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Abstract: The operational characteristics during transients are significantly influenced by magnetic
saturation in electrical equipment. For the computation of steady-state rated operation in multiphase
induction machines, the assumption of linear magnetic behavior of the iron core in classical machine
models may be sufficient. The mathematical models of the considered models differ in terms of the
existence or absence of dynamic cross-saturation effects. The approach that is most frequently used to
examine the impact of magnetic saturation is based on the state-space variable representation of the
mathematical model in dynamic axes (d–q). The purpose of this research is to investigate the effects
of magnetic saturation on six-phase induction machines. In this study, a d–q transformation-based
model of a six-phase induction machine (SPIM), including the magnetic saturation effect, is developed.
The cross-saturation and the common mutual leakage inductance between the two sets of stators’
windings are then developed and analyzed, and the developed models were simulated and results
are compared with and without cross-saturation. The main and leakage flux saturation, as well as
the mutual coupling between the two windings, are all accounted for in the model, which is based
on the vector space decomposition method. A significant increase in currents and voltage results
from the highly saturated magnetic paths of the leakage fluxes in six-phase induction machines. In
order to investigate the impact of cross-saturation, inductances computed using analytical methods
and those without taking cross-saturation into consideration were compared. These outcomes
are then transformed into a condensed current depending on parameter functions for transient
machine models.

Keywords: six-phase induction machines; modelling; cross-saturation; mutual inductance; vector
space decomposition; operation of SPIM

1. Introduction

Multiphase induction machines are widely used in various fields and for a wide range
of energy conversion. The stand-alone asynchronous generator has emerged as a suitable
contender in isolated power sources [1,2]. Due to their benefits over traditional three-phase
systems, multiphase electric drives are promoted as industrial solutions for high-demand
applications. A better power distribution per phase, an increase in reliability, and the
availability of additional freedom degrees should be highlighted among these advantages.
Due to the drawbacks of the three-phase system, the multiphase induction machines are
conceived. Investigation shows that the six-phase induction machine is more advantageous
compared to the three-phase counterpart [3–5].

By using a number of phases greater than three in the power transmission, the noise
level is considerably reduced. Consequently, a multi-phase line with small dimensions
can be used to transmit large powers covering a complete voltage range [6,7]. Due to its
potential benefits from using a greater than three-phase order system in power transmission,
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there has also been a growing interest in six-phase induction machines. Modern power
systems can benefit from the use of multiphase electrical machines for a variety of purposes,
including wind energy conversion, electric vehicles, airplanes, and high power industrial
motors [8–11].

Generally, during the analytical modelling of the six-phase induction machines, one
uses a linear model, which neglects the effect of the magnetic saturation. It is then assumed
that the magnetizing characteristic λm(im) is linear, but the behavior of the six-phase induc-
tion machines is no longer reproduced correctly when the saturation effects are no longer
negligible. Whatever model is used, adequate magnetic circuit saturation modelling is
necessary for obtaining satisfactory simulation accuracy and control performance. Typically,
electrical machines work in the saturated region to provide more torque [12–15]. It is sug-
gested that the machine designer precisely model the electrical machine before setting the
restrictions. This is crucial, especially when the modelling takes into consideration actual
operational conditions, and especially taking account the magnetic saturation [16–19].

In addition, the nominal operating points of the six-phase induction machines are
located in the saturated zone and with a view to extracting maximum power from it at a
reasonable cost. Consequently, taking magnetic saturation into account is not dictated by
the concern to improve the results, but it can sometimes be a necessity [20–23].

Introducing the magnetic nonlinearities into the equations of operation in any regime
is to cross an additional level in the modelling. The philosophy adopted considers the
inherent flux of a winding as the superposition of a leakage flux closing in the air and a
useful flux traversing the magnetic circuit, the stator and rotor leakage inductances being
constant. This implies that only the mutual fluxes are subject to saturation of the magnetic
circuit [24–26].

We begin this paper with a description of the equations of operation of the six-phase
induction machines (SPIM) in the natural reference and then the Park reference. Then,
the work will be entirely devoted to the multiplicity of the d–q models of the six-phase
induction machines; on the other hand, there is the introduction of the magnetic saturation
in the modelling of the six-phase induction machines. Indeed, by a suitable choice of the
state variables among the characteristic space vectors, we will develop the two flux and
current models, including the magnetic saturation in the of the main flux path. After that is
the introduction of magnetic saturation, where the winding currents’ model incorporating
saturation is elaborated and followed by a description of the method for deriving the
remaining models. Derivation of some selected models will be detailed. Hence, the
saturation effect is considered and included in the saturated model. Simulation results will
be provided to examine the impact of magnetic saturation, considering the stator currents
and magnetization flux in the (d–q) axis as state variables. Finally, simulation results will
be compared with and without cross-saturation, which consider mitigation of the magnetic
saturation effect.

