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ABSTRACT

In recent years, accumulation time and Maximum power extraction are two essential factors contributing to the development of
generators. In this paper, we investigate the behavior of a model of six-phase induction generator based double-cage rotor, and
compare it with that of the single cage. Initially, the proposed model was implemented in d-q reference frame, and the effect of
cross saturation and excitation capacitors sizing is also incorporated in the both models to ensure the excitation process.
Moreover, a detailed analysis under resistive-inductive load and constant speed drive has been carried out to assess the
performance of both six-phase induction generators (single/double cage). Accurate simulation results obtained from
Matlab/Simulink are used to verify and validate the effectiveness of the proposed model.

KEYWORDS: Six phase induction generator (SPIG), single cage (SC), double cage (DC), self-excited, main flux saturation,

wind energy.

1 INTRODUCTION

In recent years, wind power has shown a great ability to
handle increasing of load demand, scarcity of fossil fuel and
greenhouse gasses effect [1]. However, the research and
development of generator take important part in wind
turbine system. It can be classified and cited by : 1) fixed-
speed squirrel-cage induction generator; 2) doubly fed
induction generator based on a power electronic converter
among the grid and its rotor windings; and 3) synchronous
generator,4) six- phase induction generator [2-5]. Among
these generators involved, six phases induction generators
(SPIG) consists of a stator with two three-phase windings
identical sets that spatially shifted by an electrical angle of
30 degrees and a squirrel cage rotor [6]. It is specifically
developed to be used in wind energy applications,
particularly, in isolated energy generation because of the
many advantages: good energy efficiency, variability of
operations (Fixed and Variable Speed), reduction of the
harmonic currents of the rotor and power segmentation. It is
well known that a six phase induction generator can be
operate in standalone mode ( off-grid ), but the
disadvantage here is that the generator requires additional
capacitors connected to its windings for self-excitation as in
figure (1). Whereas the self-excited process depends
entirely on the shape of its magnetization curve and that it
would be impossible to analyze correctly without the non-
linearity associated with the main flux saturation. For this,
the phenomenon of saturation must be taken into account in
our study devoted to the analysis of the SPIG self-excited

[7].

Nowadays, the manufacture of induction generator has
attracted significant progress in industrial development.
There are four types of rotor in induction machines as per
NEMA standards: i) class-A, ii) class-B, iii) class-C and,
iv) class-D. Class-C design (double cage) is the most
widely used type for its superior torque-slip characteristic
[8], higher starting torque with a low starting current.
Because of numerous advantageous features of double cage
generator, this study is devoted to a modeling of the six
phase induction generator with double cage rotor (SPIG-
DC). In stationary reference frame, this proposed model
was suggested for investigating the stability and the effect
of adding capacitor in its stability and has been studied.
However, in this paper we intend to show that if a squirrel
double-cage six phase induction generator with the same
ratings is used instead of a squirrel single-cage one (SPI1G-
SC), transients are reduced significantly,[9]. Initially, we
analyze this procedure with modal analysis and then we
will simulate it using Matlab/Simulink model. Finally, this
paper is composed of seven sections. The description of the
proposed generator (six- phase induction generator) is
introduced in section Il. Model of SPIG in d-q reference
taking into account the effect of the magnetic circuit
saturation is presented in section Ill. Section IV investigates
the model of six - phase induction generator based double
cage rotor (SPIG-DC). The mathematical model of
resistive-inductive load connected to SPIG is implemented
in section V. A comparative simulation results under

Université Mohamed Khider - Biskra, Algérie, 2018



L. KHETTACHE & al

SIMULINK / MATLAB between SPIG double cage model
and single cage is discussed in section VI, and the
conclusion is presented in the last section.
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Figure 01: Representative scheme of self-excitation SPIG

