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Abstract

This paper proposes a novel dual three-phase SVM for six-phase multilevel inverter to control a six-phase induction machine
(SPIM). The main idea is to control the six-phase multilevel inverter as two three-phase multilevel inverters separately by space
vector modulation of the N-level three-phase separate DC source (SDCS) inverter. This enables a great simplification of the
algorithm control for six-phase multilevel (N level) inverter drive. In six-phase SVM, N6 vectors (N=2 two level, 3 level or 4 level,
implies 64 vectors, 729 vectors, 15625 vectors respectively) were used. However, in a proposed dual three-phase SVM, we use N3
vectors (N=2 level, 3 level or 4 level implies 8 vectors, 27 vectors, 125 vectors respectively) to control the six-phase multilevel
inverters as two three-phase multilevel inverters with the same three-phase multilevel SVM. Whereas the first three-phase
inverter is composed of 1, 3, and 5 phases, and the second three-phase is composed of 2, 4, and 6 phases. The simulation results of
the indirect field-oriented control (IFOC) of six-phase induction machine drive fed by stacked multilevel inverters are given to
highlight the performance of the proposed dual three-phase SVM. Moreover, multilevel topologies are used to reduce the current
THD distortion as well as the total semiconductor losses.
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machine, stator winding is composed of two
three-phase windings shifted in space!

by y=30° (Fig. 1 (b). In the other structure,
symmetrical six-phase machine, there are two
sets of three-phase windings that are spatially
shifted by y = 60° (Fig. 1 (c)), giving rise to spatial
displacement between any two successive
phases of 60°[3, 6].

Introduction

During the last decade, the use of multiphase
motor drives has substantially increased for high
reliability applications because of the potential
advantages that they can offer [1, 2]. The principle
main thrusts behind this quickened advancement

are related to three particular application zones:
electric ship impetus, "more electric" flying
machine, and footing (locomotive, electric
vehicles and hybrid electric vehicles) [3]. Two
distinct features make multiphase drives an
attractive possibility for these applications.

There are three possible winding connections of
the six-phase machine structures in Fig. 1. In the
most abundant one, two three-phase IM shifted
by y=0° (Fig. 1 (a)), asymmetrical six-phase
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The asymmetrical six-phase machine is the
customary choice, predominantly for historical
reasons associated with SVM of voltage-source
inverter (VSI) control [4-6]. This allows a good
quality of the current regulation which can be
linked to a PWM regulation method suitable for
VSI control at a sufficiently high switching
frequency of 3xn (n: number of phase)[7, 8].

The asynchronous machines with numbered
phases do not have the shape of 3xn. For instance,
five or seven [9, 10] are infrequently used in
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practice because they are made on demand. On
the other hand, the machines with six or nine
phases can get two or three available three-phase
IM respectively. This uses the original frame and
stratifications stator/rotor of the machines with
three-phase and thus allows saving on the
making cost.

Multilevel converters are able to generate
output voltage wave forms consisting of a large
number of steps. In this way, high voltages can be
synthesized using sources and switching devices
with lower voltage values, with the additional
benefit of a reduced harmonic distortion and
lower dv/dt in the output voltages [11, 12].

Multilevel inverter supplied multiphase
drives have been gaining the interest of
researchers and industry in recent years [1],[6] and
[8]. Multilevel multiphase inverter topologies
have been widely recognized as a viable solution
to overcome current and voltage limits of power
switching converters in the environment of high-
power medium-voltage drive systems [13-15].
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Figure 1: Winding connection of six-phase machine

machine with y =60°

Several studies published the news PWM
modulations methods that can be used in
multiphase applications with several levels [16-
19]. The first successful implementation of an
algorithm of multiphase SVPWM with several
levels is based on the approach of SVM [20-26].
Such an approach is considered like a classical
approach SVPWM presented in [18]. This presents
a general space-vector modulation algorithm for
- level three-stage converters. The algorithm is
computationally proficient to a great degree and
is autonomous of the number of converter levels.
In the meantime, it provides good insight into the
operation of multilevel converters.

