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ABSTRACT Six-phase induction machines have mostly shown promise in high-power electric drive
applications as well as wind energy conversion systems. Different winding configurations for six-phase
stators have been published, namely, dual three-phase (D3P), symmetrical six-phase (S6P), and asymmetrical
six-phase (A6P) winding layouts. Although a body of research investigating six-phase machines and their
control for different six-phase winding arrangements exists, a thorough comparative study between these
different arrangements in terms of machine parameters and performance, has not been done so far. This paper
employs a 12-phase stator with a configurable terminal box to compare different six-phase configurations
by simply reconnecting the stator terminals of the twelve phases in different manners to obtain an equivalent
six-terminal stator. This way, the same stator machine dimensions and copper volume will be assumed for
all connections. The comparative study focuses on the effect of winding connection on machine parameters
of the different subspaces, phase current quality and machine characteristic curves. Experimental validation
has been carried out using a 1kW prototype system.

INDEX TERMS Multiphase machine, induction motor, parameter estimation, six-phase machines.

NOMENCLATURE
i Current
v Voltage
λ Flux linkage
R Winding resistance
L Self or magnetizing inductances
Ll Leakage inductance
p Number of pole pairs
n Number of stator phases
Te Developed torque
ωr Electrical rotor angular speed
Nr Rotor bar number

Subscripts

α, β Fundamental subspace components
x, y Secondary subspace components
s Stator
r Rotor

The associate editor coordinating the review of this manuscript and

approving it for publication was Malabika Basu .

m Mutual/Magnetizing
t Top
b Bottom

I. INTRODUCTION
Employing polyphasemachines with high phase order in high
power safety-critical applications has attracted the attention
of both academia and industry in the last two decades. This
was driven by the concurrent need for high performance drive
systems as well as rigorous reliability standards [1], [2]. The
most up-to-date research has diligently continued to shed
light on the numerous advantages of this promising technol-
ogy in different applications. To this end, recent literature has
addressed many of the challenges, including but not limit to:
control [3]–[7], modelling [8]–[10], improvedwinding layout
designs [11]–[14], and innovative applications [15], [16].

Increasing the number of phases improves system fault tol-
erance and enhances air gap flux distributionwhile preserving
the simple single layer concentrated winding designs [14].
Nevertheless, the power converter complexity and cost will
also increase. This arguably limits the optimal choices inmost
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FIGURE 1. Different six-phase winding configurations (a) D3P. (b) S6P. (c) A6P.

practical applications to certain phase numbers. On one hand,
machines with prime phase order potentially offer numer-
ous attractive merits over composite phase orders, however
they entail custom converter design [12]. On the other hand,
stators with multiples of three-phase winding designs can
simply utilize the readily commercial off-the-shelf three-
phase power converters [17]. That was mainly the reason
behind widespread utilization of six-phase machines in a
number of practical industrial sectors. Recent literature also
proposed simple techniques to rewind standard three-phase
stators with multiphase windings without many practical
constraints [12], [17].

Being the most attractive option in many practical applica-
tions, a significant body of research has addressed the various
operational aspects of different six-phase configurations with
arbitrary angular displacements between the two three-phase
winding sets [17]. Fig. 1 shows these different winding con-
figurations, namely, dual three-phase (D3P), symmetrical six-
phase (S6P), and asymmetrical six phase (A6P) winding
layouts. Since the conclusion made in [18], which argued
in favor of the A6P induction machine, most high power
practical variable speed drive systems have been based on
the asymmetrical winding layout. Some recent studies have
compared the symmetrical and asymmetrical winding config-
urations under both healthy as well as fault conditions [19],
[20], concluding that the S6P stators with a single neutral
arrangement offer the best torque/current ratio under fault
conditions. However, under healthy conditions many perfor-
mance aspects still entail further in-depth examination to fully
compare the different configurations.

The work done in [21] has provided insight into the equiv-
alent circuits for the different subspaces of the A6P induction
machine. However, this analysis has not been extrapolated
to other six-phase winding connections so far. The research
presented in [21], [22] has explained some of the phenom-
ena related to the asymmetrical configuration, which can be
summarized as follows:
• A six-phase stator with a double layer distributed wind-
ing corresponds to a very low secondary subspace
impedance (typically termed as xy in literature). This

yields intolerable circulating currents that highly distort
the stator phase current waveforms.

