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Abstract-Multi-phase variable speed machines are now-a-days considered advantageous as compared to
three phase counterpart for various applications either operating in motoring mode or generating mode.
The modeling and analysis of a multi-phase (six-phase) machine when operating in motoring and
generating mode have been presented in this paper. In motoring mode the model is simulated to evaluate
its performance under load and no-load conditions which includes current, torque and speed
characteristics. During generating mode of operation the simulations were carried out and evaluations
were made on the basis of the machine behavior which includes voltage and current behavior during no-
load period and when subjected to load. Simulation results are provided to confirm the ability of these
models to represent during no load as well as during load period and the result were found to be
satisfactory.
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I. INTRODUCTION

A greater degree of freedom is achieved in electrical drives system when phases of machine are
changed with one having greater number of phase. For applications where reliability is very important,
application of multi-phase machine has emerged as a very feasible option. During faulty conditions in one or
more stator phases, a multi-phase induction machine can continue to be operated with an appropriate post-fault
strategy [1, 2, , 3]. Then, reducing the torque oscillations presented in drives with three-phase machines powered
by six-step inverters. Among other reasons, the fault tolerance is the most important. Now-a-days, the multi-
phase machines can be used in high and low power applications.

The analytical modeling of a multi-phase induction machine (six phase) operating in motoring as well
as in generating mode has been implemented in this paper and the analysis of the machine has been carried out
with symmetrical phase displacement between the six stator windings. The mathematical model is implemented
for motor as well as the generator under load and no-load conditions. In motoring mode the model is simulated
to evaluate its performance under load and no-load conditions which includes current, torque and speed
characteristics. During generating mode of operation the simulations were carried out and evaluations were
made on the basis of the machine behavior which includes voltage and current behavior during no-load period
and when subjected to load. Simulation results are provided to confirm the ability of these models to represent
during no load as well as during load period.

Il. MULTI-PHASE MACHINES

Machines having phases more than three in comparison with conventional machine are termed as a
high phase order machine or multi-phase machines. Multi-phase machines have certain advantages when
compared with its three phase counterpart such as ability to start and run when one or two stator phases are short
or open, lesser current in phase, increment in power[3].Basically a multi-phase induction machine can have two
different types of configurations namely split phase electrical machines and dual stator electrical machines.

In a conventional three phase machine ,the conductors are distributed in slots symmetrically for each
phase group and the conductors belonging to each phase group are series whereas in a multiphase induction
machine we subdivide each phase group of a usual three phase machine into equal subgroups by disconnecting
the series connection of the conductors. More number of three phase groups can be obtained from the same
machine. In this way multiphase machine such as six phases, nine phases, twelve phases, fifteen phases and
eighteen phases can be produced from a three phase machine by subdividing the phase groups into two, three,
four subgroups respectively.

DOI: 10.21817/ijet/2016/v8i6/160806228 Vol 8 No 6 Dec 2016-Jan 2017 2696



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Alok Kumar Mohanty et al. / International Journal of Engineering and Technology (IJET)

111.S1X-PHASE INDUCTION MOTOR MODELING

The machine considered for analysis has a stator which consists of six-phases consisting of two sets are
(with phase shift between phases of 120°) separated by an angle a. This angle can take values such as 0°, 30° and
60 °. In this study, the rotor is considered equivalent to a three-phase winding [3, 4, 5, 6]. There is no core loss
and magnetic saturation in the core. There is no friction and windage loss in the system.

A induction machine operating in six phase mode has two stator winding sets namely 123 and xyz,
whose axes are separated by a [7-12]. The three-phase set are distributed and the axes are displaced 120°
apart from each other. The rotor windings ar, br, cr as shown in Figure2 is distributed in sinusoidal
manner and has separation of 120°.
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Fig.1.Phasor diagram representation multi-phase induction machine

(4)Voltage equations

The voltage equations of the machine during motoring mode are as follows:

Vg1=Nlg1 + Wrlar + PAg )]
Var="iar — Wil + PAax (2)
Vg2=T2lg2 + Wxdaz + P Ag2 (3)
Vaz=Talaz — Widqz + DAaz “4)
Vgr = Tlgr + Wpdar — WrAgr + PAgr =0 (5)
Var = Tylar — Wxdgr + WpAgr +pAgr =0 (6)

(B)Flux linkage equations
The equations that represent the flux linkages of the machine are represented as follows