2. Six-Phase Induction Machine Model in The Rotor Reference Frame

In the mathematical description of a dual stator induction motor, it is assumed that
the six-phase induction machine (SPIM) is considered as an electromechanical system
consisting of two three-phase stator windings, denoted as stator 1 and stator 2, and the
common squirrel-cage rotor winding. The cage rotor winding is replaced by an equivalent
three-phase winding. Figure 1 shows the representation of the stator and rotor windings of
a dual stator induction motor.
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Figure 1. Equivalent six-phase induction machine scheme. 
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Figure 1. Equivalent six-phase induction machine scheme.

A common type of multiphase machine is the six-phase induction motor (SPIM), where
two sets of three-phase windings, spatially phase shifted by 30 electrical degrees, share a
common stator magnetic core.

With:
θa: expresses the angle of displacement between star 1 and axis d.
θ: expresses the angle of displacement between star 1 and the rotor.
α: expresses the offset angle between the two stars.
We can define the modeling of a given system as being the search for a mathematical

representation capable of identifying with its behavior. This representation can appear in
practice in two different aspects: (i) Static model: concerns the static aspect of the system,
which implies its operation in a steady state. It is established from steady state equations
and energy balances. (ii) Dynamic model: consumed by the dynamic aspect of the system.
It is obtained from differential equations in instantaneous magnitudes, developed on the
basis of a physical approach to the system.

By writing Faraday’s law for each of the windings, the voltage equations for the six
stator phases and the three dynamic rotor phases can be written as follows:

[Vs1] = Rs1[is1] +
d
dt
[λs1] (1)

[Vs2] = Rs2[is2] +
d
dt
[λs2] (2)

[Vr] = Rr[ir] +
d
dt
[λr] (3)

With:

[Vs1] =
[
vas1 vbs1 vcs1

]t, [is1] =
[
ias1 ibs1 ics1

]t et [λs1] =
[
λas1 λbs1 λcs1

]t (4)

[Vs2] =
[
vas2 vbs2 vcs2

]t, [is2] =
[
ias2 ibs2 ics2

]t et [λs2] =
[
λas2 λbs2 λcs2

]t (5)

[Vr] = [var vbr vcr ]t, [λr] = [λar λbr λcr ]t et [ir] = [iar ibr icr ]t (6)

[Vs1], [Vs2]: Stator1 and stator2 voltage vectors.
[is1], [is2]: Stator1 and stator2 current vectors.
[λs1], [λs2]: Stator1 and stator2 flux vectors.
[Vr]: Rotor voltage vectors.
[ir]: Rotor current vectors.
[λr]: Rotor flux vectors.
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The equivalent electrical model of the generator in Park’s frame is shown in Figure 2.
In this benchmark, we obtain a relative model where the SPIM is represented by two
coupled electrical circuits, one along the direct axis d and the other along the quadrature
axis q.
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Figure 2. Equivalent model of the SPIM in the Park reference.

The voltage equations of the SPIM using decomposition vector space are as follows.
For the stator circuit, we can write:

Vds1 = Rs.ids1 +
dλds1

dt − waλqs1

Vqs1 = Rs.iqs1 +
dλqs1

dt + waλds1

Vds2 = Rs.ids2 +
dλds2

dt − waλqs2

Vqs2 = Rs.iqs2 +
dλqs2

dt + waλds2

(7)

Further, for the rotor circuit, we have:{
0 = Rr.idr +

dλdr
dt − (wa − w)λqr

0 = Rr.iqr +
dλqr

dt + (wa − w)λdr
(8)

where wa is the speed of the reference frame.
The expressions of stator and rotor flux linkages are:

λds1 = (ls + lsm + Ldm)ids1 + (lsm + Ldm)ids2 + Ldmidr
λqs1 =

(
ls + lsm + Lqm

)
iqs1 +

(
lsm + Lqm

)
iqs2 + Lqmiqr

λds2 = (ls + Ldm)ids1 + (ls + lsm + Ldm)ids2 + Ldmidr
λqs2 =

(
lsm + Lqm

)
iqs1 +

(
ls + lsm + Lqm

)
iqs2 + Lqmidr

λdr = Ldmids1 + Ldmids1 + (lr + Ldm)idr
λqr = Lqmiqs1 + Lqmiqs2 +

(
lr + Lqm

)
iqr

(9)

where lsm is the common mutual leakage inductance between the two sets of stators
windings, Lm is the mutual inductance between stator and rotor, and ls, lr are the stator and
rotor leakage inductance, respectively.