2  SIX-PHASE INDUCTION GENERATOR

DESCRIPTION

The six - phase induction machine (or dual star induction
machine) consists of a stator carrying two identical three-
phase windings but displaced each other by an angle o and
a rotor which can be wound or with a squirrel cage. Each
phase is represented by the equivalent diametrical winding
comprising Ns turns for the stator and Nr turns for the rotor.
The three coils formed the stator bundles Ag;, B, Cs; and
As,, Bsy, Csp. The first three-phase windings called "stator
1", and the other stator bundles formed the "stator 2", where
the two three-phase stator windings are spatially displaced
with the angle o. On the other hand, the rotor of this
machine is constituted so as to obtain three windings having
a number of poles identical to that of the stator A, B,, C,

Vus2 J,

d- axis

figure (2).
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Figure 02: Representation of the stator and the rotor windings of
SPIG

3 MODEL OF SIX PHASE INDUCTION
GENERATOR SINGLE CAGE (SPIG-SC)

In the analysis of the transient performance of generator,
the mathematical model of the six phase induction
generator is defined in a synchronous reference frame. It is
quite similar to that of an induction generator. Thus, the
SPIG model expressed in the synchronous reference frame
is decomposed into two main sub-models for the stator side
and one sub-model for the rotor side as shown in Fig. 3,
[10].

g- axis

Figure 03: Equivalent scheme of SPIG with single cage in d-q reference frame

3.1

The dynamic voltage equations of the SPIG in the
synchronous d-q reference frame are given by

Voltage equations
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; dyga
Vdsl =—hlgsy + d—ts ~Ygs19s
- s1
Vqsl =Mlgg +—— T Vg1 ®s
; dygs
Viasz = —Tolgsp + o — W qs2Ws
. Vas2
Vqsz =—Nlgso + T *+ Wis2Ws
; dyy
ar = 0=y, +Tr_‘//qr(ws - )
. 4
Vqr =0= Melgr +Tqr+‘//dr (05— )
1)
3.2 Stator and rotor flux equations

The expressions of stator and rotor fluxes are given by:

Wast = ~Lslast — Lo (igsg +las2) + L (—lggy — losp Iar )
Vst = _lelqsl - I-sm (Iqsl + Iqu) +L ( gsl qu + Iqr)

Vis2 = _Lszidsz - Lsm (idsl + idsz) + I-m (_Idsl - Idsz + idr)

‘//qsz = _Lsziqsz - Lsm (iqsl + iqsz) + I-m (_iqsl - iqu + iqr)
War = ~Lelgr + L (Flgs —as2 +1gr)
=Ly + L (Hlggg —lop +i
Yar rlgr m( gsl ~ 'gs2 qr) )
With
Yind = Lin (Flgsy _idSZ +igr)
'// - L ( Iqsl q52 'qu)
(3)
Imd = _Idsl - IdsZ + Idr
imq = _iqsl - iqu + iqr

And the magnetizing flux ¥mis the sum of the

¥Ymd and Vmq hence:

2 2
Ym = \"/’md +¥mq

4)
The cyclic saturation inductances are given by:

Lng = L -1 Ly, = Loos? 5+ Ly, sin

img

i
Ling = Ly +-+ Lgq = Lsin® 5+ L, cos®

Ing

5)
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oSS g _ Vg
i
with: | m| |Wm|
sinéd = Im—q — ¥md
|'m| |'/’m|

(6)

And 9 is the angle between the d axis of the common

reference frame and the magnetizing current (‘/’m ) space
vector, where the real and imaginary components of these

(Vma and Yma),

latter are given by ima and ‘mag
respectively, [11].

The temporal derivatives of the magnetizing flux
components can be written as:

d¥mg _ d{yn c0s9) cos&d —Wn Sln5d—§
dt dt dt dt
iy do
L—y,sind
dt ( Vi ) dt
d -
Vg _ dWmSiNd) _ g 5 9¥m v coss 92
dt dt dt dt
di
- L$+(l//m C0S S —inyg %)%—f
sin 7
Where
d¥mg =Ly dipg d'mq
dt dt @ dt
dz//mq di di
=L md + mq
ot g T g
(8
And
Ly = Ly +cos’ §(L-L,)
Ly =Ly +sin® 5(L-L,)
Ly, =cosdsind(L—L
dq ( m) ©)

The cyclic inductance of intersaturation in the reference d-q
is given by:

md Imq dL ImdI
il - il i
(10

The dynamic magnetization inductances (L, L) are given
by the following relations:

Lg = 7 (L—Ln)
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Rz
i
Mz
il

(1

The expression of the magnetization current is expressed
by:

. . T2 : : Y
m = \/(_Idsl —lgso Idr) + (_Iqsl —lgs2 + Iqr) (12)

After deriving the system (1) by introducing the equations

2, 3 and 8, we can obtain the following system:

dt

dI dI
(52 Lsm) dsz Lsm d51 Ld md qu q VdsZ R52|d52+ws((L52+Lsm) qu+Lsm|qsl

dl dl dl d
(le Lsm) ddtﬂ Lsm ddtsz dr:d qu dF:q :Vdsl - Rslldsl +og ((le + Lsm) Iqsl + Lsmlqsz + Vg )
Iqsl Iqu dl Ulg
_(L51+Lsm) Lsm q dt qu Vsl Rsllqsl_ws ((L51+Lsm)|dsl+Lsm'dsZ“de)

Vg

| 2 1 dI

( 52 Lsm)ﬁ_ m dqts I-q Td :Vq52_R52|q52_ws((LS+Lsm)|d52+|'sm|dsl+'//md)

dl dlg

r d(:r 4 qu mq =Rly +{o - wr)(LrIqr+qu)

dly, dl

T d[ q dI qu - r qr (wsffor)(l-rldr'“/md)

(13)
3.3  Torque equations
The relation of the electromagnetic torque in generator is
given by:
Tg = E PL, (iqsl + iqsz )idr —( idsl + idsz) iqr

2 (14)

We can write:

: Yar m i i

iy = + igey +1

dr Lm+Lr Lm+Lr(d51 dsZ)

- (//qr L

i, = + +i

UL, +L, L+l (i +c2)

(15)

By introducing equation (15) in (14), the final mathematical
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)

description of generator torque can be written as:

3,
2

T

[(iqsl +igs2 )War — (g +idsz)‘//qr]

m
g
L +L (16)

T m

For the considered model, we will assume that the stiffness
and damping are neglected. So, the mechanical equation
can be described by:

T, T, =122
dt

and

o, = p.Q

(17)

Where: Tm the torque of prime mover, and p is the number
of pair poles.

3.4

The modeling of the self-excitation for SPIG is summarized
by the equations of the voltages at the terminals of the
capacitors (C1, C2) represented in the Park reference frame
as follows, [12]:

Modeling of Excitation Capacitance

d 1.

a ds1 = C_ lge1 + a)qusl
1

d 1.

avqsl - C_chl a)svdsl
1

d 1

E ds2 = _zldcz + wqusz

d 1.

a gs2 chz wsvdsz

(18

Where lgc1, lger lacz and lge, are the current components
flowing through the excitation capacitor C; andC,
connected at the terminals of stator winding sets 1 and 2,
respectively.

3.5

The magnetic saturation phenomenon becomes a necessary
condition to study an autonomous because the linear model
is not able to describe the behavior of the system. Thus, this
effect is not easy to simulate only, therefore we adopt a
magnetic circuit which is defined by a magnetization curve
obtained by experimentation and approximated by a
polynomial interpolation. For considered model, the

Evaluation of Magnetizing Characteristic
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saturation effect is taken into account by the expression of
the dynamic and static magnetic inductance with respect to
the magnetizing current, and can be approximated by the
following polynomial interpolation, [13]:

Ly, = @, + @iy, + gl + i

L = 0.0014 —0.0024i,, +0.00015i,,> 19)
Where, a;, a,, as, a, are constant and given in Appendix-I.
The variations of the magnetizing inductance L, and of the
dynamic inductance L as a function of the magnetization

current 1=l are shown in figures 4 and 5.

Im(A)

Fig.ure 04: Approximation of the magnetization inductance curve
L, = f (Im)
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Figure 05: Evolution of dynamic inductance L = f (im)

3.6 Model of six phase induction generator with

double cage rotor (SP1G-DC)

The mathematical model of a SPIG based double-cage rotor
is implemented in a manner which is closely similar to the
derivation of the (d, q) model of a single-cage, [14],[15].
Based on the equivalent circuit of a SPIG with double-cage
shown in figure 6, the model of SPIG-DC is described by
four differential equations using the common d-q reference
frame. [16], [6].