In this paper, a novel dual three-phase SVM
for a multilevel inverter six-phase is proposed to
drive a six-phase induction machine. The p*"
phase (p=1, 2, 3, 4, 5, and 6) of the six-phase
multilevel SDCS inverter is shown in Fig. 2. The

main idea is to use the six-phase inverter as two
three-phase inverters (p=1, 3, 5) and (p=2, 4, 6) to
control the SPIM as two three-phase IM (Uiss and
Unss separately). The two multilevel three-phase
inverter SDCS (Uiss and Uysg) are controlled by two
conventional N level three-phase SVM [20]. The
first one can control the phases 1, 3,and 5 (Ugp1¢1)s
and the second one can control the phase 2, 4, and
6(Ugap2c2), according to the type of the six-phase
machine with placed windings (two three-phase
induction machine, asymmetric six-phase or
symmetrical respectively). Usually, in SVM of six-
phase inverter, we use N°® vectors (for N=2, 3, or 4;
there are 64 vectors, 729 vectors or 15625 vectors,
respectively), and several transformations and
decomposition in two plans. However, in the
proposed dual SVM, we use N° vectors; (for N=2, 3
or 4; there are 8 vectors, 27 vectors, or 125 vectors
respectively) in order to control the two
multilevel three-phase inverters.

This paper is composed of five sections. The
first section consists of the description and model
of the dual stator induction machine in the abc
plan. The second section reveals Park’s SPIM
model. The third section presents the developed
multilevel dual three phase SVM. The fourth
section, however, is devoted to the presentation
of indirect field-oriented control. The simulation
results are discussed in section five, followed by a
conclusion in the last section.

Neutral

Fig. 2. General structure of a multilevel pt"phase
(p=1..., or 6) SDCS inverter
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Description and model of the dual
stator induction machine in the abc

plan

All SPIM are strictly being investigated for
various high-power applications due to their
augmented power to weight ratio, augmented
frequency and abridged magnitude of torque
pulsation, and fault tolerant characteristics.

The SPIM with two similar stator three-phase
windings, shifted by 0, 30, 60 degrees in space and
three-phase winding in rotor is shown in Fig. 3.
To simplify, we will consider that the electrical
circuit of the rotor is equivalent to a three-phase
winding short-circuit [27].

Fig. 3 gives the position of the magnetic axes of
the nine windings forming the six phases of the
stator and the three phases of the rotor.
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Fig. 3. Stator and rotor windings of the SPIM fory =
0°,30°r 60°

Electrical equation

Electrical equations of the stator, rotor,
electromagnetic torque (1-3), and mechanical
equations (4) are expressed as a function of the
different currents and the derivative. These
differential equations defined in the real
reference frame abc, are written as follows:

The voltage and flux linkage equations are
given compactly in matrix form as:
{ [Vs]] _ [ [R:][0 6><3 ” ] [ )
] [0]3xe dt l[er]

(o] = [l @

Electromagnetic torque

[MTS]

[ = i1

i (3)

Mechanical equation

Q] 1
TR T(Te -T) 4)
With:

_ [ ]] . [ ]] fol - [[qos,am]]

s abcz] ls ach] [q)s ach]

[V;”] = [Vr,abc];[ir] [lr abc] [Qar abc]

[Rs11[0]3x3

[Rs] = [0]3><3 [Rsz] ; [Rr] = rr[1]3
[‘ps,abcl]] [[le,sl] [Msl,sz]]
s1 = WLsl = ;
[(p ] [[‘ps,abcz] [ ] [MSZ,sl][Lsz,sz]
[M,,] = [MS”]] :
. [MSZ,r] ’

[M,s] = [Msr]t; [Msl,sz] = [MSZ,sl]t-

After the replacement of the stator and rotor
flows and the different inductances in equation
(2), we obtain [21]:

Qos,abcl le,sl Msl,sz Msl,r Ls,abc1
Ps,abc2 | = Msz,s1 Lsz,sz Msz,r ls,abc2 (5)
Pr.abe Mysi Mysa Ly || brabe

Where|[v],[is],[v.],[i.],[@s] are the stator and
rotor voltage, current and flux vectors of the six-
phase IM. The different resistance and inductance
matrixes are defined in appendix A. We find that
the machine six-phase is composed of two three-
phase asynchronous machines. This allows for
the study and synthesis of control laws of two
three-phase induction machines wusing the
methods already developed instead of ordering
directly from the six-phase machine. In the next
part, we will present Park's transformation,
which leads to a simplified model of SPIM that is
easy to solve and more suitable for the study of
dynamic regimes and control.