Where: 
Ls = ls + lsm + Lm

Lr = lr + Lm
Lps = lsm + Lm

M = Lm

(10)

With: 
dλdm

dt = dλdm
didm

didm
dt = Ldmdy

d
dt (ids1 + ids2 + idr)

dλqm
dt =

dλqm
diqm

diqm
dt = Lqmdy

d
dt
(
iqs1 + iqs2 + iqr

) (11)
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The writing matrix of flux is characterized by the following relationship:
[V] = [A]

[ .
X
]
+ [B][X]

[V] =
[

Vds1 Vqs1 Vds2 Vqs2 0 0
]t

[X] =
[

ids1 iqs1 ids2 iqs2 idr iqr
]t

(12)

[A ] =



ls + ls m + Ldmdy 0 lsm + Ldmdy 0 Ldmdy 0
0 ls + ls m + Lqmdy 0 ls m + Lqmdy 0 Lqmdy

ls m + Ldmdy 0 ls + ls m + Ldmdy 0 Ldmdy 0
0 ls m + Lqmdy 0 ls + ls m + Lqmdy 0 Lqmdy

Ldmdy 0 Ldmdy 0 lr + Ldmdy 0
0 Lqmdy 0 Lqmdy 0 lr + Lqmdy


(13)

[B] =



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 Lqm we 0 Lqm we Rr (lr + Lqm) we

−Ldm we 0 −Ldm we 0 −(lr + Ldm) we Rr

 (14)

The analytical d-model has been developed in a general reference frame and can be
used to analyze the behavior of the induction machine in any reference frame.

These equations suggest the equivalent circuit, as shown in Figure 3. The common
mutual leakage inductance represents the fact that the two sets of stator windings occupy
the same slots and are, therefore, mutually coupled by a component of leakage flux.
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3. Multiplicity of D–Q Models of the Six-Phase Induction Machine

In terms of space vectors, we can rewrite the main system (7) in the form:
vs1 = Rsis1 +

dλs1
dt + jwaλs1

vs2 = Rsis2 +
dλs2

dt + jwaλs2

vr = Rrir + dλr
dt + j(wa − we)λr

(15)

The rotor winding is usually shorted, either vr = 0.
Whatever the regime and the operating mode, the resolution of the differential system

(7) requires three vectors that can be identified from the flux equations. On the other hand,
the examination of this system and its annexed relations (8)–(9) makes it possible to identify
the possible state variables in terms of space vectors, which are is1, is2, ir , λs1, λs2, and
λr. The selection of three vectors among this set provides the total number of possible
models for a double star asynchronous machine.

However, referring to the differential system (15), three direct components and three
quadrature components suffice. In other words, three vectors solve the problem. To this
end, the choice of state variables can be made as follows: Selecting three vectors from the set
of six vectors ( is1, is2, ir , λs1, λs2, λr) supplies the total number of possible models for a
double-star asynchronous machine, so the effective number of models is C3

6 = 20 models.
We can sort and classify all the models thus obtained according to the nature of the

state variables, which are obviously currents and/or fluxes. This results in the definition
of three families of models: current models, flow models, and mixed models. Then, the
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objective in what follows is to develop two models among the most used in the literature,
such as the winding current model (is1, is2, ir) and the pure flux model (λs1, λs2, λr) for
the SPIM.

All the models of a SPIM thus found are summarized below in families and according
to the state variables.

• Current model: ( is1, is2, ir)
• Flux model (λs1, λs2, λr)
• 18 mixed models, which can be defined in two categories of models:

- 9 models using two current vectors and one flux vector,

( is1, is2, λs1), ( is1, is2, λs2), ( is1, is2, λr)

( is1, ir , λs1), ( is1, ir , λs2), ( is1, ir , λr)

(is2, ir, λs1), (is2, ir, λs2), (is2, ir , λr)

- 9 models using two flux vectors and one current vector,

( is1, λs1, λs2), ( is1, λs1, λr), ( is1, λs2, λr)

(is2, λs1, λs2), (is2, λs1, λr), (is2, λs2, λr)

(ir , λs1, λs2), (ir , λs1, λr), (ir , λs2, λr)

The following synthesis summarizes all the development undertaken to determine
the various models of a double-star asynchronous machine by variation in its state vari-
ables. Then, and as mentioned above, the current model ( is1, is2, ir) and the flux model
(λs1, λs2, λr) will be developed and presented.

