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Abstract—The modelling of electrical machines
takes a common unified treatment or generalized
treatment of electrical machines. This generalized
treatment models the machine as a two
component dynamic system and the
simplicity/complexity of the model depends on
the expected details and parameters of interest of
the modeller. Two models commonly identified;
conventional model (CM) and non-linear effects
model (NLEM). In this paper, a six phase
induction machine is modelled using the DQ
transformation and fixed to the rotor. Saturation
is then included in the developed model, and with
the help of MATLAB software, the developed
models were simulated and results are
compared. The parameters of interest are; the
machine’s phase currents, electromagnetic
torque and the mechanical rotor speed. It is
observed that, the conventional model presents
acceptable results though, yet lacks salient
details to describe the dynamic behaviour of the
machine mostly when the machine driven to the
non-linear region which is likely most time during
specific applications. Hence, the saturation effect
is considered and included in the induction
machine model.
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l. INTRODUCTION
Induction machines play a vital role in the
industrial, commercial and domestic sectors. Due
to demerits of the three phase system, the
multiphase (>3) is conceived. Investigation
shows that the six phase machine is more
advantageous compared to the three phase
counterpart. Six phase induction machine
modelling as reported in [1,2] is seen as two
three phase machines coupled together. The
machine can also be modelled using the
technique of vector space decomposition as
demonstrated in [3], [4]-[6]. This method results
in a model of the machine in single six-phase
reference frame with three pairs of axes
decoupled from one another. A less common
modelling technique is the dual stator approach

mentioned in [5],[6] and [7]. It considers the six-
phase machine as two coupled three-phase
machines, and uses three phase
transformations.Some assumptions are usually
made in the modelling of any engineering system
depending on the interest of the modeller or the
purpose of the modelling and the parameters of
interest, and to ease computation time.
Depending on the modeller, some technical
details might be neglected without noticeable
effect on the results. The conventional model
though capable of predicting the performance of
the system to some degree of accuracy based on
the assumptions made, yet lacks merit in certain
operational conditions. To study the performance
of the induction machine or any electrical
machine in the dynamic mode, accurate models
must be developed that will account for non-
linearity. The Machine designer is advised to
accurately model the electrical machine in order
to accurately set the limits. This is very
important mostly when the modelling accounts
for real life operating conditions. Also,
considering the case of the association of a static
converter to an electrical machine, the rational
use of the whole process by a perfect control of
the global dynamic behaviour, With PWM
power supplies, the electrical machines have to
work on a very large frequency range. From the
above, a simplified model representation of this
machine is not adequate, but only valid on a
limited frequency range, and the result thereof is
very unsatisfactory.

The inadequacy of the simplified model is more
pronounced when the electrical machines have a
massive structure (like asynchronous machines
with cages, deep notches or massive rotor)
characterized by skin effect (or frequency
effect). Therefore, in order to model an electrical
machine mostly for stability studies, it is very
well in order to account for non-linear effects as
much as possible.
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1.
A. The speed of the rotor reference frame is

Ok = Oy
the angular position is, 0= 6,

INDUCTION MACHINE MODEL IN THE ROTOR REFERENCE FRAME

by substituting the speed in the impedance equation we have;

[VI=[Z0"]

The variables in equation (4.47) are defined below;

V=1 (;sl Vis1 VqTSZ Vis2 I/(JT;”VJr]T
[i= [igsl las1 igsz lasz igrigr]T
ry + L P w,Lq L,P wyL,
-w,Ly n+LP -—-wl, L,P
(2] = L3P wyL3 1, + L,P wyL,
—w, L L;P —wyL, 1+ L,P
L,P 0 Ly, P 0
0 L, P 0 L, P

And the terminal voltage becomes;

For Set | (abc) winding

Vgs1=Vm cos(swst+1) @)
Vys1=-V sin(swst+1) (8)
For Set Il (xyz) winding

Vgs2=Vm cos(swst+4) 9)
Vs2=-Vn sin(swst+1) (10)

Observe that, the dg voltages are of slip
frequency and the g-axis rotor current is the
same as the phase a current. The torque equation
IS

3P s s
T, = E;Lm(lgsl(gr - l(;slgr)(ll)
The transformation matrix is given as

[Tabel =
cos, cos(6, —27/3) cos(8, +27/5)
% sinf, sin(6, — 2”/3) sin(6, + 2”/3)
1/2 1/2 1/2
(12)