231



L]

Journal of Power Technologies 0% () (2025) 282 -- 243 Q

Park’s SPIM model

Two Park models were presented. The first
obtained by transforming the stator voltages
(6/2x3) is used for the SVM control. The second is
obtained by a transformation (6/2) that will be
employed as a two-phase system for indirect
field-oriented control (IFOC).

Dual three-phase model of stator voltages

In this section, the association between two
three-phase machines is presented. By applying
the Park transformation of the two stator stars,
we obtain twice the two-phase models equivalent
to the three-phase model Fig. 4 [28], [29]. We use
the usual transformation of Concordia and Park.

{ Xapoyi = [T Xavei

[p(O)] " X(wpoyi ©)

X(dqo)i =

Where X can represent the current, the
voltage or the flux in the machine, and =1 can
represent the first stator and i=2 for the second
stator.

With:
2m T
cos(0) COS(?) cos(?)
[Tt = z sin(0) sin(z—n) sin(4—n) )
N E 3 3
1 1 1
V2 V2 V2
cos(®) sin(B) 0
[p(®)] ™" = [—sin(e) cos(0) Ol (8)
0 0 1
qda
irg

M ws/p
I

Lsq1

Vv +E§ Vsax Vda
1 . .
sa lsd1 - Lsd2

lra

d

Fig. 4. Representation of the SPIM windings in the Park.

By applying the Park transformation (6) to the
equations of the voltages (1), the real equation
system of the SPIM will be decomposed into two
diphasic subsystems (di-g:) and (dz-g).

d@sai
(Vsdi = Rglgg; + % — WsPsqi
do
Vsqi = Rs[sqi + dSqL + WsPsai (9)
do
Vsoi = Rslsoi + dtsfm

With: (=1 or 2)

This shows that we have two stators, and the
voltages are decoupled [32]. This property of the
stator voltages will operate to use two SVM, each
one will control three phases separately.

3.1 Six-phase model in the system
(d, 9)(x,y) (041, 02):

In this section, a bi-phase control model of
SPIM is presented. Therefore, the matrix of stator
inductors [Ls] is diagonalized by the stator
decoupling matrix[Ts(y)]~* [30], [31] and the rotor
matrix [Tr]™? are following:

[Tt =
cos(0) cos (2?1[) cos (4 ) cos(y) cos (y + 2?") cos (y + 4?")

sin(0) sin (2?") sin (?") sin (y) sin (y + %ﬂ) sin (y + %ﬂ)

\/% cos(0) cos( ) cos (23 )cos (mt—vy) cos (E — y) cos (S—H - y)
sin(0) sin (4 )sm (ZT") sin (1'[ Y) sin (— - y) sin (— - y)
1 1 0 0
0 0 0 1 1 1
(10)
1 1 1
2 2
2 V3 V3
™ = |3 = = 11
[Tr] ﬁ 0 - > (11)
1 1 1
V2 N2 2

with y =0°%30°% or60° two three-phase
induction machines, asymmetric six-phase or
symmetrical six-phase IM respectively.

By applying the transformation matrix
[Ts(y)]~! to the equations of voltages (1) and fluxes
(2), the system of real six-dimensional stator
equations will be decomposed into three
decoupled subsystems of dimension two: the
systems (d-q), (x-y) and (01-02).

Geometrically, we will "project" the stator
variables on three orthogonal "planes". The
transformation matrix has the property of
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separating the harmonics into several groups and
projecting them into each subsystem. For rotor
variables, the usual Concordia transformation,
denoted by [Tr]~! (11), is used (Fig. 5).

 qa
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d

Fig. 5. Equivalent model of SPIM in (d-g} plan.