LI2

g- axis

Fig.ure 06: Equivalent circuit of SPIG-DC

Adopting various assumptions of the generalized theory of
electrical machines, the detailed voltage and flux equations
are given below:
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dy,
_ H dsl
Vdsl =—Tlgg + -

Vs1Ws
Vqsl - rllqsl t— + Vds1Ws
VdsZ - r2|d52 T _‘//qszws
Vis2 = Dlgsp +—— 24 W ds2 05
d
Vdrl =0= rlldrl T ‘//qu(w — O )
d
Vqu =0= I’rllqu T + Va1 (@5 — ;)
dyara
Virz =0=Tlg +— = dt —quz(a’ - o)
Vqr2 =0= rr2|qr2 T +l//dr2(w wr)
(20)
Where:

lr, frp are rotor resistance of the inner and outer cage
respectively;

Vart, Vg lar, @nd iy are the rotor voltages and currents of
the inner cage, respectively;

Vara, Vgra, lare, @nd iy, are the rotor voltages and currents of
the outer cage, respectively;

In terms of simplifying the model, it is assumed that the
mutual inductance between the inner and outer cage are
neglected;

For this, the flux expression is described as follows:

=Vs

—(Lg + '—sm)dIdSl Lsm dlddtsz + Ly d:jr:d + Lyq d:jt

~tar Lsm) oo dldqts2 L d:jr:q * g d:jn;d

i S S
(L 2+ Lsm)dlqsz sm d:;fl * Lq d:jr:q qu dldt

b d::idtrl + L dldr:d dq dlmq =—Ry1 1y + (o5

L, d:thrl + L d:;:q +Lyg d:jn;d — Ryl — (@
S S

Lrz dl(;trz +Lg d;ntwq Ly dldntm Rialgrs — (@,

Wast = Lty — Lsm (1 +ls2) + L (Hlagst —lgs2 +lgra +lar2)
Vst = _leiqsl - Lsm (iqsl + iqsz) + I-m (_iqsl - iqsz + iqu + iqrz)
Was2 = ~Lsalas = Lsm (igsa +1as2) + Ly (Hlast —Tas2 +1rs +ar2)
Vgs2 = _Lsziqsz - Lsm (iqsl + iqsz) + Lm (_iqsl - iqsz + iqu + iqrz)
War1 = ~Lrdgrn + Ly (Flgst — s +art +iar2)

qul = _Lrllqu + L ( gs1 Iq32 + iqu + iqr2)

Wara = ~Lralara + b (Flgss —as2 +ars +gr2)

Va2 = Ly, gr2 + Ly (- sl Iq52 + iqu + iqrz)

(21)

Where:
L,.: Rotor leakage inductance of the inner cage;
L., : Rotor leakage inductance of the outer cage;

Lsm is the common mutual leakage inductance between the
stators windings 1 and 2; L and L, are the stator and the
rotor leakage inductance respectively, and L, is the
magnetizing inductance between the stator and the rotor.

The magnetizing current and magnetizing flux d,g-axis
components are :

Wmg =L (_Idsl - IdsZ +lgr + Idrz)

- L ( Iqsl qsz + Iqu'quz)
Imd = _Idsl - IdsZ + Idrl + Idr2
Ing = ~lgs1 ~lgs2 T lgr1 +lgr2

(22)

Introducing the relations between the flux links and currents
equations 21, 22 into voltages equations 20, the final
equations of the proposed model are expressed as follows:

mgq
_Vdsl - Rslldsl + @ ((le + Lsm ) Iqsl + Lsm Iq52 +qu)

— R4

s1'gsl s((le+Lsm)|dsl+Lsm|d52+V/md)

:Vdsz - Rsz IdsZ + @ (( L52 + Lsm ) Iq52 + Lsm Iqsl + l//mq)

=Vqu - Rszlqsz — W ((Ls + Lsm)ldsz + Lsm'dsl""/’md)