4. Consideration of the Magnetic Saturation

The introduction of magnetic nonlinearities into the operating equations of SPIM has
always been a topical issue. Indeed, the taking into account of the magnetic saturation
is not simply dictated by the concern to improve the results, but it can sometimes be a
necessity, as in the case of isolated and self-excited generators. The set of characteristic
equations of the SPIM, if the saturation is taken into account and for a frame of reference
linked to the stator, becomes:

Vds1 = Rsids1 + (ls + lsm)
dids1

dt + lsm
dids2

dt + dλdm
dt

Vqs1 = Rsiqs1 + (ls + lsm)
diqs1

dt + lsm
diqs2

dt +
dλqm

dt
Vds2 = Rsids2 + lsm

dids1
dt + (ls + lsm)

dids2
dt + dλdm

dt

Vqs2 = Rsiqs2 + lsm
diqs1

dt + (ls + lsm)
diqs2

dt +
dλqm

dt
0 = Rridr + lr

didr
dt + dλdm

dt + we
(
lriqr + λqm

)
0 = Rriqr + lr

diqr
dt +

dλqm
dt − we(lridr + λdm)

(16)

The magnetizing fluxes λdm and λqm are related to the total fluxes by:

λds1 = (ls + lsm)ids1 + lsmids2 + λdm
λqs1 = (ls + lsm)iqs1 + lsmiqs2 + λqm
λds2 = lsmids1 + (ls + lsm)ids2 + λdm
λqs2 = lsmiqs1 + (ls + lsm)iqs2 + λqm

λdr = lridr + λdm
λqr = lriqr + λqm

(17)
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where: 
λdm = Lmidm
λqm = Lmiqm

idm = ids1 + ids2 + idr
iqm = iqs1 + iqs2 + iqr

(18)

Thus, the theoretical developments necessarily pass through the derivatives of the
magnetizing fluxes in (18). This situation remains true regardless of the SPIM model chosen.

The relation λm(im) is nonlinear, and this form is represented in the Figure 4.
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The machine parameters are: 0.5 Kw, 220/380 V 1500 rpm, 0.75 A, 50 Hz, 2 poles,
Rr = 14.38 Ω Rs = 28.59 Ω Xr = 19.81 Ω Xsm = 20.1 Ω Xs = 19.81 Ω, and Xs = 19.81 Ω.
R1 = R2 = 1000 Ω.

The magnetizing saturation curve of the DSIM was measured with the machine
driven at synchronous speed. The estimation of the mutual-leakage effect on experimental
characteristics versus magnetizing current was approximated by a polynomial of degree of
8, as follows:

λm = k1im8 + k2im
7 + k3im

6 + k4im
5 + k5im4 + k6im

3 + k7im
2 + k8im (19)

The mutual inductances, static and dynamic, are respectively defined as follows:

Lm =
λm

im
(20)

Lmdy =
dλm

dim
(21)

Lm is the nonlinear static mutual inductance expressed by the following expression.

Lm = k1im7 + k2im
6 + k3im

5 + k4im4 + k5im
3 + k6im

2 + k7im + k8 (22)

With:
k1 = 0.19303; k2 = −1.4276;
k3 = 4.3069; k4 = −6.8637;
k5 = 6.4026; k6 = −3.8101;
k7 = 1.2896; k8 = 0.51665;

(23)

Lmdy = 8k1im7 + 7k2im6 + 6k3im
5 + 5k4im

4 + 4k5im3 + 3k6im
2 + 2k7im + k8
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Figure 5 presents the variations in the static inductance Lm and dynamic inductance
Lmdy, according to the magnetizing current im. The characteristic of the static magnetizing
inductance is described by a polynomial of order 7, Equation (22).
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Figure 5. The static and dynamic inductances as a function of the magnetizing current.