By applying the transformation matrix (10) to
equation (2), the system becomes:

Psd [L 0000 0][lsd] cosB.s —sinB.s 0 1
[‘Psq] |00 (]L ]_,0 00 00 00 || sa | I sinBs cosB.s 0 I g
Psx _ s1 15)( 0 0 0 i
Psy 000Ls; 00 “ lsy |+M 0 0 0 [?rq:| (12)
®so1] 10000 Ly 0l[i,,| 0 o o Lo
lpsol L0000 0Ll 0o 0 0
isd

. isq )
Prd [colse smB] [0] i L. 0 0 }rd
@rd| =M |l-sin8 cosh 240410 Ly 0 |]ig (13)
Pro [0]1.4 [0] 4ss .lsy 0 0 Lellig

Iso1
1502
The next step is to eliminate the dependence of
6 on the inductance matrix. For this, we use a
rotation matrix [p(8)] to express the rotor
variables in the stator reference:

{X(xﬁo = [TS(Y)]_lxabc
quO = [p(e)]_lxa/io

X canrepresent the current, the voltage, or the
flux in the six-phase machine, dq xy 0,0, fig 4.

With:

(14)

[ cosf  sinf [0]
[p(®)]7t = [l—sind cosb 2x4 (15)
[0]4*2 [1]4*4
Where the models are:
Xsa Xsal
Xsg Xsb1
Xsx | _ —1|Xsc1
o | = (L5 (16)
Xso1 Xsb2
X502 Xsc2

We use the common Park transformation matrix
for the rotor size.

[Xrotxrﬁxro]t = [Tr]_l[XraXrerc]t (17)
0 2T T
cos(0) cos(?) cos(?)
[T,]! = z sin(0) sin(z—n) sin(4—n) (18)
o3 3 3
1 1 1

VZIo2 V2
By expressing the model of the SPIM in a
reference linked to the stator, we obtain:

Vsa Ts 0 0 0 lser Ly 0 M O lsa

Vsp]_ 0 7 0 M Lsﬁ“ 0 Ly 0 M[(d spl (19)
Vi 0 wM 7 wl, M0 L 0|g

V,,;J —oM 0 —wl, 7 [z,,,J oM 0 L) lig

vl=[o SIET+[%

a [lsx]
le dt lSJ’

Vso1 I's 00 isol le 0 0 d i501
Vooz| =0 15 O]fisoz| +] 0 Lsg O a is02 (21)
\ 00 rllig 0 0 L, i

The electromagnetic torque is as follows:

isa irﬁ) (2 2)

The mechanical equation of the machine is
written:

m = p-M(iSﬁira -

Cem — Cr — Kelly :]1(12—:1; %zﬂm
Where J; denotes the moment of inertia of the
six-phase machine and C, the resistive torque.
We note that the new SPIM model has three
completely decoupled sub-models (d-q), (x-y), and
(01-02). The sub model (d-g) is exactly similar to
that of a three-phase asynchronous machine
whose variables are responsible for the
electromechanical energy conversion in the
SPIM. On the other hand, the equations of the sub
model (x-y) are totally decoupled from the other
equations, and in particular from the rotor
equations. The variables in this subsystem
represent the circulation currents in the SPIM
and therefore do not contribute to
electromechanical energy conversion. Finally,
the subsystem (0l-02) contains the classical
homopolar components [30].
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We found previously that the
electromechanical energy conversion is only
related to the two components iy , isq, for that we
will be interested only in the reference (d-q), in
which the six quantities of the SPIM will be
represented by two sizes equivalents in
quadrature, and which are called bi-phase control
model.

The SPIM control model can be represented as
a state equation as follows:

{X = A(Q) X +BU (23)
Y=CX
Where:

X = [isdisq(prd(prq]t: The state vector.

U= [VstSq]t: The input vector or command
vector.

Y= [isdisq]t: The output vector.