• The mutual leakage coupling between different stator
layers also increases the equivalent stator leakage induc-
tance of the fundamental torque producing (αβ) sub-
space, which slightly reduces the maximum machine
torque when compared with an equivalent three-phase
machine.

• Themachine equivalent parameters are dependent on the
applied current sequence.

• The well-established assumptions of zero flux/torque
production for both secondary (xy) and zero (0+0−)
sequence subspaces in the early literature cannot be
generalized for all winding layouts.

Although the above conclusions have now been considered
in recent literature, a thorough investigation of the effect of
other winding layouts, namely D3P and S6P windings, on the
equivalent parameters of different subspaces has not been
addressed thus far. The effect of winding configuration on the
characteristic curves for the same machine dimensions has
not also been introduced in the literature.

This paper attempts to provide a thorough comparative
study between the three variations of six-phase winding con-
figurations by investigating the air gap flux distributions
under different excitations and the equivalent parameters of
the three orthogonal subspaces of a six-phase system. In order
to provide a fair comparison, the same stator is utilized so the
study is performed for the same copper volume. This is car-
ried out by rewinding a 24-slot/4-pole three-phase machine
into a 12-phase stator by simply splitting the coils under
each pole pair comprising each phase into separate coils.
All terminals are made externally available at the machine’s
terminal box to allow reconfiguration. The obtained 12-phase
stator can then be reconfigured into one of the six-phase
winding configurations by connecting the 12 -phases in
different manners. This way, the same stator machine
dimensions and copper volume will be assumed for all
arrangements. The comparative study includes the effect of
winding configuration on machine parameters, phase current
quality and characteristic curves. A 1kW prototype machine
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FIGURE 2. The winding layout of the 4-pole 12-phase stator.

FIGURE 3. Stator connections for different six-phase arrangements. (a) D3P. (b) S6P. (c) A6P.

has been built to experimentally validate the theoretical
findings.

II. PROPOSED RECONFIGURABLE SIX-PHASE MACHINE
As clarified in the introduction, the main objective of this
work is to compare equivalent six-phase machines with dif-
ferent winding configurations while preserving the same cop-
per volume and dimensions. This section shows how the
winding of a 12-phase stator can be used to obtain any
six-phase winding arrangement by simply reconnecting dif-
ferent phases in a fashion.

A three-phase double layer winding can simply be con-
verted into a six-phase winding by employing a four-layer
stator winding design [23]. Each two layers represent one
three-phase double layer winding. This winding layout is
denoted as a ‘true’ six-phase distribution. However, this com-
plex winding design entails an extra coil side insulation [24].
In most practical six-phase induction machines, the tradi-
tional double layer winding distribution is used by splitting
the 60◦ phase belt of a conventional three-phase winding into
two portions, thus employing a 12-slot/pole pair stator or its
multiples. To ensure a high-quality flux distribution, while
minimizing the stator leakage inductance, a winding pitch
of 5/6 is commonly used [23].

Fig. 2 shows the winding layout of the proposed 4-pole
12-phase machine employed in this study. A double layer
winding with a chorded winding of 5/6 coil span is used. The
prototype machine has 100 turns per coil with a conductor
diameter of 0.65mm. The terminals of all phases are exter-
nally available at the machine terminal box. This 12-phase

winding can be used to obtain different six-phase arrange-
ments by simply reconnecting the stator terminals as shown
in Fig. 3.

III. MATHEMATICAL MODELLING OF SIX-PHASE
INDUCTION MACHINE
A. VECTOR SPACE DECOMPOSITION AND
HARMONIC MAPPING
Multiphase machines are preferably modeled using the Vec-
tor Space Decomposition (VSD) modelling technique, where
the n-phase Clarke’s transformation is used to decompose the
phase quantities (i.e., current, voltage, and flux linkage) into
orthogonal stationary subspaces [2]. For a six-phase system,
the number of orthogonal subspaces will be three, namely,
the fundamental αβ subspace, the secondary xy subspace,
and the zero-sequence 0+0− subspace. The general VSD
matrix for a six-phase machine with an arbitrary angular
displacement δ between the two three-phase winding sets is
given by (1), as shown at the bottom of the next page [19].

