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ELVES SOUSA SILVA*, ISAAC SOARES DE FREITAS*, ITALO R. F. M. P. pA Sivaf, FABiaNO
SALVADORI*, CURSINO BRADAO JACOBINA?

* Department of Electrical Engineering
Federal University of Paraiba
Joao Pessoa, Paraiba, Brazil

t Department of Electrical Engineering
Federal Rural University of Pernambuco
Cabo de Santo Agostinho, Pernambuco, Brazil

tDepartment of Electrical Engineering
Federal University of Campina Grande
Campina Grande, Paraiba, Brazil

Emails: elvesssilva@hotmail.com, isaacfreitas@cear.ufpb.br, italo.roger@gmail.com,
salvadori.fabiano@cear.ufpb.br, jacobina@dee.ufcg.edu.br

Abstract— In this paper is presented the modeling and analysis of a six-phase induction machine considering
the space harmonic components. It is shown that the harmonic injection in phase voltages provides an increase
in torque, therefore, improving the torque density of the drive system. It is presented the machine dynamical
model, the steady state analysis and experimental results.
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Resumo— Neste artigo é apresentado o modelo de uma maéaquina de indugdo hexafdsica considerando as
harménicas espaciais de fluxo (primeira, terceira e quinta). E demonstrado que a terceira e a quinta harmonica
espacial de fluxo produz torque ttil que se soma ao torque da componente fundamental de fluxo. Uma anélise de
regime permanente demonstra que excitando-se tais harmonicas espaciais de fluxo com harmodnicas temporais de
corrente a capacidade de producao de torque da méaquina é aumentado. Resultados experimentais sdo incluidos

e demonstram tal fato.

Palavras-chave— Maquinas hexafdsicas, Acionamentos Elétricos, Maquinas de Indugao

1 Introduction

Multi-phase machines present reduced torque pul-
sation, improved flux density and torque, reduced
power switches ratings in the power converter of
the drive system and additional degrees of free-
dom which can be used for extra fault toler-
ant capability and multi-machines drive [Toliyat
et al. (1991a);Toliyat et al. (1991b); Levi et al.
(2007)]. The multi-phase machine model with the
space harmonics taken into consideration shown in
[Fudeh and Ong (1983a); Fudeh and Ong (1983b);
Fudeh and Ong (1983c)] demonstrates that, al-
though for a three-phase winding, only the funda-
mental space flux produces dc torque, in a multi-
phase winding the higher order space harmonics
can also produce dc-torque. In Lyra and Lipo
(2002) is presented a study for this capability in
the six phase induction machine. In this paper a
six-phase induction motor was modeled allowing
for space harmonics and the steady state analy-
sis was included. An experimental prototype was
built and verified, which demonstrates the capa-
bility for increase in torque production with the
harmonic injection.
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Figure 1: Magnetic axis of the stator phases.

2 MACHINE MODEL

By considering all harmonic components in the
MMF distribution of an actual winding [Lipo
(2017)] for determination of the machine induc-
tances (self and mutual), as done in Fudeh and
Ong (1983a), a general model can be evaluated for
a M stator phases and N rotor phases induction
machine. Such approach is used to evolve a gen-
eral model for the five-phase induction machine in



I Jjonlish Jjonlirn
L0
* - <+

SV aVy ,I\vh ’]\:w’
‘gﬁa’h IS,BO(h mBah* jwh Lnh rBah rrh/O‘h

Figure 2: Steady state equivalent circuit for each
MMF component
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Figure 3: Steady state typical curves for each com-
ponent model

Pereira et al. (2006). In this paper such approach
is used for the six phase induction machine.

The six-phase induction machine under in-
vestigation in this paper is a cage rotor machine
with a stator winding comprised by two sets of
three-phase windings spatially shifted by an an-
gle of @ = 30°, as shown in Figure 1. From
the general model, if only the fundamental, third
and fifth harmonics of the M M F' distribution are
taken into consideration, then the following decou-
pled model for the six-phase induction machine is
achieved (h =1, 3,5)

N = Lo+ LnZan (1)

Aban = lentsan + lmhidgar, (2)
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Figure 4: Steady state Torque X Speed character-
istics for voltage magnitudes chosen by (21) and
Wwhp = hws
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where )‘sﬁah» )‘T,Bah’ Lgahs rgah and Vspah ar€
the stator and rotor linkage flux vectors, stator
and rotor currents vectors and stator voltages vec-
tor; presented in a general reference frame. These

vectors are complex quantities defined by
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X san = /3 (wiéh +]xf,gh) (7)
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o = 75 (T +iatia). ©

The real and imaginary components in (7) and
(8) are transformed variables represented in a gen-
eral reference frame, achieved from the stationary
reference frame by
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where
sin (dg, )
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In (11) the angle d, is the rotation angle from

the stationary reference frame for each compo-

nent, moreover, w,, = 409,
’ ver, 9gh — dt °

The rotor variables in the stationary reference
frame were obtained from the rotor natural refer-
ence frame by the Park trasnformation
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where 6, and w, = 7+ are the electrical position
and speed of the rotor, respectively.