With:
(a4 0] [az —330]
A= 0 a; az{l a,
IR 0] [as —pﬂ]
10 a, pQ ag
! 0
oLg
_ 1 _[1o0o00
B=lo (,LS’C‘[Oloo]
0 0
L0 0
With:
_ 1(1—0 1> M _
! o\ T, 'T,J) 2 o6LL,T,’
3 pJLSLr'a4_Tr'a5_ Tr'wm—P

The state matrix A(Q) depends on the mechanical
speed.

| U | lsd

P 6 Sd j—’:
Vik...e o o- BI-PHASE : lS
> q MODEL ||
|- 2 | Q
> L 'R
YWY YYOL0H SPIM

Fig. 6. Representation of the bi phase model control of
the SPIM.

Multilevel dual three-phase SVM

The representation of the SPIM as two three-
phase inverters allows control of the six-phase
inverter as two three-phase inverters in Fig. 7.
Therefore, instead of using a six-phase SVM, it
has been suggested to employ two three-phase
SVM which simplifies the PWM control design
and exploits the research results developed in
three-phase multilevel converters [25, 26].

SVM (6phase, N

1
level) SDCs 1,1
UiV qy| o Savorf  Six-
E phase
lSvM3p
i — Inverter
Uo7V as| oo [Staber
I Fig. 2 2

Fig. 7. Block diagram of the SPIM open loop

Transformation of the coordinate

The first step in the algorithm is to transform
the vector of reference V ref in two-dimensional
plan. In order to obtain the simple and general
three phases SVM algorithm for multilevel
inverter, the three-dimensional reference
vectors Vref are transformed in two-
dimensional plan by

U 0
_g-) (Vab » Vber Vea )b (Vap , Vpes Vea ) = {l 01, l U } (24)
—-Ul 1-U

For example, the three/two-phase
transformation (25) transforms the reference
vector noted in the coordinate system between
phases (24) in the coordinate system (g, h), and
normalizes, in parallel, the reference vector with
the length of the basic vector.

Vref(g,h) = TVref (Vap, Ve Vea) (25)

With:
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sinwt four vectors nearest to the reference vector can
Va sinwt — 2_” be easily identified. These vectors whose
Vs 3 coordinates are combinations of the rounded
Ve sinwt + 2m values greater and lower than the number of the
3 reference vector are calculated as follows:
r=i¥-1 [2 -1 -1 (26)
3 2 -1

Fig. 8 shows all of the N levels of converter
commutation vectors, with the corresponding
commutation states in the new reference (g, h).

CIiN /1

Fig.8. Commutation Vectors of the N levels converter
in the (g, h} plan

In the field of operating control in a diphase
reference, as is the case in most modern controls
for the different machines, this can be carried out
using a transformation by basic change (d, q) - (g,
h)[25].

The result of the transformation matrix is as
follows:

Vref(g,h) =T,.Vref (d,q) 27
With,
-1
3n-1 |1 V3
1=5 5 2 (28)
V3

Detection of the nearest three vectors (NTV)

The switching vectors have integer
coordinates. This is advantageous because the

ﬁ’: [refg] T’
! lrech o

[Vreral| o— refg]] v L reng]

[ refh] ’ uu [ reﬂq Vrech
with:

[Viefl: Indicates the upper rounded value of V..
|Veer]: Indicates the lower rounded value of V,..¢

The final points of the four nearest vectors
form the equal parallelogram which is divided
into two equilateral triangles by diagonally
connecting the vectors V. These are always two
of the NTV. The third nearest vector is one of the
two remaining vectors existing on the same side
of the diagonal; it is taken as a reference. For that
reason, the closest third vector can be found by
evaluating the sign of the expression:
b= vrefg + Vrefh - (Vulg + Vulh) (29)

If the variable b is positive, then the uu vector
V is the third nearest vector. That is, vector V is
the nearest third vector. This concludes the
identification of NTV for N-level inverters. Fig. 9
explains how to obtain the closest third vector.

qiA

Ih)

OQy &

Fig. 9.2. D =Vierg + Vrem — (Vuig + Vuin)> 0
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the partial parts of the coordinates [42], as
follows:

If V3 =\7”Then
dy = Vrefg - Vllg

Journal of Power Technologies 0% (3) (202%) 236 -- 243 Q
qiA
Vi
. . <« Vau
. »
o] /
7

I'71.{.1 (Vulg ’ Vulh)

