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Introduction

Multi-phase motor drives have been studied from
more than thirty years. Since the last two years, the interest
has grown so that some international power electronic
conferences have hosted sessions on the multi-phase motor
drives [1].

Generally, multi-phase machines drive has many
advantages over conventional three-phase drive such as
high power handling capability by dividing the required
power between multiple phases, reduced torque pulsations
and higher reliability. In particular, unlike in a three phase
drive, the loss of stator phase does not prevent the machine
from starting and running. Other advantages of multi-phase
systems, are increased torque per ampere for the same
volume machine, reduced stator copper losses and reduced
rotor harmonic currents [2].

The main application areas of multiphase induction-
motor drives are ship propulsion, traction (including
electric and hybrid electric vehicles) and the concept of
,more-electric* aircraft [3]. Other suitable applications are
locomotive traction [1], aerospace and high power
applications [2].The six phase motor has some advantages
against the other multiphase motors: the six phase motor,
fed by frequency converter, has no the third of aliquot to
three magnetic flux harmonics [4-6].

The main focus of this paper is developing dynamic
model of six-phase induction motor, simulation and
analysis of the dynamic characteristics of the motor.

Dynamic Model of Six-phase Induction Motor

It is evident that the six-phase induction machine has
six phase windings in the stator. But regarding rotor, some
arguments exist about how many phases should be used in
the analysis and modeling. In the modeling some
researches [7] used six rotor phase windings, while others
adopted three rotor phase windings [8, 9, 10].

Dynamic model for motor with three-phase rotor
winding and six-phase stator winding is developed.
Assumption of different number of phases in the stator and
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the rotor corresponds to application of wound rotor
induction motor. Using a three-phase rotor for modeling
gives a clear concept of per phase equivalent circuit or
arbitrary rotating reference frame equivalent circuit. Fig. 1
shows the representation of the motor stator windings as
well as the set of three rotor phase windings and phasors.

»
>

Fig. 1. Stator and rotor windings and phasors of the six-phase
induction machine

In order to develop the six-phase induction machine
model, the following assumptions are made:
e The air gap is uniform and the windings are
sinusoidally distributed around the air gap.

Magnetic saturation and core losses
neglected.

As for the three-phase induction motor, where the
well-known dq rotating reference is used in analysis and
control [11, 12] a dq reference frame is also used for the
six-phase induction motor. The six-phase induction
machine can be modeled with the following voltage
equations in synchronous reference frame [9]:

° are



Ugs1 = rsiqsl TS gs1 T O 415
Uds1 = Tslast +SY st = OY gs1;
Ugsd = rsiqs2 TS g2 T OV 25
Ugsn = Tslgsd +5W gn — O 4525 M
u(']r = I’,ll';]r +Sl//;]r +(w_wr)l>”;1r;
u'dr = r;li;lr + SV/;IV _(w_ @y )l//;]r;
where the flux linkage expressed as:
Was1 = Lisigs + Ly, (l'qsl +ige ) +L, (iqsl Figg + i'qr )§
Wast = Lisiast + Lim (ias1 +igs2) + Ly (idsl +igsa +igr );
Vas2 = Lisigs * Lim (i1 +ige2 ) + L (iqsl g iy ); )
Wasa = Ligiasa + L (igs1 +igs2)+ Ly, (l'dsl +igsy +igy );
l//'qr = Elri'qr +Ly, (iqsl +iqs2 +it'1r );
Var = Lipig + Ly, (l'dsl +igea +igr );
where g, Wy are stator g-axis flux linkages

components, ¥ ., W are stator d -axis flux linkages

components, ¥,,., Y, are rotor g -axis and d -axis flux-

linkage component, igsp are stator g -axis currents

iqsl d

components, are stator d -axis currents

idsl s ids2

components, are rotor ¢ -axis and d -axis current

iqr: Ly
components, L, is stator leakage inductance, L, is air

gap inductance, L;, is stator mutual leakage inductance,

L}, is rotor leakage inductance, s is Laplace operator, [ is
synchronous speed of one pole induction motor the same
as speed of rotating magnetic field, 7, is stator resistance
Uggls Ugs2s> Ugsl> Ugsr ad Ug,., ug, are voltages of stator

windings and rotor windings correspondingly.
The voltage and flux linkage equations corresponds
the equivalent circuits, shown in Fig. 2.