The transformed stator variables in the natu-
ral reference frame were achieved from the actual
machine phase variables by the following transfor-
mation
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3 STEADY STATE ANALYSIS

In steady state each M M F model component in
(1)-(5) is fed by a two-phase balanced voltage sys-
tem. In the stationary reference frame, each volt-
age vector V3 s, 1s chosen as a sinusoidal balanced
two-phase system with frequency wy,.

If the machine model (1)-(5) is taken in the
synchronous reference frame of each voltage, that
means, choosing 4,4, in (11) as

(5gh = wpt + don, (16)
the steady state conditions of (1)-(5) are dc-
variables. These voltages reference frames will be
indicated by gn — v, and the steady state of (1)-
(5) becomes

~vp L Sop . Sop . Sop,
Vs,Bah - Tslsﬁah + jwhllShlsBah + jwhlmhlm,@ah

(17)

0= Z: i:gah + jwhrllrhiﬁgah + jwhrlmhivmhgah,
(18)
where oy, = = 1 =1 — Lk, lrn = Lo —

Linh, Whr = wp, — hw, and ifrfﬁah = i:gah + iﬁgah.
The steady state equivalent circuit for (17)-
(18) is shown in Fig. 2.
From (17)-(18) the steady state torque (5) of
each component can be found as
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From (19) the typical torque x speed charac-
teristics is shown in Fig. 3 as a function of slip oy,
or rotor speed w..

From Fig. 3, it can be seen that each space
harmonic component behaves like a px h poles ma-
chine. If the steady state frequency of each com-
ponent is chosen to be w, = hws, all space har-
monic component has synchronous speed at the
same rotor speed.

In Fig. 4 is shown a typical steady state
Torque x Speed characteristics for a synchronous
frequency ws = 100w, in which each frequency
component being choose as wp = hws and each
voltage magnitude is chosen as

~ 1
vsﬁal

=== (21)

~vp
Vsﬁah

Hence, the total torque is highly improved by
the third and fifth harmonics injection in the volt-
age phases.
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Figure 6: Experimental setup

4 EXPERIMENTAL RESULTS

To demonstrate the torque produced by each
space harmonic component and the enhanced
torque production in the six phase induction ma-
chine, a prototype machine and drive system was
designed and built, as shown in Fig. 6. In order
to be able to introduce a third harmonic voltage
component, the six phase machine was driven by
a seven leg power converter, as shown in Fig. 5
The dc-bus voltage of the power converter was
adjusted to 400V and two tests were carried out.
The first test with no mechanical load, the
machine started operation with a balanced volt-
age condition to the plane \“fﬁbal with frequency
w1 = 1007 and zero voltages applied to the planes
Visas and V33 o see (3). After the machine
reached steady state condition it was applied zero
voltages to the planes v, and ¥} 5 and a bal-
anced voltage condition with frequency ws = 3007
was applied to the plane ffg%a3. In Fig. 7 is
shown two of the machine phase voltages and
phase currents along with the machine speed for
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Figure 7: Experimental results for the first test
conditions

this first test condition. It can be seen that the
machine kept running unaffected after the fun-
damental space harmonic model has its voltage
switched off an the third space harmonic model
has its voltage switched on. This demonstrates
the effectiveness of dc torque production by the
third space harmonic component.

The second test with no mechanical load, the
machine started operation with a balanced voltage
condition to the plane \‘ffé o1 With frequency w, =
1007 and zero voltages applied to the planes f/gg 03
and ffg%a5. After the machine reached steady state
condition it was applied a high mechanical load
condition (a dc generator was used in order to
apply the mechanical load), after steady state is
reached the third space harmonic plane had its
voltage switched on with frequency w; = 3007
and magnitude at one third of the fundamental
one. In Fig. 8 is shown two of the machine phase
voltages and phase currents along with the ma-
chine speed, before and after the third harmonic
injection for this second test condition. It can be
seen that the machine speed increased after the
third harmonic injection, which demonstrates the
torque improvement.

Finally the machine was operated in ten dif-
ferent torque conditions, from no load to high
load. The machine speed and torque were mea-
sured and a curve was fitted based on (19). These
results are shown in in Fig. 9. In Fig. 9 is
shown the torque versus speed characteristics for
the machine fed whith only the fundamental com-
ponent (Ce1) and with the third harmonic injec-
tion (Ce1 4+ Ce3). The actual experimental points
are shown along with the fitted curves based on
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Figure 8: Experimental results for the second test
conditions
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Figure 9: Experimental torque versus speed char-
acteristics

(19). The increase in torque is close to 10% as can
be seen in Fig. 10.

CONCLUSIONS

In this paper was shown the capability of the six-
phase induction machine to produce torque with
the fundamental and also with the third space har-
monic. This capability was demonstrated by some
preliminary results and can be effectively used to
improve the torque production of such machine.
This characteristic can be used by the drive sys-
tem to enhance the torque density of the drive
system.
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