It is well known that each subspace gives rise to a dif-
ferent air gap flux distribution, which is highly dependent
on the winding layout [9]. For example, the fundamental
αβ subspace produces an air gap flux with a fundamental
flux distribution and is mostly considered as the dominant
torque/flux producing subspace. On the other hand, it was
taken for granted in most available literature that both sec-
ondary xy and 0+0− subspaces produce zero magnetizing
flux, while they only correspond to small leakage flux com-
ponents. This assumption has been predominately used to
simplify the machine modelling, although the generalization
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of this assumption to any winding layout yields notable
inaccuracies [21]. In [9], the effect of the low order har-
monics mapped to either xy and 0+0− subspaces have been
considered to improve the mathematical modelling of an
A6P induction motor by including the dominant low-order
phase belt space harmonics in each of these subspaces. Based
on this assumption, the αβ subspace is responsible for the
fundamental torque production, the xy subspace will repre-
sent the effect of the 5th and 7th space harmonics, and the
0+0− subspace will account for the effect of the air gap
third harmonic flux component. It has also been concluded
that these space harmonics will mainly affect the average
and ripple torque production under unbalanced conditions
during speed transients and open loop control. The study
in [9] showed that the third order space harmonic of the
zero-sequence subspace is more significant than the fifth
and seventh order harmonics of the x-y subspace under such
operational conditions. Nevertheless, operation under closed
loop operation will diminish these parasitic torque com-
ponents [9]. In this study, the comparative study will be
limited to healthy machine conditions while the neutrals of
the two three phase sets are assumed isolated. Thus, the effect
of these secondary torque components may simply be
discarded.

The effect of stator winding connection on the harmonic
mapping is investigated by plotting the MMF distributions
and their harmonic spectra under different excitations for the
three available connections. Figs. 4-6 show the simulation
results for the MMF distributions and their spectra in per unit
values under different excitations by taking the dual three-
phase case as a benchmark. The following conclusions can
be drawn:
• Under αβ excitation, the MMF distribution and the cor-
responding spectrum will be the same for both D3P and
S6P with small 5th and 7th space harmonics present in
the airgap flux. These two low order harmonics are,
however, eliminated under A6P connection, while the
fundamental torque producing component is enhanced
by approximately 3% over the other two connections.

• Under xy excitation, the 5th and 7th MMF space harmon-
ics are mapped to this subspace when A6P is employed.
While, the D3P and S6P correspond to small even order
space harmonics as a result of using chorded coils.

In case a ‘true’ six-phase winding [24] is employed,
these even harmonics are likely cancelled.

• Under zero sequence excitation, the total magnetizing
flux is completely cancelled when D3P is used. On the
other hand, both S6P and A6P connections correspond
to pulsating third harmonic flux distribution of the same
magnitude.

B. EQUIVALENT SEQUENCE CIRCUITS
Based on the analysis made in [9] and the equivalent sequence
circuits introduced in [21] for the A6P case, it has been shown
that magnetic coupling with the rotor due to the air gap third
harmonic flux component introduced under zero sequence
excitation will affect the total equivalent machine impedance
measured from the stator terminals. An improved equivalent
circuit for the zero-sequence circuit has, therefore, been intro-
duced to improve the accuracy of the estimated zero-sequence
impedance. Since the third harmonic component is a pulsat-
ing flux component, this equivalent circuit is similar to the
equivalent circuit of a blocked rotor single-phase induction
machine [21]. However, in [25], it has also been proven that
the zero-sequence impedance variation with speed under the
normal stable motoring speed range can merely be neglected.
This resulted in a further simplification of an assumed con-
stant zero sequence impedance in the normal operational
speed range. The steady state sequence circuits can, therefore,
be approximated by the circuits shown in Fig. 7. Although
these sequence circuits have been proposed for the A6P IM,
the same circuits can also be assumed for other connections.
Standard open-circuit and blocked rotor tests will be used in
subsequent sections to show the difference in the estimated
machine parameters under different connections.

C. MACHINE VOLTAGE EQUATIONS
Although themathematical model introduced in [9] was given
for theA6P, the samemodel can simply be generalized for any
six-phase connection.
The fundamental α-β subspace voltage equations written

in the stationary stator reference frame are given by (2)-(5);

vαs = Rsiαs + pλαs (2)

vβs = Rsiβs + pλβs (3)

0 = Rr iαr + pλαr + ωrλβr (4)

[T ] =
1
√
3
×



1 cos
2π
3

cos
4π
3

cos δ cos δ +
2π
3

cos δ +
4π
3

0 sin
2π
3

sin
4π
3

sin δ sin δ +
2π
3

sin δ +
4π
3

1 cos
4π
3

cos
2π
3
− cosδ − cos δ +

2π
3
− cos δ +

4π
3

0 sin
4π
3

sin
2π
3

sin δ sin δ +
2π
3

sin δ +
4π
3

1 1 1 0 0 0
0 0 0 1 1 1


(1)
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FIGURE 4. Stator MMF under αβ excitation. (a) D3P. (b) S6P. (c) A6P.