7a)r)(Lr1|qu+l//mq)
_a)r)(Lrlldrl +l//md)
=—Rolgo + (a)s — )(erlqrz +l//mq)

_a)r)(l-rzldrz +‘//md)

(23)
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In similarly of previous part, the expressions for
electromagnetic torque of SPIG-DC can be expressed as:

3 . . . .
ngouble = E p((‘//dsllqsl) + (V/dszlqsz) - (‘//qslldsl) - ('//qsz'dsz))

(29)

Where, the relations between generator torque and currents
components are:

ngouble = E me (('qsl + 'qsz)-('drl + Idrz) - ('dsl + Idsz)-(lqu + 'qrz))

(25)

The active and reactive powers in stator windings ‘1’are:

Psl = Vdslldsl +Vqsl|qsl
Qsl = Vqslldsl _Vdsllqsl

(26)

3.7  SPIG (single/double cage) with R-L load

In this section, the both stator windings of the machine are
star-connected to a capacitance bank C=60pF, which is
parallel to the resistive and inductive load (seen in Fig. 1),
the equations related to these parts must be added to the
generator which is driven at a constant speed 155 rad/s.

d 1. .

avdsl = C_l ('dsl - Idle) + wqusl
d. 1 . .

a lys1L = E (Vdsl -R Idle) + Wslgy.
d 1

dt Vqsl = C_ (iqsl - iqle) - wsvdsl
1

d. 1 . .
I lgs1L = E(Vqsl —Riger )+ @slgsy.

(27
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d 1. .

avdsz = C_2 ('dsz - IdsZL) + wqusz
d. 1 . .
aldSZL = E(Vdsz = Rigso )+ @slgspt

d 1 . .
avqsz = C_ ('qu - IquL) - wsvdsz
2

d. 1 . .
aquZL = E(Vqsz -R 'quL)+ Wglgso

(28)

Where: Iy, lgsie and lgor, lgso are the load current
components in the synchronous d-q reference frame,
respectively, and R, L are the resistive and inductive load
components.

3.8

To demonstrate the efficiency of the proposed model (SPIG
based double cage rotor), a comparison between single
(solid line) and double cage (dashed line) structures using
Matlab/ Simulink simulator was performed. These
generators were driven at a constant speed of 155 rad/s and
self-excitation capacitors equal to 60 pF.

Simulation results

3.9 SPIG without load test

The figures 7, 8 and 10 show the simulation results of the
output voltage V, current phase I, and magnetization
current Im respectively.

According to these figures, an exponential form can be

observed in the period t=0s and t=1.5s for the both

generators, then it stabilizes at a fixed value, which finds

that the evolution of the stator voltages and current follows

the evolutionary form of the magnetization current.
T

Moreover, the shift angle 7% between two currents
related to each phase for each star is shown in figure (9).
On the other hand, we note that the accumulation process
(accumulation time tac) is much faster in about 0.22s for
the double cage (tac2=0.91s) than the single cage
(tac1=1.13s), with a small increase 3.64%, 3.43 % in
voltage and current as shown. The electromagnetic torque,
active and reactive stator power as shown in figures (11,
12) respectively, are taking the same form of the
magnetization current curve. In addition, the increase in
torque, active and reactive power for SPIG based double
cage are observed.

3.10 SPIG with load test

The SPIG is examined under R-L load condition applied at
t=1.5s where R=100 Q and L=0.8H. The insertion of the
load gives rise to decreases in the set characteristics of the
SPIG compared to those observed in no load operation,
where the values are illustrated in the table below:
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TableO1: Output values of SPIG with single and double cage of tac (S 1.13 0.91 0.22
(s)
the rotor
Single cage | Double cage | Increase values The causes of these decreases are the same as those of the
va (V) 247 256 9 conventional induction generator. The connection of a load
2 (A) 266 282 016 will 'decreas;z theh e>|<citation current  supplied by the
itors, tl t rge reactive ener nsumption
A e T ¥E capacitors, thus the large reactive energy consumptio
when uses inductive load. Hence, this decrease in current
Tg (N.m) 12.83 13.72 0.89 means less flux, which affects the magnetization of the
Ps (W) 162 281 119 machine.
Qs (VAR) 2586 2818 232
5 5
4 4
3 3
2 A 2
1 A 1
<A
2 VYV ‘
) al ” . ol
. . . i
-4 -4
-%.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 -50 0.5 i : 1&5 2 25 3
t (sec) t(sec)