Fig. 2. Dynamic
induction motor

equivalent per phase circuits of six-phase
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The electromagnetic torque can be expressed in the
synchronous dq reference frame as

5

where P is number of pole pairs.
The equation of drive movement is written as

3

2

Lm

e

|:W'dr (iqs] + iqs2 ) - qur (idsl + idsz ):|’ (3)

do 1

v -
dt

N “4)

(T,-T1);

B
where T is load torque.
Computer model of six-phase induction machine

Equations (1, 2, 3, 4) are represented in matrix form
(5) as

A-x=F; (5)
where matrix A is expressed as:
_al 1 alz 0 0 (115 0 0 i
0 0 6123 ary 0 a26 0
a31 6132 0 0 6135 0 0
A=| 0 0 ay3 ag 0 ay 0 | (6)
a51 6152 0 0 6155 0 0
0 0 ae3  dea 0 aee 0
L0 0 a3 as 0 age ag7 ]

where ay| =ay; =azy =agy =Ljg+ Ly, + L, , ajp =ay, =
=ayp=ap3 =Ly, +L,, a5=ay =a35=a45 =051 =,
=asy =ag3 =as3 =ag =L, ass =ags = a6 =L + L,
6177 = JV .

Matrix F is written as:

()

where Fi = uqsl —iqslrs _a).idsl(L/S "rle "er)—

=0 igy (Ljpy + L) — @i, Ly, Fy =ugg —iggr +

+w- iqsl Ly + Ly + L))+ iqu(le +L,)+ a)-iq,Lm;

F = Ugs2 — iqs2rs —@-igo(Lig + Ly, +Ly,) -

—@-igg (L + L) = @iy Ly 5

Fy =uggy —igsrts +

RCh iqs2 (Lys + Ly + L) + @ iqsl Ly + L) + @ iqum :

F5 =Ugr _iqrrr —(0-,) igg Ly, — (=) ig Ly —

_(w_ wr) ’ idlem - (a)_ wr) 'idr (Llr + Lm );



F6 =Ug —idri’r + (({)—C()r) ‘iqlem + ((U—C()r) 'iqssz +
+(a)_a)r)'idS1Lm +(a)—a),)~iq, (Llr +Lm);

3PL,

77 EEL'_(‘/’;# (gt +igs2 )=V (i +ias2 ))
Ir

Matrix of variables x is expressed as

diqs 1

dt

didsl
dt
digsr
dt
dids 2
dt
di,,
dt
di;,
dt
do,

dt

®)

According to Eq. 5 the MATLAB model was
elaborated. Dormand-Prince method (ode45) was used to
solve the set of discussed equations.

Results of simulation

Parameters of the modeled motor are presented in
Table 1.

Table 1. Motor parameters

Ry, R,, Ly, L, Ly, | Ly, |U,|@ Srs P
Q |0 | mH | mH H V |rad/s kg- m?
3.55(11.04] 52 9.3 0.3 0.035 [220] 314 0.07 |1

Fig. 3 shows starting transients of six-phase motor at
no load. The settling time is 0.45 s. Due to torque
oscillations in the beginning of process, oscillation of
speed also are seen.
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Fig. 3. Speed response of six-phase induction motor
Response of torque, developed by motor is presented
in Fig. 4. The greatest value of torque is equal to 175 N-m.
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The steady-state of torque is equal to zero while motor is
starting at no load.
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Fig. 4. Response of torque

Direct and quadrature components of stator currents
are presented in Fig. 5 and Fig. 6.

Fig. 5.
frame

Fig. 6. Transient of stator A phase current at no load
Conclusions

Mathematical and computer model of multiphase
motor with six-phase stator winding and three phase rotor
winding in the synchronous reference frame is elaborated.

Equivalent circuits per phase of motor for direct and
quadrature axis are presented.

Starting transients of torque, speed and current
obtained by solving of differential equations of the motor
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The six-phase induction motor with two similar stator three phase windings, shifted by 30 degrees in space and three phase winding
in rotor is considered. Differential equations of this motor are presented and transformed to dq synchronous reference frame. Dynamic
equivalent circuits for each component are presented. Transformed equations are expressed in matrix form and are solved by MATLAB
software using Dormand-Prince (ode45) method. Transient characteristics of torque, speed and current of six-phase induction motor are
calculated and discussed. I1l. 6, bibl. 12, tabl. 1 (in English; abstracts in English and Lithuanian).
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Nagrin¢jamas Sesiafazis asinchroninis variklis, kurio statoriuje yra dvi vienodos trifazés apvijos, kuriy magnetinés asys skiriasi 30
erdviniy laipsniy kampu, o rotoriuje yra trifazé apvija. Pateiktos tokio variklio dinamikos lygtys, transformuotos i sinchroniskai
besisukancia koordinaciy sistemag dq ir sudarytos variklio dinaminés ekvivalentinés schemos kiekvienai asiai. Transformuotos lygtys
uzrasSytos matricos pavidalu ir i§sprgstos Dormand — Prince (ode45) metodu naudojant MATLAB programy paketa. Gautos ir iStirtos
Sesiafazio asinchroninio variklio grei¢io, momento ir sroviy dinaminés charakteristikos. Il. 6, bibl. 12, lent. 1 (angly kalba; santraukos
angly ir lietuviy k.).
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