FIGURE 5. Stator MMF under xy excitation. (a) D3P. (b) S6P. (c) A6P.

0 = Rr iβr + pλβr − ωrλαr (5)

where the flux linkage equations are given by (6)-(9).

λαs =
(
Lαβls + L

αβ
m

)
iαs + Lαβm iαr (6)

λβs =
(
Lαβls + L

αβ
m

)
iβs + Lαβm iβr (7)

λαr = Lαβm iαs +
(
Lαβlr + L

αβ
m

)
iαr (8)

λβr = Lαβm iβs +
(
Lαβlr + L

αβ
m

)
iβr (9)

Based on conclusions made in [9], the effect of low order har-
monics mapped to the xy subspace can simply be neglected.
Therefore, coupling with the rotor under this excitation can be
neglected and the corresponding sequence circuit can be rep-
resented by a simple series RL circuit. The voltage equations

of this subspace can then be written as in (10) and (11).

vxs = Rsixs + L
xy
ls pixs (10)

vys = Rsiys + L
xy
ls piys (11)

Since the healthy case is assumed for this study, the zero-
sequence circuit can be represented as a series RL cir-
cuit to account for the total machine impedance under zero
sequence excitation. The corresponding voltage equations
can be expressed as shown in (12) and (13).

v0s+ = R0i0s+ + L0pi0r+ (12)

v0s− = R0i0s− + L0pi0r− (13)

D. SEQUENCE STATOR LEAKAGE INDUCTANCE
One of the parameters that is highly sensitive to stator con-
nection is the stator impedance. In this section, the stator
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FIGURE 6. Stator MMF under zero sequence excitation. (a) D3P. (b) S6P. (c) A6P.

FIGURE 7. Sequence circuits for six-phase IM. (a) αβ plane circuit. (b) xy
plane circuit. (c) Zero-sequence plane circuit.

sequence impedance is derived for different connections by
applying the VSD transformation to the phase leakage induc-
tance matrix.

The same derivation steps introduced in [12], [22] are fol-
lowed to estimate the stator leakage inductance matrix of the
original 12-phase machine shown in Fig. 2, which includes
both self-leakage inductance and mutual leakage inductance
terms between different phases. Based on the employed stator
connection, a proper connection matrix is then used to obtain
the stator leakage inductance matrix of the equivalent six-
phase stator. The VSD matrix given by (1) is finally applied
to obtain the sequence inductance matrix.

In [22], it has been shown that the stator leakage flux
linkage of each coil in a double layer stator winding com-
prises components due to the upper (top) and lower (bottom)
coil side fluxes, as well as the mutual flux between them.
Therefore, the inductancematrix for the leakage inductance is
divided into two parts, namely, the leakage inductance of the
upper and lower conductors carrying same phase current, and
the mutual leakage inductance between the upper and lower
conductors carrying different phase currents. The stator phase

leakage flux vector
[
λ
ph12
ls

]
of the original 12-phase stator can

be expressed as a function of the phase current vector,
[
iph12s

]
,

as follows in (14);[
λ
ph12
ls

]
=

[
Lph12ls

] [
iph12s

]
+

[
Lph12lm

] [
iph12s

]
(14)

where the self-leakage,
[
Lph12ls

]
, and mutual-leakage,[

Lph12lm

]
, stator phase inductance matrices are given by (15)

and (16) respectively, for the 5/6 chorded double layer wind-
ing shown in Fig. 2.[
Lph12ls

]
= lsdiag

([
1 . . . 1

]
1×12

)
(15)