Oy 2

Fig. 9.b. D = Veegg + Voo — (Vg + Varn)< 0

Fig. 9. Localization of two different cases of the
position of reference vector of the same four nearest
vectors

v' i=1for the first three-phase and i=2 for the
second three-phase

Calculation of the switching times of the

switches

The best way to synthesize the voltage
reference vector is to use the three nearest
vectors

Vref=d;V1+d,V2+d;V3 (30)

With the following additional constraint on
the conduction times:
d1+d2+d3:1 (31)

Once the NTV are identified, the switching times
of the switches can be found by (32) and (33), with:

V=V

V,=V,, (32)
va :vu
Or
v1 =vul
V=V (33)
V3 =Vuu

Since all switching vectors always have
integer coordinates, the solutions are essentially

Ay = Veern — Vi (34)
dy=1-dy —dy

If V,=V,, Then
dy = _(Vrefh - Vuuh)
dp, = _(Vrefg - V{tug) (35)
dy=1—-dy —dy
Algorithm of three-phase SVM, N level

The algorithm of three-phases SVM of N
levels converters is summarized in Fig. 10.

[Tl] i Transformation of the
coordinat

i Detection of the Nearest
Three Vectors

‘:1 Yut 1"1:Au:
Vo=V Vo=V
V=V Vi=Vy
Eq (33) Eq(32)

du! = VYrefg — V!Ig dy,
Ay = Veepn = Vin | ) @i :
dy=1—d,; —dy, dy =1—dy —dy :

Eg (34) Eq(35]

i Calculation of the switching
times of the switches

Fig. 10. Algorithm of three-phase SVM, N level

Indirect field-oriented control of SPIM

In this part, an IFOC induction machine driven
by a conventional PI to the SPIM is presented. The
[FOC technique is principally a predictive
approach in that it approximates the angular
position of the rotor flux vector by exploiting the
model of the SPIM [35, 36]. A commonly used IFOC
technique uses the following equations to satisfy
the condition of proper orientation.

236



Journal of Power Technologies 0% (3) (2025) 237 -- 243

L]

\

Geometrically, we will say that the stator
variables projected on the plane (d-q) are involved

The system of equations becomes:

M? M
in electromechanical energy conversion. In ®sa = Ls (1 LsL >lsd T
contrast, the stator variables projected on the M2
plane (x-y) are not involved in the @sq = Ls (1 - W) isq
electromechanical conversion of energy. This sor 37)
decoupling will simplify the analysis and control = i(cp — Migy)
of the SPIM. ML
Orienting the axis system (d-q) so that the axis L= Mi
d is in phase with the rotor flow Fig. 11, to obtain: L
¢Prg =0 dis )
{(Pr; = ¢, (36) Veqg = Rsigq + 0Lg—— d — ws0Lglgq
di
B, Bssy Veq = Rsigq d (pr + wsoLgigy
drq (38)
Mlsd = @Pra + T dt
. Mig,
“r @@ P T, Pr
Then we use PI regulation of the obtained
0 linearized systems (38). A comprehensive speed
Fig. 11, Orientation of the rotor flow regulation diagram of the SPIM by the IFOC is
presented in Fig.12.
""""""""""""""""""" SVM (6phase, o 1. " BiohaseSPIM.
"Nlevel) SDCS 1 _ Bi phase SPIMi
! ! | b :
:U,‘;q Utaboyyy Ud, q,| s §(abc)1 Six- : :
— 2 NS i
R phase i
[Eg6] |BVM 3P Fig. 8| '
- | — Inverter i
:i sd »> 6 U(abc 2 Udzﬂzi . §(abc)2 i
i ~ S | Fig. 2 _
T T i CVVEY | ; i
Isq 2 Liabey (_‘ I ;
- ! [gabey2
Isd 6 :
MEq14]

Fig. 12. The control strategy of speed closed loop on six-phase

Simulation results

In this section, the validation of the dual SVM
three-phase multilevel inverter to control an
SPIM with indirect field-oriented control (IFOC)is
achieved. The SPIM parameters are presented in
the annex A. Fig.13 presents a speed response y =
60°, with the application of a load torque,