Figure 07:

Comparison of output stator voltage of SPIG between single cage (solid line’-) and double cage (dashed line’- -9) with self-

excitation capacitance c=60uF and rotor speed w,=155 rad/s at load condition
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Figure 08: Stator currents phases (starl, star2) of SPIG at load condition
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Fig.ure 09: Comparison of magnetization currents Im, single
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Figure 10: Comparison of magnetization currents Im, single
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Fig.ure 11: The generated Electromagnetic torque
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Figure 12: Representation of the generated active and reactive stator power

3.11 SPIG with critical load test

In order to

investigate our approach under critical

conditions, a critical load (R = 120 Q , L = 0.08 H) is

127

applied at t = 2s to study the both generators performance.
In this context, figure (13) shows the variation of the
voltage as function of time. From this figure, it is clearly
shown that a drop in output voltage, about 94.2%, is
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recorded for SPIG double cage structure. Moreover, a
degradation of 100% is observed for SPIG single cage. This
result is mainly due to the short-circuit phenomenon of both
generators caused by the applied critical charge as it is
shown in figure (14). Also, this loading decreases the
magnetizing current Im, as seen in figure (15), which
results in the reduced flux.

cimpe oage
-choubole oage

L | \ H | "}”

H 1
TE 1 TE T TF
ticma)

Jn |.\

Figure 13: Comparison of output stator voltage of SPIG between
single cage (solid line’-‘) and double cage (dashed

line’- -‘) at critical loads
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Figure 14: Comparison of stator currents phase of SPIG based

(single and double cage models) at critical loads
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--—--double cage

15 2
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25 3

Fig.ure 15: Comparison of magnetization currents Im, single
cage (solid line’-‘) and double cage (dashed line’- -9)

at critical loads
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It is to note that this insignificant increasing in the output
parameters is mainly due to the investigated machines,
which are low power ones [13], where new results and
mechanisms can be observed for high power machines.
However, new simulations and models should be developed
in this case by taking into account other effects and
parasitic parameters.

4  CONCLUSION

This work is devoted to develop an analytical model of
SPIG based double cage rotor under cross-saturation effect.
The latter is taken into account through the expression of
the static and dynamic magnetizing inductances with
respect to the magnetizing current. Then they are evaluated
from the open circuit d-axis magnetizing curve. A nonlinear
mathematical model in the d-q axis of the six phase
induction generator with the single and double cage was
developed. In view of the obtained results and observations,
the comparison between single and double cage generators
shows several advantages such as:

= The double cage machine is more stable than the
single cage one.

= An increase in active stator power is obtained for
the double cage structure.

= The accumulation time in double cage machine
(0.06s) is very short compared to the single cage
one.

The proposed investigation can extended to study more
complex machines. However, new complex models should
be developed in this case by taken into account other effects
and parasitic parameters.

APPENDIX

The parameters of the six phase induction generator used by
[13] as follows:

Stator resistances: rs; = rs; = 1.9 Q,

Stator inductances: Lg;, = Ly, =0.0132 H,

Single cage:

Rotor resistance r,.=2.12 Q,

Rotor inductance L,=0.0132H

Double cage:

Rotor resistance inner cage: r;= 6.48 Q,

Rotor resistance outer cage: r,= 3.12 Q,

Rotor inductance of the inner cage: L,; =0.008 H
Rotor inductance of the outer cage: L,, =0.0112 H
stator and  rotor:

mutual inductance  between

Ly = 0.011H



Modeling And Analysis Of A Six-Phase Induction Generator For Wind Energy Conversion Systems (WECS)

n=1480 tr/min; J=0.038 kg.m?

Resistive and Inductive load:
L,=0.8H
R.=100 Q

The constants in magnetization characteristics of SPIG are

as:

a, = 0.1406, a, = 0.0014, a; = -0.0012, and a, = 0.000050.
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