Aqr = Ligigr + Lingigr + Limglaz + Lgiqr + Limiqr + Limiqz + Lagiaz ™)
Aqr = Lintgr + Linglar + Linalaz + Lnalar + Limiar + Limiaz + Lagiq2 )
/1q2 = Ligigz + Linglqr + Limglqz + Linglgr + Limiqr + Limigqz + Lagia 9)
Aaz = Ligigr + Linglar + Lmataz + Linalar + Limiar + Limiaz + Laqiqn (10)
Agr = Lipigr + Lingiqr + Limgiqz *Lmglqr (11)
Aar = Liplgr + Limaiqn + Limalqz lmaler (12)
If we assume Lyq = 0 (13)
Lin = Ling = Lima (14)
Ly =Ly + Ly +Ln (15)
Ly=Ly+ Ly + Ly (16)
Ly=Ly+L, 17
L.=L,+L, (18)
Substituting (13-18) in eqn. (7-12)

Agr = Lyigy + Lyigy + Lunigr (19)
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Aar = Lyigy + Lsigs + Linlar
Ags = Lyigs + Lyiqs + Linigr
Aaz = Lalar + Laiaz + Liniar
Agr = Lyigy + Linigr + Luigs

Aar = Lylgr + Liplas + Linlaz

The electromagnetic torque expression is given by
Te:(3/2)(P/2) [Amdiql + AmdiqZ - Amqidl - AmqidZ]
1V.SIX-PHASE INDUCTION GENERATOR MODELING

(20)
2n
(22)
(23)
24

(25)

The equations for the self excited induction generator operating in six phase mode, describes the
behavior of a multi-phase machine, it is assumed that the neutral of both the stator winding sets are separate so
that if a fault occurs in one set of the stator windings it does not propagate to the other set. The following
voltage equations are written for a multi- phase induction machine as shown in equivalent circuit of the machine

in Fig.2.

For the development of model of the six-phase machine operating in generating mode the following
differential equations are derived from the equivalent circuit of the machine. In the equivalent circuit applying

KVL equations we get the following voltage equations.
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Fig.2.Circuit representation of induction generator for six phase operation
(4)Voltage equations
Va1 =—Nlgtogdar + %’Lﬂ
Vg1 =—Tigitordq + %Aql
Vaz =—Talgatopda; + %ldz
Vgz =—Talgatorde, + %qu
0 = Toigr-0dgr + @ dgr + o Aay

. d
0= rrlqr+@k/1dr - @r/ldr + E’lqr

(26)
27)
(28)
(29)
(30)
€2))

Where o, is the reference frame speed, ®, is the rotor speed. In this analysis the rotor quantities are referred

to stator.

The flux linkage expressions in terms of currents obtained from the equivalent circuit.
(B)Flux linkages equations

Aa1 = Li1lgr = Lymiar—Limiaz + Liniar - Liniar—Lmiaz

Ag1=—L11igr = Limiqr —Limiqz + Liniqr —Lmiqi—Lmig,

Aaz==L1zig2 — Limlar = Limiaz + Liniar —Liniai—Lmia

Aqz=—L1zigz — Limiqr = Limiqz + Linlgr —Lmiqi—Limige

Aar=Lirlar + Liplar —Liniay — Limiaz

Aqr=Lirigr + Lmiqr —Lmigi — Lmiq
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Solving this equations (17-22) for obtaining current equations

la1 :Lll[leldﬁLulerlmldz—L12/1md] (38)
iq1 :Lil[leAq1+L12,1q1-le/1q2—leamq] (39)
igo ;;[le,lderLnAdz-leAdl—leamd] (40)
g1 A LimAqz*L1zAqz-LimAq1—L122mq] (1)
far= [ - 724 (42)
igr= 525 - 224 (43)

Substituting the values of the currents obtained in the equation (38) to (43) in the voltage equations (26) to (31)
the following expressions are obtained.