Cr=40N.m, at a time t=0.4s, and reversing the
direction of rotation at a time 0.7s from 40rad/s
to 60 rad/s. It can be observed that the machine
speed follows the reference. When the load
torque is applied, at t = 0.4s, the speed is reduced
but re-established again without static error and
the torque magnitude increases ONm to 40Nm as
shown in Fig.14, then remains constant at 40Nm
as shown in Fig.14. When the reference speed is
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changed during simulation, the actual speed is
observed to follow the change in speed as seen in
Fig. 13. At the instant of speed change (0.7s), a
spike is observed in the torque waveform in Fig.
14 which is attributed to the sudden change of
speed. The actual speed is observed to track the
reference. Hence, it highlights the good
performance of the proposed structure, and we
obtain the same results for y =30°0° in speed
and torque electromagnetic.

Also, at the moment t = 0.4 s where load torque
is applied, the speed is decelerated but restored
without static error.
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o o o (=]
|
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Fig. 13. Simulation results of speed response of the
SPIM with application of a load torque resistant, Cr =
40N.m, at time t = 0.4s.
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Fig. 14. Electromagnetic torque for Cr=40N.m.

The stator current is described in Fig. 15 for y =
60°,. At first, the observed current contains many
undulations because starting techniques are not
used. It can be seen that IFOC offered better
dynamic performance for speed control and
proved to be a better solution for variable speed
drives.

5

Fig. 15. Stator currents of the SPIM with application of

a load torque resistant, Cr = 40N.m, at time t = 0.4s,
and shifting from 40 rad/s to 60 rad/s, at time 0.7s.

Fig. 16 presents SPIM simulations results for
displacement between stator winding ( y=
0°,30°,60° ). They obtained six stator currents
similarly fory = 0°,30° and 60°.

- Fig. 16 (A) presents the current superposed two
three-phase IMy = 0°;

- Fig. 16 (B) presents the current of asymmetrical
six-phase IM for y = 30°;

- Fig. 16 (C) presents the current of symmetrical
six-phase IM for y = 60°.
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Fig. 16. Phase currents for (A) dual three-phase, for (B)
asymmetrical six-phase IM, and (C) symmetrical six-
phase.

The results obtained using three configurations
of the SPIM are presented in Fig. 17

- Fig. 17 (A) shows the three levels of
inverter output. The simulation results
reveal the three output voltage levels.
The THD is obtained as 10.38 by simulated
FFT analysis and is shown in Fig. 18 (A).

- Fig. 17 (B) indicates the five levels of
inverter output. The simulation results
denote the five output voltage levels. The
THD achieved 7.12% by simulated FFT
analysis and is shown in Fig. 18 (B).
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- Fig. 17 (C) provides the seven levels of
inverter output. The simulation data
displays seven levels of output voltage.
The THD reached 5.86% by simulated FFT
analysis and is shown in Fig. 18 (C).
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Fig. 17- Phase voltage for (A) three-level, for (B)five-
level, and (C) seven-level.

It has been found that as the number of levels
increases, the voltages will be closer to the
sinusoidal signal.
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Fig. 18. Percentage of the THD according to the angley
with different levels (3L, 5L, and 7L)

- The results from three IM configurations are
performed in Fig. 19 with y = 30°.

- Fig.19 (A) presents current for three levels.

- Fig. 19 (B) presents current for five levels.

- Fig. 19 (C) presents current for seven levels.
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Fig. 19. Phase currents for (A) three-level, for (B)five-
level, and (C) seven-level for y = 30°.

2891243



Journal of Power Technologies 0% () (2025) 240 -- 243

\ @:

Clearly, when the level number increases, the
stator's currents become smooth and better.

We notice that when the number of levels
increases, the stator currents become smoother.
The following table summarizes the percentage
of the THD according to the angle y with different
levels (3L, 5L, and 7L) TABLE.1.

In fact, it is clearly observable in Table 1 that the
THD% decreases gradually and progressively as
the number of levels of the inverter increases.
According to the results found there, when the
level of the inverter voltage is N=3, N=5 and N=7
the output voltage approaches more and more a
perfect sinusoidal form.

