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This paper discusses general methods of modelling magnetic saturation in steady-state, two-axis (d & q) frame
models of dual stator induction generators (DSIG). In particular, the important role of the magnetic coupling
between the d-q axes (cross-magnetizing phenomenon) is demonstrated, with and without cross-saturation. For
that purpose, two distinct models of DSIGs, with and without cross-saturation, are specified. These two models
are verified by an application that is sensitive to the presence of cross-saturation, to prove the validity of these
final methods and the equivalence between all developed models. Advantages of some of the models over the
existing ones and their applicability are discussed. In addition, an alternative is given to evaluate all saturation
factors (static and dynamic) by just calculating the static magnetizing inductance which is simply the
magnitude of the ratio of the magnetizing flux to the current. The comparison between the simulation results of

the proposed model with experimental results gives a good correspondence, especially at startup.
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1. Introduction

Machines with more than three phases have been in use
for years in industrial applications, primarily in the high
power applications [1, 2]. The main advantage of increas-
ing the number of phases is that, on one hand, it allows
the reduction of the size of the components in power
modulators of energy. On the other hand it allows better
tolerance and greater reliability [3-6]. Among multiphase
machines, the dual stator induction generator whose
angular displacement between the two stars is 0°, 30° or
60° is the most widely used. Such a machine, in addition
to the power segmentation and redundancy it carries, has
the advantage of reducing the torque pulsations, rotor
losses and the reduction of harmonic current [7, 8].
However, the introduction of magnetic nonlinearities in
the electrical equations that describe its operation has
always been a topical issue for polyphase machines.
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Indeed, taking into account the saturation is not simply
dictated by the desire to improve the results, but it can
sometimes be a necessity [9].

Besides, developments of vector control methods gave
rise to other type of models: the mixed ones. The literature
dealing with vector control or field orientation control
methods is very rich, but fundamentals are sufficiently
summarized in [10, 11]. Application of such control
techniques lead to the use of new models based on stator
winding currents and fluxes, stator winding currents and
rotor winding fluxes and stator currents associated with
magnetizing fluxes. Elsewhere, it has to be emphasized
that the d-q modeling theory of induction machines
remains the best for performing and analyzing any kind of
transient operation, except if local phenomena have to be
investigated. For that purpose, as in some cases of diagnosis,
the ‘abc’ frame and the primary equations must be used to
handle the known difficulties [12, 13].

Many models have been developed to study the behavior
of electrical machines. There are models of current or
flux and others have been developed for vector control,
called mixed models. To study the behavior of the DSIG
at startup, we have adopted in this paper a model that
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takes into account the nonlinearity of the magnetic circuit
based on the equivalent electric circuit approach [14, 15].

In this paper, we propose a dynamic model of a dual
stator induction generator (DSIG), with and without mag-
netic saturation, based on the equivalent electric circuit
approach and taking into account the stator mutual leak-
age inductance between two stars. We develop the model
with and without cross saturation and these two models
are simulated and compared with the experimental results.
Finally the validation of the proposed model has been
realized using an experimental test bench setup.

2. Space Vector Equations

In the analysis of the transient performance of electrical
machines, either of two closely related methods may be
used. One of these is the well known matrix method of
generalized induction machine theory. In the following,
the voltage differential equations for a three-phase machine
in terms of the space-vector will be established when
saturation of the main flux-path is also considered. The
basic model of a dual stator induction generator may be
given in terms of space vectors, in an arbitrary frame of
reference @,, with the following set of equations:

Vi = Ryigg + dj{;’“ Wyt 1)
Vist = Ryl + % + W, A )
Vi = Rlger + df;trsz ~ WAy €)
Visa = Rilggr + a2 W, Agsa 4)
0=R.i, + % —(W, = W)A,, (5)
0=Ri, + djtq’ +(w, — W)y, (6)

where w, is the speed of the reference frame. The
expressions of stator and rotor flux linkages are:

Agst = Uy +15,))igey +1ize + gy,

iqsl = (I +lsm)iqs1 +lsml'q32 +/Iqm

Aasz = Lgnlasy + g + 15 )iger + Ay 7)
ﬂqsz = lsmiqs1 +(l +1,, )iqs2 +/1qm
Agr = Lgy + Ay

ﬂ"/

T = IV qu + ﬂ'{]}ﬂ

Where:

—285 -

Fig. 1. Equivalent circuit of DSIG.

lgm = lgs1 +igso Tig
R 3

qm = lqsl + lqu + lqr

where [, is the common mutual leakage inductance
between the two sets of stators windings, /;, /. are the
stator and rotor leakage inductance respectively, and L,, is
the mutual inductance between the stator and rotor.