Furthermore, if we assume a sinusoidal distribution of the windings, the flux and the
magnetizing current can be considered as space vectors. Since the hysteresis is neglected,
these two vectors are in phase. Therefore, at a given moment, their position can be identified
with respect to the axis d and chosen as a reference, using an angle α, Figure 6.
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It comes from this figure: {
cos β = λdm

λm
= idm

im
sin β =

λqm
λm

=
iqm
im

With:

Lm =
λm

im
=

λdm
idm

=
λqm

iqm

Moreover, in the main system (16), it is imperative to determine the derivatives of the
magnetizing, direct, and quadrature fluxes. To do this, we seek to define the formulations
using the static and dynamic inductances Lmdy and Lm



Energies 2022, 15, 9412 9 of 18

4.1. Determination of Quantities dλdm
dt and dλqm

dt

The leakage inductances are assumed to be constant; only the d–q magnetizing flux is
subject to saturation. Deriving stator and rotor linkage fluxes leads to the time constant,
with only the main flux derivative of the d–q magnetizing flux λdm, λqm.{

cos β = λdm
λm

= idm
im

sin β =
λqm
λm

=
iqm
im

(24)

Angular β designates the position of λm with respect to the d–q axis. It also character-
izes the position of the magnetizing current im in the air gap.

Therefore, dλdm
dt , dλqm

dt have to be described by means of the winding current.{
dλdm

dt = d(λm cos β)
dt = cos β dλm

dt − λm sin β
dβ
dt

dλqm
dt = d(λm sin β)

dt = sin β dλm
dt + λm cos β

dβ
dt

(25)

Terms cos β dλm
dt and sin β dλm

dt may be elaborated as follows:{
cos β dλm

dt = Lmdy
didm

dt + Lmdyiqm
dβ
dt

sin β dλm
dt = Lmdy(

diqm
dt − iqm

cos β
sin β

dα
dt )

(26)

Therefore, (25) is written:{ dλdm
dt = Lmdy

didm
dt + (iqmLmdy − sin β λm)

dβ
dt

dλqm
dt = Lmdy

diqm
dt + (λm cos β − iqm

cos β
sin β )

dβ
dt

(27)

β = tan−1(
iqm

idm
) (28)

Thus:
dβ

dt
= (

cos β

im

diqm

dt
− sin β

im

didm
dt

) (29)

We can write: {
dλdm

dt = Ld
didm

dt + Ldq
diqm

dt
dλqm

dt = Ldq
didm

dt + Lq
diqm

dt

(30)


Ld = Lm + cos2 β(Lmdy − Lm)

Lq = Lm + sin2 β(Lmdy − Lm)
Ldq = cos β sin β(Lmdy − Lm)

(31)

4.2. Inter-Coupling Factors

In the expressions of the derivatives of the magnetizing fluxes, one notices the ap-
pearance of additional tension terms due to the presence of the magnetic nonlinearities.
Although the d–q axes are orthogonal, they appear to be magnetically coupled by means
of the coefficient Ldq. If there is no saturation, Lmdy will be equal to Lm, the term Ldq will
be zero, and the evoked coupling disappears. This phenomenon, related to the presence
of saturation and known in the literature as cross-saturation, has been the subject of long
discussions and even polemics. In conclusion, the coefficient Ldq can be qualified as a factor
of saturation and inter-coupling between the axes in quadrature.

4.3. Derivation of the Saturated Current Models

Based on the general equation of the SPIM, a mathematical model is developed to
represent the dynamic characteristic involved in the voltage build-up of the SPIM. The
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dynamic analysis has to demonstrate the transient voltage and frequency developed by the
induction generator.

After deriving the system, we can obtain the following system:

dλds1
dt = (ls + lsm)

dids1
dt + lsm

dids2
dt + Ld

didm
dt + Ldq

diqm
dt

dλqs1
dt = (ls + lsm)

diqs1
dt + lsm

diqs2
dt + Lq

diqm
dt + Ldq

didm
dt

dλds2
dt = lsm

dids1
dt + (ls + lsm)

dids2
dt + Ld

didm
dt + Ldq

diqm
dt

dλqs2
dt = lsm

diqs1
dt + (ls + lsm)

diqs2
dt + Lq

diqm
dt + Ldq

didm
dt

dλdr
dt = lr

diqr
dt + Ld

didm
dt + Ldq

diqm
dt

dλqr
dt = lr

diqr
dt + Lq

diqm
dt + Ldq

didm
dt

(32)

The main differential system can be represented by:

[V] = [A]
[ .

X
]
+ [B][X] (33)

With:
[V] =

[
Vds1 Vqs1 Vds2 Vqs2 0 0

]t (34)

[X] =
[
ids1 iqs1 ids2 iqs2 idr iqr

]t (35)

[A] =



ls + lsm + Ld Ldq lsm + Ld Ldq Ld Ldq
Ldq ls + lsm + Lq Ldq lsm + Lq Ldq Lq

lsm + Ld Ldq ls + lsm + Ld Ldq Ld Ldq
Ldq lsm + Lq Ldq ls + lsm + Lq Ldq Lq
Ld Ldq Ld Ldq lr + Ld Ldq
Ldq Lq Ldq Lq Ldq lr + Lq


(36)

[B] =



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 Lmw 0 Lmw Rr (lr + Lm)w

−Lmw 0 −Lmw 0 (lr + Lm)w Rr

 (37)

The purely current model
(
is1, is2, ir

)
, developed previously, is the heaviest to simulate.