Best THD for y = 30° phase shift angle and 7 level
inverters.

Table 1. Percentage of the THD according to angle
y with different levels for SPIM

For y =0° Fory = 30° Fory = 60°
H 3L | 5L | 7L 3L 5L | 7L 3L | 5L | 7L
b 103 | 71 | 58 | 103 | 71 | 58 | 103 | 71 | 58
% 8 2 6 5 0 2 6 1 3
Conclusion

This paper presents a new dual three-phases
SVM algorithm for the six-phase multilevel
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Knowing that:

Vsal Vsaz
[Vs,abcl] = Vsbl 5 [Vs ach] sb2
l:sal ira
[is,ubcl] = l'sbl ; [ls ubcz] lsbz [lr ubc] =i
lsc1 lsc2 ch
-(psal (psaz (pra
[‘ps,abﬂ] = (Psp1]; [‘ps,abcz] = |Psv2] ; [(pr,abc] = (Prp
LPsc1 Psc2 Prc
Ty 0 0 Ts2 0 0
[Rsl] = 0 rsl 0 ] H [Rsz] = [ 0 TSZ 0 ] ;
0 0 7y 0 0 7y
n 0 0
R1=[0 = o]
0 0 n
Ts1,Ts2, T Resistors of both stator and rotor windings.
(ps,abcl le,sl Msl,sz Msl,r is,abcl
Ps,abc2 | = Msz,sl Lsz,sz Msz,r is,abcz
Pr.abe Mr,sl Mr,sz Lr,r ir,abc
With:
2m
[ (Lt + Lpps) Ly cos (?) ms cos ]
I 4 I
[le,sl] = [Lps COS (?> (Lsi + Lips) L cos |
2m 4
[ Lons cos (?) L, cOS (?) (Lgy + Lpns) |
2m T
(Ly+Lyy)  Lpycos (?) mr COS ( )
4m
[Lr,r] = Lmr cos (?) (Lr + Lmr) Lmr COS( )
21 4m
Ly €OS (?) Ly cOS (?) (L, + Ly,
2m 4r
Lms COS(Y) Lms COS(Y + ?) Lms COS(Y + ?)
4 21
[MSLSZ] = Lms COS(Y + ?) Lms COS(Y) Lms COS(Y + ?)
21 4n
Lms COS(Y + ?) Lms COS(Y + ?) Lms COS(Y)
2m 4r
L, cos(0) L, cos(6 + ?) L, cos(6 + ?)
4 2m
Mo = |Lorcos@+=5)  Lycos(®)  Lycos(®+7)
21 4r
L, cos(0 + ?) L, cos(6 + ?) L, cos(6)
21 Am
(Lgg +Lyps)  Lygcos (?) L cos (?)
4m 2m
[LSZ.SZ] = |Ls cos (?) (Lsz + Lms) L cos (?)
2m 4
Loys COS (?) L, cos (?) (Lgp + Lps)
T 4r
L, cos(8 —v) L. cos(@ —y+ ?) Ly cos(0 —vy + ?)
4m 2n
[Msz,r] =|Ls cos(0 —y+ ?) L, cos(8 —Y) L, cos(6 —y + ?)
2m 4m
L. cos(0 —y + ?) L. cos(@ —y+ ?) Ly, cos(0 —vy)
With:

Lg1, Ls, , L, : Leakage inductances of the stator and rotor coils.
Lons) L Ler: Maximum value of mutual inductances.
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Table 2. Dual Star Induction Machine (DSIM) parameters

Quantity Symbol and
magnitude

Rated power Pn=5,5 kKW

Rated voltage Vn=220V

Rated current In=6A

Rated speed Nn= 1000 rpm

Number of poles P=6

Rated frequency f=50Hz

Stator resistance Rs=2.03Q

Rotor resistance Rr=3Q

Stator inductance Ls=0.2147 H

Rotor inductance Lr=0.2147H

Mutual inductance M=0.2H

Moment of inertia J= 0.06 kg.m2

Coefficient of kf=0.006

friction N.m.s/rd
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