[
Lph12lm

]
= −lm



0 0 0 0 0 1 0 1 0 0 0 0
0 0 0 0 0 0 1 0 1 0 0 0
0 0 0 0 0 0 0 1 0 1 0 0
0 0 0 0 0 0 0 0 1 0 1 0
0 0 0 0 0 0 0 0 0 1 0 1
1 0 0 0 0 0 0 0 0 0 1 0
0 1 0 0 0 0 0 0 0 0 0 1
1 0 1 0 0 0 0 0 0 0 0 0
0 1 0 1 0 0 0 0 0 0 0 0
0 0 1 0 1 0 0 0 0 0 0 0
0 0 0 1 0 1 0 0 0 0 0 0
0 0 0 0 1 0 1 0 0 0 0 0


(16)

where
ls = N 2

c (Pt + Pb),
lm = N 2

c Ptb,
Nc is the number of turns per coil,
Pt ,Pb, andPtb are the total slot permeances associated with

the top conductors, bottom conductors, and mutual coupling
between the two layers, respectively [12].

Based on the winding configurations shown in Fig. 3, the
connection matrices used to obtain the inductance matrices
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for the equivalent six-phase machine are given by (16), (17),
and (18), as shown at the bottom of the next page, for the
D3P, S6P, and A6P configurations, respectively. Based on
the suitable connection matrix , [C], the stator leakage flux
linkage of the six-phase machine is given (19), as shown at
the bottom of the next page.[
λ
ph6
ls

]
= [C]6×12

([
Lph12ls

]
+

[
Lph12lm

])
[C]T12×c

[
iph6s

]
(20)

By applying (1), the corresponding sequence leakage flux
components can be expressed as given by (21).

λlsα
λlsβ
λlsx
λlsy
λls0+
λls0−

 =


Lαβls 0 0 0 0 0
0 Lαβls 0 0 0 0
0 0 Lxyls 0 0 0
0 0 0 Lxyls 0 0
0 0 0 0 L0ls 0
0 0 0 0 0 L0ls




iαs
iβs
ixs
iys
i0s+
i0s−


(21)

By applying the previous calculation steps to the three wind-
ing configurations, the corresponding sequence stator leakage
inductances are given in Table 1. Based on this table, the fol-
lowing conclusions can be drawn:
• For the fundamental αβ subspace, the sequence stator
leakage inductance, Lαβls , for both D3P and S6P connec-
tions will be the same, while that of the A6P machine
is higher. Hence, the latter connection will correspond
to lower maximum torque owing to its higher equivalent
reactance.

• For the xy subspace, the sequence stator leakage induc-
tance, Lxyls , is much lower for the A6P, while for the D3P
and S6P connections, the inductance is relatively higher
and equal.

TABLE 1. Sequence stator leakage inductance for different six-phase
configurations.

• For the given chorded winding, the effect of the mutual
leakage inductance is cancelled under zero sequence
excitation for both D3P and A6P connections, while the
zero-sequence inductance is maximized for the S6P con-
nection. It has been shown in [25] that dc-link utilization
is improved under postfault operation when the zero-
sequence impedance is small. This conclusion argues in
favor of the D3P connection especially under postfault
operation to maximize the dc-link voltage utilization.

IV. EXPERIMENTAL SETUP
A standard 1kW three-phase induction machine has been
used to construct the proposed 12-phase machine using the
winding layout shown in Fig. 2. The machine is coupled to a
separately excited DC generator which acts as a mechanical
load. The machine is supplied by a six-phase inverter fed by
a 300V programmable dc supply. The six-phase inverter is
controlled using conventional PWM at a switching frequency
of 5kHz. The machine specifications are given in Table 2, and
the whole experimental setup is shown in Fig. 8.

V. PARAMETER ESTIMATION USING STANDARD
NO-LOAD AND BLOCKED ROTOR TESTS
In this section, the standard induction motor tests are used to
identify the machine parameters for the different subspaces
under the three connections. The six-phase inverter is used to
apply the proper current sequence to excite one of the three

[
CD3P

]
6×12
=


1 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 1 0 0
0 0 0 0 0 0 1 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 1
0 0 1 1 0 0 0 0 0 0 0 0

 (17)

[
CS6P

]
6×12
=


1 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 1 0 0
0 0 − 1 − 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 − 1 − 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 − 1 − 1

 (18)

[
CA6P

]
6×12
=


1 0 0 0 0 0 − 1 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 − 1 0
0 0 − 1 0 0 0 0 0 1 0 0 0
0 1 0 0 0 0 0 − 1 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 − 1
0 0 0 − 1 0 0 0 0 0 1 0 0

 (19)
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TABLE 2. Prototype machine specifications.