All the elements of its matrix [A] are non-zero and depend on the cross-saturation. In
addition, it contains all kinds of magnetic couplings along the d-axis (Ld) to the q-axis (Lq)
and between the d–q axes (Ldq). On the contrary, this non-advised current model is used to
determine all the saturated models and any state variables.

4.4. Derivation of the Saturated Flux Models (λs1, λs2, λr)

The derivation in the flux model (λs1, λs2, λr) requires the determination of winding
currents as a function of the state variables of the model. This is made possible by combining
(17) and (18) with the derivatives of (32) to form the appropriate matrices:

ids1 = 1
σ

(
λds1 − lsm

Ls
λds2 −

(
1 − lsm

Ls

)
λdm

)
iqs1 = 1

σ

(
λqs1 − lsm

Ls
λqs2 −

(
1 − lsm

Ls

)
λqm

)
ids2 = 1

σ

(
λds2 − lsm

Ls
λds1 −

(
1 − lsm

Ls

)
λdm

)
iqs2 = 1

σ

(
λqs2 − lsm

Ls
λqs1 −

(
1 − lsm

Ls

)
λqm

)
idr =

λdr−λdm
lr

iqr =
λqr−λqm

lr

(38)
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With: σ = Ls − l2
sm
Ls

and Ls = ls + lsm The magnetizing flux equations as a function of
the stator and rotor fluxes are: λdm = La

(
λds1

ls
σLs

+ λds2
ls

σLs
+ λdr

1
lr

)
λqm = La

(
λqs1

ls
σLs

+ λqs2
ls

σLs
+ λqr

1
lr

) (39)

where:
La =

1
1

Lm
+ 2ls

σLs
+ 1

lr

(40)

By integrating the previous equations, we can define the equations of the currents as a
function of the state variables:

ids1 = 1
σ

(
1 − l2

s La
σL2

s

)
λds1 − 1

σLs

(
lsm + ls La

σLs

)
λds2 −

(
ls La

σlr Ls

)
λdr

iqs1 = 1
σ

(
1 − l2

s La
σL2

s

)
λqs1 − 1

σLs

(
lsm + ls La

σLs

)
λqs2 −

(
ls La

σlr Ls

)
λqr

ids2 = 1
σ

(
1 − l2

s La
σL2

s

)
λds2 − 1

σLs

(
lsm + ls La

σLs

)
λds1 −

(
ls La

σlr Ls

)
λdr

iqs2 = 1
σ

(
1 − l2

s La
σL2

s

)
λqs2 − 1

σLs

(
lsm + ls La

σLs

)
λqs1 −

(
ls La

σlr Ls

)
λqr

idr = −
(

La ls
σLs lr

)
λds1 −

(
La ls

σLs lr

)
λds2 +

1
lr

(
1 − La

lr

)
λdr

iqr = −
(

La ls
σLs lr

)
λqs1 −

(
La ls

σLs lr

)
λqs2 +

1
lr

(
1 − La

lr

)
λqr

(41)

By making the necessary manipulations, the matrices relating to the case (λs1, λs2, λr)
are:

[X] =
[
λds1 λqs1 λds2 λqs2 λdr λqr

]t (42)

[V] =
[
Vds1 Vqs1 Vds2 Vqs2 0 0

]t (43)

[A] =



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

 (44)

[A] =



Rs
σ

(
1 − l2

s La
σL2

s

)
0 − Rs

σLs

(
lsm + ls La

σLs

)
0 − Rs ls La

σlr Ls
0

0 Rs
σ

(
1 − ls ls La

σL2
s

)
0 − Rs

σLs

(
lsm + ls La

σLs

)
0 − Rs1ls2La

σlr Ls2
Rs
σ

(
1 − l2

s La
σL2

s

)
0 − Rs

σLs

(
lsm + ls La

σLs

)
0 − Rs2ls La

σlr Ls
0

0 − Rs
σ

(
1 − l2

s La
σL2

s

)
0 − Rs

σLs

(
lsm + ls La

σLs

)
0 − Rs ls La

σlr Ls

− Rr La ls
σLs lr

0 − Rr La ls
σLs lr

0 Rr
lr

(
1 − La

lr

)
we

0 − Rr Las
σLs lr

0 − Rr La ls
σLs lr

−we
Rr
lr

(
1 − La

lr

)