Aar=H{va;- %lelm *%Lnldﬁ% le/ldzJF% Li2Ama - ®kAqe} (44)
/1q1:I{Uq1' Z—llle/lcu —%L12/1q1+z—1l le/lqz*'z—ll LizAmg T ®kdg1} (45)
Aaz=1{vay- %Lzmldz *%Luldﬁ% leldﬁ% Lip1 - ®Aqe} (46)
quzj{qu- %lelqr %Lnlqﬁ% lelqﬁz—ll Ly Amgt®xdaz} 47)
Adr:-[{ @ Agr — G)r/lqr'% )ldT+LT—; Ama} (48)
)lqr:-[{' ®pAar + mrldr'% Aqr% g} (49)
Amd:A[LIZAdllelle + )Z'n_d] (50)
Ir

LigAg1+Li12 Am
Amg=Al== =5+ ] (51)
L =[Ly1L1p+LimLi1+LimLys] (52)
A=1/[(1/Ly) + (/L) + (Liy + Liz/L)] (53)
The torque can be computed as a function of q and d axes stator and rotor currents
Tm:(P/Z)(3/2)(Lm/Lr) [iql/ldr + iq2/1dr - idl/lqr_idz/lqr] (54)
The rotor equation is expressed as
@, =[ (T = Ts) (1/])(P/2) (55)
Where ] is moment of inertia, P is is the number of poles, T is the shaft torque.
Ly + Ly, = L, (56)

The magnetizing inductance L,, is not a constant but a function which depends on the instantaneous
value of magnetizing current i, given by L,,=function (i,,). During simulation, in each step, the magnetizing
inductance L,, is updated as a function of the magnetizing current i,,,.

im:\/(iqr - iql - iqZ )2+ (igr — la1 — gz )? (57)
The magnetizing inductance L, is calculated from the magnetizing characteristics fourth order

polynomial for the test machinei,,. The 4th order polynomial is arrived at, by applying curve fit technique to the
relationship between L,,and i,,,0obtained by performing synchronous speed test on the test induction machine.

Ly = Xg + Xqipm + Xpipm 2 +X3im° (58)
Where x,, x;.%,, x5 are constants values
The torque balance equation is expressed as the derivative of the speed

e (2), -1 g

(C)Shunt Capacitor for excitation

The excitation system of the six-phase machine introduces the following state equations which uses d-
q components of the stator voltages as state variables in the equivalent circuit.

% Vg1=(iq1/¢1)-(i1q1/¢1) (60)
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da , .
7t Va1~ (qu/cl)'(llql/cl) (61)
da . .
2z Va2~ (ia2/€2)-(liaz/ 1) (62)
da . .
quzz (lqz/cz)'(llqz/cl) (63)
(d)Load impedances

An induction generator is made self-excited by providing the magnetizing reactive power provided by
the capacitor bank. The current expressions for balanced resistive load can be expressed as

ot (64)
b (65)

Where R is the resistive load
The load impedance model for RLC load expressed in arbitrary reference frame is as follows

ildlz(f (%) - (%idl) - i ildl) (66)

X qul) (R1ilq1) 1 .
L=\ J | =) — -—Ji
Iq1 f( Ly L1C1f lq1

)
ita2) (68)
)

(67)

(69)

V. SIMULATION AND RESULTS
(A)Six-phase induction machine operating in motoring mode

The model of the six-phase induction machine operating in motoring mode to be analyzed was simulated
with two different sources, first with a direct ac start up and secondly as an inverter fed machine. The simulation
was carried out in MATLAB/Simulink environment. The complete simulink models of the machine being fed
with two different sources are shown in Fig.3 & 4 respectively.
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Fig.3.Simulation of six-phase induction machine in motoring mode with direct AC start up

DOI: 10.21817/ijet/2016/v8i6/160806228 Vol 8 No 6 Dec 2016-Jan 2017 2700



ISSN (Print) :2319-8613
ISSN (Online) : 0975-4024 Alok Kumar Mohanty et al. / International Journal of Engineering and Technology (IJET)

Discrete,
= =5e-05 9

Adddd,

powergui

L’ U2 jjaphe
Mue

L Uc TNyubeta »
|—’ 1

Scope§

Uslfa

= =
=
E
8
(O

u pukse - Vbn »\ho

|
|
§ g
A

Subsystem2

Ven *\COo

Us

|}|

vy

[

-

[ g
=

I lalpha P Uslfa Vdn »vdo
\
pukse L
i |_. ve TMupetas | Ubeta
2 Subsystem1
. Vel >
. Input do igf n VEo
voltage if »

wdo

F

Vin vio

. b wr —b@—’
Gain Scoped
.—' WE idgs
Ws

induction maotor
mode!

sixphase INVERTER

—
I nnn

XY Graph1

Scope1l

Fig.4.Simulink of six-phase induction machine in motoring mode being fed with an inverter