FIGURE 8. (a) Experimental six-phase setup. (b) Machine terminal box.

decoupled subspaces, namely, the fundamental αβ, the sec-
ondary xy and, the 0+0− in each test. Under these tests,
the machine is detached from the mechanical load and left
free to rotate to show the effect of any small torque component
under nonfundamental excitations, namely, xy or the 0+0−.
For the fundamental αβ subspace, both blocked rotor and

no-load tests are performed. A programable dc source is
used to vary the applied dc-link voltage of the six-phase
inverter. For simplicity, all tests are carried out under fun-
damental frequency and unity modulation index. For the
blocked rotor test, the dc-link voltage is increased until rated
RMS phase current is reached. While, the no-load test is
implemented with the full dc-link voltage (300V) applied.
Tables 3-5 present the obtainedmeasurements for all standard
tests for the three connections. The provided measurements
are the dc-link voltage, dc-link power, and the RMS phase
current. The rotor status is also given under blocked rotor
test to indicate whether the machine produces torque or not
under any specific excitation. Under αβ excitation, the rotor
should be blocked. Whereas for other excitation sequences,
the blocked rotor measurements are taken when the rotor
is blocked and the rotor status when left free to run is also
recorded.

TABLE 3. Standard tests for dual three-phase connection.

TABLE 4. Standard tests for symmetrical six-phase connection.

TABLE 5. Standard tests for asymmetrical six-phase connection.

For xy excitation, the average torque production is ideally
zero for a ‘true’ six-phase winding [24] and the machine
will expectedly remain at standstill. However, for the adopted
winding layout and with the D3P and S6P connections
employed, small even order MMF harmonics will be pre-
senting in the air gap, as was clear from Figs. 5(a) and (b).
Experiments showed that the rotor starts to rotate under xy
excitation at very low speed and very low torque. For the A6P,
Fig. 5(c) shows that small 5th and 7th order harmonics will be
presenting in the air gap. However, torque production due to
these components is merely neglected, which was clear from
the experiments.

Under zero-sequence excitation, the D3P shows zero mag-
netizing flux, as is clear from Fig. 6(a). On the other hand,
both S6P and A6P connections will give rise to notable
third harmonic pulsating flux components. These harmonic
flux components will correspond to notable pulsating torque

223016 VOLUME 8, 2020
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components. This conclusion has been first reported in [21]
for anA6P connection. Under this excitation, themachine can
be regarded as a single-phase induction motor having three
times the pole number of the original machine. Under this
case, the induced rotor current in the rotor circuit will increase
the total equivalent machine impedance.

Based on the obtained machine measurements given
in Tables 3-5, the following conclusions for different connec-
tions may be drawn under fundamental αβ excitation:
• The blocked rotor impedance is almost the same for
both D3P and S6P connections. The A6P connection,
however, shows a slightly higher impedance due to the
increase in stator leakage inductance, as is clear from
Table 1, and the small increase in the referred rotor
impedance due to the 3% enhancement in the fun-
damental magnetizing MMF component, as explained
in section III.A. The referred rotor impedance will be
higher by an approximate factor of 1.032 = 1.06 than
other two connections.

• The no-load machine impedance is approximately the
same for both D3P and S6P connections. However,
the S6P shows slightly higher core losses. The A6P
corresponds to slightly higher no-load current and
higher core losses. This may be explained by the small
increase in the fundamental magnetizing flux compo-
nent by approximately 3% for this connection over other
connections.

Under xy excitation, no notable difference is obtained for
the D3P and S6P connections. For the A6P, a notable reduc-
tion in the inductive part of the stator impedance is obtained,
as explained by Table 1. This is mainly the reason behind the
intolerable circulating ripple current component in the phase
current waveform of an A6P connection [22].

Finally, under zero-sequence excitation, the following con-
clusions may be reported:
• The D3P connection corresponds to the minimum zero
sequence impedance, while this impedance is maxi-
mized for the A6P connection. This complies with the
derivation made in section III.D.

• The zero-sequence impedance of an S6P connection is
higher compared to the D3P due to two reasons: the
increase in the stator leakage inductance, as indicated
by Table 1, and the effect of the induced third harmonic
MMF magnetizing component, as given by Fig. 6(b).

• The effect of the reflected rotor impedance under A6P
seems to be higher, which explains the high value of the
machine impedance under this excitation. The induced
rotor losses also seem to be relatively higher than in the
S6P case.