(45)

5. Influence of Cross-Saturation

It was proved in the previous chapter that it is possible to model a SPIM by a mul-
tiplicity of models. The latter are obtained by simple combination of the state variables
of the machine. For this purpose, the SPIM can be represented by 20 models. These mod-
els are classified into three categories: flow models, current models, and mixed models.
In addition, it has been shown that, except the flux model, all the other models show a
phenomenon of magnetic inter-coupling between the axes in quadrature d–q, known as
cross-saturation. The model in phase currents, stator and rotor, highlights this phenomenon
as clearly as possible. Thus, to study the influence of the latter on the modeling of the SPIM,
it is imperative to reformulate the dynamic operating equations of the machine in terms of
phase currents but while avoiding cross-saturation.

The SPIM operating in autonomous mode is very sensitive to the presence of magnetic
saturation. It is a perfect application for testing the validity of models developed with and
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without cross-saturation. It also provides the opportunity to compare them. The following
figures show the electrical and magnetic quantities at a nominal speed of N = 1500 rpm,
C = 9 µF.

Figures 7 and 8, respectively, describe the curves of the stator current and voltage
with and without cross-saturation. In addition, they allow us to better see the difference
between the two SPIM models.
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The performance deviations are observed quite clearly in transient events such as
voltage build-up, sudden loading, and unloading of the six-phase induction machine.
The presented work shows that the full model (considering the cross-saturation effect)
has faster convergence to steady-state than the one neglecting it. It is observed that the
conventional model presents acceptable results, though it lacks salient details to describe
the dynamic behaviour of the machine mostly when the machine is driven to the non-linear
region, which is likely most of the time during specific applications. Figures 9 and 10 below
represent the amplitudes of magnetizing fluxes and stator currents in a three-dimensional
frame, with and without cross-saturation, as a function of time. The evolution of the stator
current and magnetizing flux curves is established from zero and stabilizes in steady state.
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The results are obtained using the phase current model
(
is1, is2, ir

)
, in particular, with

and without cross-saturation. Its results confirm the validity of the proposed method
and the equivalence of the two models with and without cross-saturation. However, the
evolutions of the different quantities as a function of time, illustrated by Figures 7–10, prove
that they do not have the same degree of sensitivity when the inter-coupling terms in the
first model are ignored.

On each graph, we have shown the results obtained with the two models defined
previously (full saturated model and saturated model without cross-saturation). In this
current model, the matrix [A] is non-zero and depends on the magnetic saturation. More-
over, the simulation time is mainly related to the shape of the system matrix [A], the system
contains null terms, and the simulation time becomes shorter. The results of the dynamic
self-excitation process given in the previous figures are based on the remnant or residual
flux in the iron core, providing the initial state required by the self-excitation of the SPIM.
When the initial conditions of self-excitation are satisfied, the flux increases and, by associ-
ating with the growth of the magnetic fluxes, the voltage generated also increases. In the
model without cross-saturation, the magnetic saturation is integrated independently along
the d and q axes in the set of dynamic equations. Therefore, the model becomes simpler
and faster for simulation.

The impact of cross-saturation is confirmed by the simulation time between the two
models, Table 1, where we calculated the running time of the two models for different
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simulation times. The majority of its elements are null, which results in a faster simulation.
Consequently, the new model, without d–q cross-saturation, is more advantageous, and its
use is therefore recommended.

Table 1. Execution times of the two SPIM models with and without cross-saturation.

T (s) Time without Cross(s) Time without Cross(s)

0.2 22 13

0.5 56 19

0.7 72 33

6. Coherence of Static and Dynamic Models

In this part, we are interested in the comparison of the results during the variations in
the excitation capacity and the training speed of the self-excited SPIM between the static
and dynamic regimes. Table 2 illustrates the no-load variations in the stator voltage in
static and dynamic regimes for different speeds and for C = 9 µF.

Table 2. Static and dynamic results at no load with C = 9 µF and variable speed.

Speed Practical
Values

Static Regime Dynamic Regime

Vas1 ∆Vas1 Vas1 ∆Vas1

N = 1400
tr/min 195.1 195.3 0.1% 193.74 0.69%

N = 1500
tr/min 231.2 237.6 2.69% 226.2 2.16%

N = 1600
tr/min 247.7 269.2 7.98% 239.6 3.27%

From this table, it can be seen that over the speed variation range around synchronism,
the rate of variation in the no-load voltage ∆V does not exceed 7.98%. Table 3 illustrates the
no-load variations in the stator voltage in static and dynamic regimes for different values
of the excitation capacity and for N = 1500 rpm.

