

6
0 0

ffiffiffi
3
p

6
�

ffiffiffi
3
p

6ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6
1

6

1

6
� 1

3

1

3
� 1

6
� 1

6

�
ffiffiffi
3
p

6

ffiffiffi
3
p

6
0 0

ffiffiffi
3
p

6
�

ffiffiffi
3
p

6

�
ffiffiffi
2
p

6
�

ffiffiffi
2
p

6
�

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

ffiffiffi
2
p

6

2
666666666666666666664

3
777777777777777777775

ð36Þ

Interpreting the new transformation
matrix Q

The transformation matrix Q was defined in the previous sec-

tions in equation (25) and applied to two configurations of

six-phase machines in equations (32) and (36). Besides elimi-

nating couplings between phases, these transformations pro-

duce a new reference system p1p2p3p4p5p6, as can be seen in

Figure 2.
To understand the effects of the transformation Q on the

phase variables abcxyz, it was applied to the electromotive

force of the machines considered in the previous sections.

As the transformed variables resulting from the two config-

urations analyzed in this paper are identical, only those

from the asymmetric configuration are presented next. The

waveform shown in Figure 3 was built out of the measured

electromotive force from the available asymmetric machine

over one period. In this figure, the EMF in abcxyz coordi-

nates is presented, where the two three-phase systems with a

308 phase angle between them can be clearly observed. Each

three-phase system consists of three 1208 out-of-phase

components.
The second coordinate system, a1b101a2b202, shown in

Figure 4, which is obtained from applying the transformation

matrix K1, is composed of two three-phase systems with a 308

phase angle between them, as in the previous system, except

that in this particular case, each system presents two orthogo-

nal components plus the zero-sequence component (Clarke

transformation on each three-phase system).
Finally, when the transformation P�1 is applied, the coor-

dinate system p1p2p3p4p5p6 is obtained, which is composed of

two systems with a 908 phase angle between them. As with the

coordinate system a1b101a2b202, each system is composed of

two orthogonal components plus the zero-sequence compo-

nent (Figure 5).

Measurement of parameters

With a machine model now defined, the next step is to s the

parameters for the model. These are obtained by using

experimental tests and finite-element simulations as

described next.
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Experimental tests

Regarding the AC standstill method proposed by Dutta and

Rahman (2006) for three-phase machines, this involves mea-

suring induced voltages for the different rotor positions or dif-

ferent current values.
Two six-phase polyphase machines are available in the

laboratory, one of them presents an asymmetric configura-

tion, and the other a symmetric configuration. The corre-

sponding parameters are shown in Table 1. In Figure 6 the

diagrams of the winding configurations of the two machines

are presented.
The connection scheme for the test carried out on a six-

phase star connected machine with accessible neutral is shown

in Figure 7. One of the phase windings is excited by a single

phase supply. The line current and the voltage induced in the

remaining windings are measured for the proposed test. The

self and mutual inductances can be estimated as

Laa =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Va

Ia

� �2

� R2

r

2pfð Þ ð37Þ

Mai =
Vi

2pfð ÞIa

, with i= b, c, x, y, z ð38Þ

where R is the stator resistance, Va and f are the voltage and

frequency of the power supply and Ia and Vbcxyz are the mea-

sured current and voltages, respectively.
In Figure 8 the experimental prototype is displayed.

Simulation test

Two magnetostatic 2D models of the six-phase machine were

developed for the configurations analyzed in this work.

Dimensions and material data from the experimental

machines available in the laboratory were used for modelling

in the software FEMM 4.2 (Meeker, 2009). The model devel-

oped in FEMM and the front view of the open experimental

Figure 2. Transformation diagram.

Figure 3. EMF in coordinates abc (solid lines) and xyz (dashed lines). Figure 4. EMF in coordinates a1b101 (solid lines) and a2b202 (dashed

lines).

Figure 5. EMF in coordinates p1p2p3 (solid lines) and p4p5p6 (dashed

lines).

Table 1. SAsymmetric and symmetric machine parameters.

Parameter Value Parameter Value

Phase shift (asymmetric) 308 Magnets Ferrite

Phase shift (symmetric) 608 Winding Series

Phases 6 Wire AW18

Poles 4 Wires per coil 60

Slots 36 Wires per slot 120
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machine are presented in Figure 9 for the case of the asym-
metric configuration.

To calculate the inductance, different methods are avail-

able in the literature. According to Bianchi (2005), inductance
can be obtained in three ways:

� Calculating L from magnetic energy;
� Calculating L from flux linkage;
� Calculating L from airgap flux density.

The second method was chosen for this work. First, the
flux linkage was computed using the finite-element method;

then the self and mutual inductances are calculated using the
same procedure as for the experimental calculation, that is,

by supplying current to the windings of one phase and then
computing the flux linkage in the remaining windings. Then,

only a single winding will carry current i= Ia, and the induc-
tances can be calculated as (Bianchi, 2005)

Laa =
ca uð Þ

Ia

ð39Þ

Mai =
ci uð Þ

Ia

, with i= b, c, x, y, z ð40Þ

Results

Experimental

Two different tests were carried out for the asymmetric and
symmetric machines. The first one, E1, involved measuring

the inductance for a fixed current and different rotor posi-
tions. The second one, E2 involved measuring the inductance

for a fixed rotor position and different values of current.
Figure 10 presents results of test E1 for the asymmetric

machine. The inductances Laa and Mai calculated according to

equations (37) and (38) are displayed as a function of the
rotor position every 58. It is possible to observe how induc-

tance varies depending on position; this is due to the geome-
try and the characteristics of the machine.