1)No load condition

To analyze the performance behaviour of the six-phase induction machine operating in motoring mode
the simulation model of the above mentioned two models were implemented.The current, speed and torque
characteristics of the machine during no-load when operated by direct AC supply is shown in Fig.5. Fig.6
shows the torque, current and the speed characteristics of the machine during no-load when operated by a six-
phase inverter connected at the input side of the machine.
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Fig.5. Current, Speed & Torque characteristics of a direct AC fed six-phase induction machine in motoring mode
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Fig.6. Current, Speed, Torque and inverter voltage of an inverter fed six-phase induction machine in motoring mode

2) During loading condition

During transient period high torque and speed oscillations are observed as shown in Fig.7. Steady state
no-load torque is zero Nm. A load torque of 10 Nm is applied to the motor at 03 seconds. Transient period lasts
up to 0.305 sec. No load speed is 314.15 rad/sec. Rotor speed at load condition is 299.46 rad/sec.
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Fig.7. Current, Speed & Torque characteristics of the machine undergoing transient period

(B)Six-phase induction machine operating in generating mode

Simulation model of an induction generator operating in six-phase mode is implemented using
MATLAB/Simulink environment as shown in Fig.8.The simulations were carried out when the SEIG operating
in multi-phase mode is subjected to no-load condition, when the machine is subjected to resistive-inductive load

respectively.
gt Scopeb
\—b wat = Lyl sigt -
g1 a1 wal o = »
sad1 |
b
I—» wat b =
siaz of—m| |
ad1 Id1 wdl
= . —»{sima
] Scopez
waz shar — sid1 [ - ]
a2 1oz vz —r—l o
b
Sadr f—14— I
= L | ro{=iaz Q ol
A . — L
sima
¥ ] = a2 e Scoped
Flu) ~ [ | simd l
L o =
Subsyst=m Subsysterns. Subsystems H
=
P Scopet
H d1 adir
scp ) el Tet
ima L pliar L
Subsys tema Lo d
Subsystemz —

Fig.8. Simulink implementation of six-phase induction machine operating in generating mode
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1)Voltage and current characteristics of multi-phase induction machine operating in generating mode during
no-load condition

The simulated analytical voltage characteristics during no-load are shown in the above Fig.9.The
value of the capacitance connected for excitation is 90uF at rated speed of 1500rpm. The voltage across the
terminals and current rise from small voltages and amperes until steady state is attained. The machine attains
its steady state values at 240 volts approximately during no-load period

2)Voltage and current characteristics of multi-phase induction machine operating in generating mode when
resistively loaded

Voltage and current waveform of six phase self-excited induction generator when connected to a
resistive load of 200Q2 is shown in the Fig.10 & 11 respectively. The resistive load is applied to the machine as
a time instant of 0.3 seconds.A decrease in voltage is seen in the self-excited induction generator operating in
six phase mode which is nearly to 200 volts which reduces the current across the capacitor,which reduces
voltage across self-excited induction generator operating in six phase mode.
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Fig.10. Phase voltage when the machine is subjected to resistive load
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Fig.11. Phase current when the machine is subjected to resistive load

3)Voltage and current characteristics of multi-phase induction machine operating in generating mode when
resistively-inductively loaded.

The load test is conducted with balanced resistive-inductive load consisting 200Q resistance and
inductance S00mH. The load is applied at a time instant of 0.5seconds.The voltage and current waveforms are
shown in Fig.12 & 13 respectively. The results show that the terminal voltage and current attain their new
steady-state operation with reduction of output voltage.
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Fig.12. Phase voltage when the machine is subjected to resistive-inductive load
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Fig.13. Phase current when the machine is subjected to resistive-inductive load
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VI1.CONCLUSION

The simulation model of a multi-phase induction machine operating in motoring and generating have
been implemented in this paper for analyzing the performance of the machine.When induction machine is
operating in motoring mode the result shows high performance, lesser current per phase, torque generated is
smooth and the ripples generated are negligible. As the phase currents are not high and efficiency is good this
motor is suitable for higher power applications. In the analysis it is observed that when the six-phase machine
when operating as a generator gives higher reliability as compared with its three phase counterpart and can feed
two separate loads connected across two winding sets which has the advantage that if a fault occurs in one set it
will not affect the other set, hence it remains in healthy condition.

APPENDIX
The parameters of the six-phase induction machine used are as follows:
Lm=0.4,Ls=0.006, Lr=0.0095, LIm=0.04, Rs=4, Rr=2.2, Jr=0.03, W=2*pi*50
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