Table 3. Static and dynamic results at no load with N = 1500 rpm and variable capacity.

Speed Practical
Values

Static Regime Dynamic Regime

Vas1 ∆Vas1 Vas1 ∆Vas1

C = 7.8 µF 201.2 209.2 3.82% 197.42 1.87%

C = 8.65 µF 222.3 231.2 3.84% 216.16 2.76%

C = 9.5 µF 238.7 243.8 2.09% 230 3.64%

For different values of the ignition capacity, the rate of variation in the rms voltage
Vas1 between the static and dynamic regimes does not exceed 3.84%. For running under
load, we consider Tables 4 and 5, which illustrate the variations in the stator voltage in
static and dynamic states for different excitation capacities and speeds with R = 1000 Ω.
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Table 4. Static and dynamic results under load with C = 9 µF and variable speed.

Speed Practical
Values

Static Regime Dynamic Regime

Vas1 ∆Vas1 Vas1 ∆Vas1

N = 1400
tr/min 128.7 132.6 2.94 % 125.72 2.31 %

N = 1500
tr/min 171.2 178.29 3.97 % 166.4 2.8 %

N = 1600
tr/min 177.2 182.9 3.11 % 168.2 5.07 %

Table 5. Static and dynamic results under load with N = 1500 rpm and variable capacity.

Speed Practical
Values

Static Regime Dynamic Regime

Vas1 ∆Vas1 Vas1 ∆Vas1

C = 7.8 µF 102.7 105 2.19 % 98 4.57 %

C = 8.6 µF 172.3 178.8 3.63 % 164.4 4.58 %

C = 9.5 µF 182.1 188.2 3.24 % 175.7 3.51 %

From the results obtained in Table 4, it is noted that the variation in SPIM drive speed
under load generates a maximum stator voltage variation rate of 5.07%.

The variation in the excitation capacity for a fixed speed of 1500 rpm leads to a maxi-
mum variation rate of 4.58%. The evaluation of the static and dynamic models presented in
the previous comparative tables shows that, although the static and dynamic approaches
are completely different, the results are very close and present an acceptable variation
rate of the stator voltage ∆V. It is concluded that the studies and modeling presented
throughout this work for both static and dynamic regimes lead us to consistent results.
The experimental results obtained corroborate those of the analytical study. The same
approach is performed with the other two configurations, resulting in more pronounced
voltage differences.

Concerning the unpriming current, when one of the three capacitors is suddenly
disconnected, the self-excitation process is maintained if the value of the two remaining
capacitors is sufficient to maintain the stator voltage. In the test of Figure 11, the generator
is driven at 1500 rpm without load and the two values of the self-excitation capacities are
fixed at 7.8 µF. At t = 1.75 s, one of the three capacitors of each star is suddenly disconnected.

The operation in an unbalanced regime obtained with the two remaining capacitors
is not sufficient to maintain the self-excitation phenomenon. From the experimental test
bench, we notice that the stator voltage Vas1 collapses in 0.25 s. By increasing the value of
the capacitor from 7.8 µF to 9.5 µF, we note the increase in the defusing time for the voltage.
Therefore, there is a risk of demagnetization of the machine.
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7. Conclusions

This paper introduced an improved method based on a mathematical saturated model
for six-phase induction machines based on fractional calculus. The model has been vali-
dated using a 0.5 kw prototype machine. We conducted a detailed study of the performance
of the six-phase induction machine in the dynamic regime. Based on the developed mathe-
matical developments, we simulated the models found with MATLAB. On the other hand,
using the prototype present in the laboratory, we carried out practical tests to validate the
theoretical study with different possible configurations of the six-phase induction machines.
The experimental tests gave us encouraging results and showed us the robustness of the
adopted analytical model. We considered a model without cross-saturation to compare to
the already-developed model with cross-saturation. The results of the simulation as well as
the experiment prove that the two models generate similar results, but the second model,
without cross-saturation, is the less complicated and, therefore, recommended.

A comparison with the experimental results has demonstrated the advantages of
the saturated model without cross-saturation compared to existing models. The results
showed that the proposed saturated model corresponds to a closer dynamic behavior
to the experimentally measured responses, especially when without cross-saturation is
more pronounced.
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