Based on the above conclusions, the machine parameters for
different subspaces can be approximated by the parameters
given in Table 6. The proposed parameter identification tech-
nique is carried out based on the following steps:

1) Based on the xy excitation test, the stator leakage induc-
tance, Lxyls , is estimated for different connections. Using

FIGURE 9. Machine open loop characteristic curves under different stator
connections.

the relations given in Table 1, the inductance terms ls
and lm can be estimated.

2) From the estimated values of ls and lm in step 1,
the corresponding stator leakage inductance Lαβls can
be identified. From the blocked rotor inductance of the
fundamental subspace, an estimate of the rotor leakage
inductance, Lαβlr , can, therefore, be found.

3) The rotor resistance is estimated from the blocked rotor
resistance after subtracting the stator winding resis-
tance.

4) The conventional no-load test for the fundamental sub-
space is used to estimate Lαβm .

5) The zero-sequence test is finally used to find R0
and L0.
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FIGURE 10. Full load current waveform under different stator connections.

VI. EXPERIMENTAL RESULTS
The prototype machine employed in this study to assess the
different configurations is evaluated under open-loop control
while fed at rated voltage and frequency. In the follow-
ing, the machine characteristic curves are compared and the
effect of stator connection on the current waveforms are also
illustrated.

Fig. 9 compares the characteristic curves corresponding
to the three connections. Fig. 9(a) shows the torque ver-
sus rotor speed characteristic. Both the D3P and S6P have

almost the same characteristic curves since the equivalent
circuits of the torque producing αβ subspace of both connec-
tions are quite similar. The A6P, however, corresponds to a
higher equivalent machine reactance due to the effect of the
mutual leakage inductance between stator layers. This yields
a higher machine slip for the same developed torque. The
torque versus RMS phase current characteristic is shown in
Fig. 9(b), which slightly differs amongst different connec-
tions. Although the S6P exhibits the lowest phase current
magnitude for the same torque, the difference in current
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TABLE 6. Equivalent Machine Parameters for different connections.

magnitudes between different connectionsmay be considered
insignificant. This is especially true when the effect of the
induced stator harmonics on the total RMS phase current
is considered. The machine efficiency versus output power
curve is shown in Fig. 9(c). Clearly, the D3P has the best
efficiency among all connections, while the lowest efficiency
is obtained with the machine connected as an A6P. The
difference in efficiency is mainly due to the change in core
losses, as was clear from the no-load tests given in Tables 3-5.

The full-load phase current waveforms corresponding to
the three connections are shown in Fig. 10. Under theD3P and
S6P connections, the current ripple component at switching
frequency is much lower than the A6P case. This conclusion
can be explained by the fact that the latter connection has a
smaller Lxyls , which causes a high current ripple component
(36% of rated current magnitude). On the other hand, the cur-
rent waveforms of the D3P and S6P machines experience a
superimposed high frequency current component due to the
slotting effect [26]. The presence of this rotor slot harmonic
(RSH) component mainly depends on the employed combi-
nation of stator slots and the number of rotor bars [27]. The
frequency, fh, of RSH component depends on the rotor speed
and is given by (22);

fh = fs
((
Nr
/
p
)
(1− s)± 1

)
(22)

where, fs is the supply frequency and s is the rotor slip.
The prototype machine has 30 rotor bars (Nr = 30),

and for rated rotor speed of 1400 rpm, the calculated RSH
components will be 650Hz and 750Hz, which are the same
frequencies obtained from the current spectra given in Fig. 10.
Needless to say, the RSH component can simply be avoided
by proper selection of the number of rotor bars based on the
number of stator slots and phase belt harmonics of the stator
MMF [27].

VII. CONCLUSION
This paper investigates the effect of stator connection of
a six-phase induction machine on the machine sequence
parameters, characteristic curves and current waveform. The
study showed that the D3P and S6P connections are very sim-
ilar, whereas the equivalent reactance of an A6P connected
winding is slightly higher due to the effect of leakage mutual
inductance of a double layer winding design. Although the
A6P has been employed in many practical applications,
according to this study, the D3P seems to outperform it in

terms of machine efficiency and current quality. D3P also
corresponds to minimum zero sequence impedance. This
will maximize the dc-link voltage utilization under postfault
operation. In the case of D3P or S6P, the number of rotor
bars should be properly selected to avoid rotor slot harmonics
induced in the phase current waveform.
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