The electromagnetic torque and dynamic equations can
be expressed as:

L,r,. .. S
Cem = np Lm |:(lqsl + lgs2 )ﬂ’dr _(ldsl +lds2)ﬂ’qrj| (9)
dw
St Kpw=n,(Cqy-C,) (10)

In Fig. 1, with saturation neglected, we have:

/1dm = Lmidm
by o

To the contrary, the alternative that we propose in this
contribution begins with the fitting of the characteristic
relating the magnetizing inductance L, as obtained
experimentally, to the air gap flux. Fig. 2 shows such a
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Fig. 2. Approximation of magnetizing curve and measured
static and dynamic magnetizing inductances.
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characteristic which, in general, possesses two portions.
One corresponds to the unsaturated zone where L, is
constant and all the dynamic terms are null; the other
corresponds to the saturated region and may be repre-
sented by a limited number of segments. So we have:

ﬂ‘m = \j /’an’ld +ﬂ’n21q
=\l g (12)

3. Method Description and Derivation of
Saturated Models

3.1. The Approach to the Main Flux Saturation Mod-
eling in DSIG

This becomes a necessary consideration for the study of
an autonomous dual stator induction generator because
the linear model is not able to describe the behavior of the
system. Thus, only approaches that take account the
saturation effect can be utilized. This effect is not easy to
simulate using two-three phase classical models. So, we
usually adopt two-diphase approaches to globally take
account of the magnetic non-linearity.

Thus, the saturation effect is taken into account through
the expression of the static and dynamic magnetizing
inductances with respect to the magnetizing current. They
are evaluated from the open circuit d-axis magnetizing
curve A, = f (iy,).

A dz
L =— L =— 13
'm lm ‘mdy dlm ( )

The static magnetizing inductance versus the magnetizing
current that is shown in Fig. 3 is approximated by a
polynomial of degree 7 as follows:

Lm = kllz’l + k21,6n + k3l,5n + k4l;‘n + ksl;’n + kﬁl,%l + k7im + kg

with
(14)
ky = 0.19303; kp, = —1.4276;
ky = 43069; k4 = —6.8637;
ks = 6.4026; kg = —-3.8101;
k7 = 1.2896; kg = 0.51665;

The leakage inductances in equations (7) are assumed
to be constant and only the d-q magnetizing flux is
subject to saturation. Deriving stator and rotor linkage
fluxes, in equations (7), leads to constancy with respect to
time, only the main flux derivative of the d-q magnetizing
flux Adgm, Agm-
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A i
cos f = —/{lm =dn
i

m m

15)
. qm lqm (
sinff=——=—

p A i

m m

Angular f designates the position of 4,, with respect to
the d-q axis. It also characterizes the position of the
magnetizing current i, in the air gap.

Therefore, dAg./dt, dA,,/dt have to be described by
means of the winding current.

dﬂdm _ d(lm COSﬂ) :Cosﬂdﬂm B /1m sinﬂ%
dt dt dt r (16)
d2ym  d(A, sin B) da i
= = =sinf—=2 + A cosf——
dt dt ﬂ dt m ﬂ i
Terms, cos o and sin 8 a2, may be elaborated as
follows: dt
dﬁm di m . dﬂ
cos 3 o =Ly ;t + Loty lm -
a hd 1
sinp g, Lo co5P da ()
dt dt sin 8 dt

Therefore (16) is written:

d Ay
dt

. . ap
= Lmdy 7+ (lqumdy —sin ﬂj’m)?

cospap (19

=L —q+(ﬂmcosﬁ—iqm -
sinf~ dt

dr -y

B =tan”' (o (19)

dap _ (cosﬁ digy  sin B diy, ) (20)
dt i dt i dt

m m

We can write:

dldm + qu :(l]m
t
di e

+1L, an
dt dt

B ;.
dt dt
D _ iy
dt 4

L, =L, +cos* B(L,, —L,)

‘mdy
L, =L, +sin’ B(L,, —L,) 22)

Ly, =cosBsin B(L,, —L,,)
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3.2. Derivation of the winding current models

Based on the general equation of the self-excited dual
stator induction generator (SEIG), a mathematical model
is developed to represent the dynamic characteristic
involved in the voltage build up of the dual stator SEIG.
The dynamic analysis has to demonstrate the transient
voltage and frequency developed by the induction generator.