Figure 11 presents the results of test E2 for a fixed rotor

position (u= 08) and different values of current (measured at

every 100 mA). This test allows saturation effects to be

analyzed.
The same tests were carried out for the symmetric machine.

In Figure 12, the variations of the inductance are presented as

function of the rotor position, and in Figure 13, the variations

of the inductances are shown as a function of the current.

Finite-element simulation

Finite-element simulations were performed for the two mod-

elled machines (asymmetric and symmetric). The inductances

were calculated by applying equations (39) and (40) to the flux

data obtained from the FEMM software.
Only the results of test E2 are presented, since it allows us

to know the dependence of the inductance with respect to the

current of the machine. Variations with respect to the rotor

position are negligible, owing to the geometry of the stator

and rotor.
Figures 14 and 15 show the inductances for different cur-

rent values for the asymmetric and symmetric machines,

respectively. It can be observed from these curves that the 2D

model corresponds to the experimental results (Figures 11

and 13, respectively).
From the tests of Figures 10, 11 and 14 for the asymmetric

machine (a= 308), substituting this angle in equation (6), we

(a)

(b)

Figure 6. Winding configurations for (a) asymmetric and (b) symmetric machines.

Figure 7. Connection circuit for AC standstill method (Dutta and

Rahman, 2006).

Catuogno et al. 7



obtain that Ms = 0:5M , M1 =M2 =(
ffiffiffi
3
p

=2)M and M3 = 0,

which corresponds to the results obtained.

In the same way, from the tests of Figures 12, 13 and 15

for the symmetric machine (a= 608), substituting this angle

Figure 8. Experimental setup.

SPPM: six-phase polyphase machine.

Figure 9. FE model and experimental setup of asymmetric machine.

Figure 10. E1-asymmetric. Inductance as a function of position (experimental).
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Figure 11. E2-asymmetric. Inductance as a function of current (experimental).

Figure 12. E1-symmetric. Inductance as a function of position (experimental).

Figure 13. E2-symmetric. Inductance as a function of current (experimental).

Figure 14. E2-asymmetric. Inductance as a function of current (finite-element simulation).

Catuogno et al. 9



in equation (6) yields Ms=M1 =M3 = 0:5M , while

M2 = 1M , which validates the results obtained.

Summary of models and analysis of parameters

From the review carried out in the introduction, we conclude

that there are two types of model, with different approaches;

the vector space decomposition model that has been exten-

sively studied and the double three-phase model that is treated

in this work. Table 2 presents the characteristics of each of the

analyzed models.
From Table 2, it is possible to observe that among the

works proposing double three-phase models none other

includes the zero sequence and decoupling at the same time,

as the neutral is generally not connected. However, in this

work, great importance is given to the connection of the neu-

tral, since it is very useful for fault-tolerant strategies.
Six-phase machines can have two isolated neutrals, one

for each three-phase system, where it is possible to use fault-

tolerant strategies for four-wire systems (Catuogno et al.,

2015; Meinguet et al., 2008) or a single neutral where fault-

tolerant strategies can be used for seven-wire systems

(Catuogno et al., 2016).
An analysis of the experimental and simulation results is

presented in Table 3, were the values of inductance are calcu-

lated using equation (19). Table 3 shows inductance values of

the diagonal matrix that correspond to the machine’s rated

current.
It can be concluded that the experimental and simulation

results are very close for both machines. These procedures

Table 2. Summary of model reviews.

Model Decoupled Arbitrary a Zero sequence Reference

Vector space decomposition Yes Yes Yes Zhao and Lipo (1995)

Vector space decomposition Yes No Yes Bojoi et al. (2003)

Double three-phase Yes Yes No Nelson and Krause (1974)

Double three-phase No Yes Yes Schiferl and Ong (1983)

Double three-phase Yes Yes No Camillis et al. (2001)

Double three-phase Yes Yes No Andriollo et al. (2009)

Double three-phase No Yes No Karttunen et al. (2012)

Double three-phase Yes Yes No Kallio et al. (2013)

Double three-phase Yes Yes Yes Proposed in this paper

Figure 15. E2-symmetric. Inductance as a function of current (finite-element simulation).

Table 3. Inductances, (mH).

Parameter Asymmetric Asymmetric Symmetric Symmetric

(experiment) (finite-element) (experiment) (finite-element)

Ld1 40:8 39:6 37:8 37:9

Ld2 40:8 39:6 37:8 37:9

Ld3 75:0 74:3 68:5 70:9

Ld4 9:32 9:36 12:2 11:1

Ld5 9:32 9:36 12:2 11:1

Ld6 11:3 8:01 11:8 11:4
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allow the inductance matrix to be determined for the new
model proposed in this work.

Conclusions

A novel model is proposed in this work for permanent mag-
net six-phase machines. In this model, the machine is consid-
ered as two three-phase systems with an arbitrary phase angle
a between them and proposes an alternative to the commonly
used vector space decomposition model.

The transformation Q allows couplings in the inductance
matrix to be eliminated and can be used for any angle a. This
is an important point, since it simplifies the design of the con-
trol strategies. Moreover, the transformation Q also includes

the zero sequence, which is of relevance for fault-tolerant stra-
tegies and is the main contribution of this work.

To obtain the parameters of the model, simulations were
performed using the finite-element method, which have been
validated with experimental results. The experimental results
were performed with a six-phase extension of a simple offline
method that is used for three-phase machines.

As study cases, two traditional machines (asymmetric and
symmetric) were proposed, for which the transformation
matrix Q and its characteristic parameters were obtained.
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