After deriving the system (7) and by introducing
equation (21) in (7), we can obtain the following system:

M ds1 l s s + T m + 7
a s “’”) fan = g g,
da di di di di
qs1 gs1 qs2 qm dm
—— =, +! +1 +L +L
g s ) e e = L L =
i di
d a5 _ dldsl +(1, +1,,) d’dsz +L, digy, o
dt dt dt (23)
da dz d' di i
D2y —20 4 (1, o) — R
dt odr dt dt
dld d dld diqm
— =] +L,—+L
a dt g T g
Ay iy iy diy,

dt "odt a dt

The main differential system can be represented by

[7]=[4][ X ]+[B][X] 24)
With:
i1
[V] = [Vdsl Vqsl Vds2 Vqs2 0 0] (25)
. . . . . . t
[X] = I:ldsl lqsl Lgso quZ Ly lqr:| (26)
[L+l,+L, Ly L+, Ly L Ly |
L, L+l,+L, L, ltL, Ly L
[ ] Lo+ Ly Ly  L+l,+L, Ly L, L, @7)
Al=
Ly, Lon+1L, Ly, L+, L, Ly L
L Ly L Ly, L+l I
L, L, L, L, Ly, L+1,
[ R, 0 0 0 0 0 ]
0 R, 0 0 0 0
0 0 R 0 0 0
B]- ; (28)
[ ] 0 0 0 R, 0 0
0 wL,, 0 wL,, R, w(l, + L)
LWLy, 0 —wly, 0wl +L,) R,

4. Saturated Model without
Cross-Saturation

If magnetic saturation is accounted for, the relation
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Fig. 3. Static and dynamic mutual inductances for both d and
q axes.

binding the magnetizing current and the magnetizing flux
is nonlinear, as Fig. 2 indicates. To avoid cross-saturation
complexities, in the main equations the magnetic saturation
is introduced independently along the d and q axes. In
addition, since the air-gap is uniform the no load magneti-
zation curve is valid for both axes. With this latter cir-
cumstance one can define the static and dynamic mutual
inductances as in Fig. 3.

ﬂ’dm

L, =-*, L, =-"" (29)
ldm lqm
d
L =P o (30)

‘dmdy = . > “gmdy = .
di,, di,

The derivation of the (i i i,,i) model requires the
description of fluxes A,1, A,» and A, as well as their
derivatives in terms of the chosen state variables. Deriv-
ing stator and rotor linkage fluxes, we get:

—= =, +I = +1 =+ Ly —
dt ( s sm) dt sm dt ‘dmdy dt
da di di di
gsl gsl qs2 qm
A LR S LU i - S LA
dt ( K sm) dt sm d t ‘gmdy dt
dﬂ“ds2 = lsm dldSI +(l +lsm) Ldmdy dldm
dr dr dt (31)
da di
qs2 qsl qs2 qm
=1, —+( +! +L
dt sm dt ( s sm) gmdy dt
di, . di, di,
~=] —+L, . —"
d " de " ar
Ay, diy iy,
de " de Y ar

Finally the voltage equations of the (i,,i,,i) model
are:
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[V] [Vdsl qsl Vds2 Vqs2 0 0] (32)
. . . . . . t
[X] = I:ldsl lqsl Liso lqu Lay lqr:| (33)
(L 410+ Ly 0 Lo+ Limay
0 L+l + L, 0
A lsm + Ldrrdy 0 ls + lsm + Ldmdy
4= 0 L, +L 0
Ly 0 Ly
0 L 0
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L q (34)
0 Lipmay 0 ]
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0 Ly 0
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0 b+ Ly, 0
L 0 Lo+ Loy
[ R 0 0 0 0 0
0 R, 0 0 0 0
0 0 R, 0 0 0
_ (35)
[B] 0 0 0 R, 0 0
0w, 0 wl, R. wil, +L,,)
|-l 0wl 0wl +L,) R

5. Experimental Results

Though the theory of main flux saturation is well
recognized, an application sensitive to the presence of
saturation on DSIG was added to verify the validity of the
proposed saturated models and the equivalence between
them. The stator of each machine is rewound specifically
for the task with two sets of three phase windings (two
stars), spatial shifting 6 =0° between the two stars. For

Fig. 4. (Color online) Photo of experimental set-up.
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that purpose a classical application is selected. The
application treats the self excitation of an isolated DSIG.
The machine is star connected for all tests. The saturation
curve was measured with the machine driven at synchron-
ous speed. A photo of experimental set-up representing
the applications tests is provided as Fig. 4.

Figs. 5 and 6 respectively simulate at load the generated
voltage and stator current per phase, and the winding
voltage and winding current per phase at the rated speed
and with C = 12pF. Results are obtained using any of the
possible models, in particular with those fully developed
in this paper: current model (i, 7,7 ) . This result proves
the validity of the unified method and the equivalence of
both models with and without cross saturation. It comes
from the main sets of equations Egs. (23) and (31), that
the first model containing cross-coupling terms Lgq is the
heaviest to compute. All its matrix [A] elements are non-
null and depend on magnetic saturation, Eq. (27). More-
over, the simulation time is mainly related to the shape of
the system matrix [A]. The more zeros it contains the
shorter the simulation time. In the model without cross-
magnetizing the magnetic saturation is incorporated indepen-
dently along the d and q axes in the set of dynamic
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— wwmmwmw =
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Fig. 5. (Color online) Generated voltage and stator current per
phase ‘a’ set ‘II’, for an excited dual induction generator with
load, rated speed and Capacitor (C=12 pF) per phase. (a)
experimental (b) simulation (with and without cross satura-
tion).

(@) (b)

M Pos: 11545 CH1

T(ik Ju @ Stop

§ Limite Bande

Volts/div

Sonde
100X
Tension

i} Inverser
Désact

CH1 200v  CH2 1004 M 250ms
16-Mai-13 1453 <10Hz

CH1 ./ -800Y

05 1 5
———with cross saturation
..... Without cross saturation

Fig. 6. (Color online) Build-up of winding voltage, winding
current per phase ‘a’ set ‘I’, for an excited dual induction gen-
erator with load, rated speed and Capacitor (C=12 uF) per
phase. (a) experimental (b) simulation (with and without cross
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equations. This makes our system model representing by
Eq. (34) simpler and less time consuming.

The results of the dynamic self-excitation process given
in the previous figures are based on remnant or residual
flux in the iron core providing the initial condition requir-
ed by the self-excited DSIG. When the initial conditions
for self excitation are satisfied the flux grows and
associated with the growth of flux linkage the generated
voltage also grows. As discussed previously the self-
excitation process can also be initiated with a charged
capacitor. A charged capacitor will provide magnetizing
current to the dual stator induction generator and the flux
and the terminal voltage will grow. When the self-excita-
tion process is started from a charged capacitor there is a
step voltage at the moment the capacitors are connected
to the terminals of the DSIG and that provides a transient
exciting current.

In the model without cross-saturation the magnetic
saturation is incorporated independently along the d and q
axes in the set of dynamic equations. This makes our
system model represented by Eq. (34), be simpler and less
time consuming when it has to implemented in a DSP.
This fact is confirmed by the simulation time between two
models, where we have computed the time of execution of
the two. Half of its elements are zeros, enabling faster
simulation. Consequently, the new model, without d—q
cross-saturation, is more advantageous and its use is thus
advised.

6. Conclusion

In this paper, the modeling of dual stator induction
generators is presented, with and without cross saturation.
The impact of the mutual coupling Ldq due to the inter-
action of orthogonal axes is represented by the computa-
tional inductances Ld and Lq which depend on both
saturation and on the reference frame. The decomposition
onto orthogonal axes is necessary for computational
efficiency and not for physical reasons.

With the considered (d, q) frame the equations assume
specific forms for the analysis of a given steady-state or
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transient regime. The characteristics contained in the paper
show in a convincing manner that, for high saturation,
application of the method with cross saturation is com-
pulsory. Even the simplified method without cross
saturation (Ldq is ignored) is preferable. It can also be
seen that for normal saturation the results obtained by all
these method are quite close and can be accepted.
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