I11. SATURATION MODEL OF A SIX-

PHASE INDUCTION MACHINE

A. Conventional Model
Most motors like induction motors are design to
operate in the linear portion of the hysteresis
curve, and therefore the machine working
parameters are selected and the magnetic
materials used are so determined. The continued
operation of the electric motor without variable

(1)
)
(©)
(4)
(5)
Ly P Wyl T
~wyLy  LyP
L, P Wy Ly,
—wy Ly, L, P (6)
%+ L,.P 0
0 7. + L,.P]

speed drives and other solid-state converters
meant that a well-designed and run motor would
rarely operate in electromagnetic saturation.

However, modern equipment used to control
induction motor including those using standard
voltage-frequency control technique, means that
saturation zone is reached much more often, [8].
It is a practice in literature to present the
induction machine model in conventional way.
This conventional model of induction machine is
developed based on the assumption that
saturation effect is neglected. This assumption
leads to erroneous results in certain operational
conditions. Therefore, the conventional model
though adequate does not present or predict the
true performance of the induction machine
performance in the dynamic mode. In most
operation the machine is driven into the
saturation region, as such the real model must
take saturation effect into account. Therefore,
this section presents the saturation effect
modelling of six-phase induction machine to be
included in the conventional model developed
previously.

B. Saturation effect model
The conventional model of six-phase induction
machine assumed constant inductances, [9-11].
So the result therefrom will definitely be
different from the model of a saturated induction
or any other electric machine. Saturation
decreases the mutual inductances of the machine
when the operating level of the machine into the
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non-linear region, this decrease becomes more
pronounced when the machine id driven higher
into saturation level. Therefore, including
saturation effect in the induction machine model
is very significant when adequate models to
predict machine performance are needed.
Different saturation models have been presented
by many researchers [12]. In [13], saturation
factors are used to account for saturation effect,
while in [14-16], the FEA method was adopted
for inclusion of saturation effect into the
induction machine model. The application of the
saturation curve is used in [17-20], to account for
the effect of saturation effect. Among the three
methods the last method is generally accepted
because it takes into consideration the theory of
the BH or hysteresis curve. The saturation curve
will therefore be adopted in this work to account
for the saturation effect in the sample machine.
According to [21-25], the magnetizing
inductance L, depends on the degree of
saturation and is a non-linear function of the
magnetizing current I, which can be obtained
from the magnetization curve of the machine
[26-27]. Thus, the magnetizing inductance is
given by;

L= 2w/ Im (13)
where Ay and I, are, the magnetizing flux
linkage and magnetizing current space vectors.
The cross-saturation coupling Lgq, is solely due
to saturation and is given by,
Laq= [imaXimg/ | im | 1x [dLm/d | im | 1(14)

Where img and imq are the direct and quadrature
axis components of the magnetizing current
space vector. The d- and g-axis magnetizing
inductances are

Lmg=Lm+ [ ima/ imq] qu (15)

Lmg=Lm+ [ imq/ imd] qu (16)
Under linear magnetic conditions

Lag=0, Lmg=Lmg=Lm @an

Lm is the steady state saturated magnetizing
inductance given as

Lin=ay + @ im+ a3 im>+ a4 im> (18)

where a;, az, as, asand a, are constants.

If ig: and iq is given as

lgt = T2 + la2 + lgr (19)
gt = Iq1 + Ig2 + lgr (20)
then inis given as

im =V[(ia” + iqt")] (21)

Two approaches to the modelling of the main
flux saturation exist. The first utilizes the current
as state space variables, while the other relies on
d-g axis flux components as state space
variables. The latter approach is adopted here to
incorporate the saturation effect in the analytical
model. Although the flux state space model is
simpler to use, but has an advantage in the sense
that it concede the effect of cross saturation,
which is however, accounted for. In fact the
current state space model contains explicit terms
that describe the cross-saturation effect and,
therefore, a better physical insight into the
overall behaviour of the saturated induction
machine is achieved. More so, it should be noted
that the corresponding flux state space model of
a saturated induction machine may be utilized
instead without any loss of information or
accuracy in the simulation result. From the best
fit equation, a;=1.4, a,=2.914, a3=0.94 a,=2.4and
a constant of 230.

Similarly, the model equation to predict the
performance of the machine accounting for
saturation is simulated and the plots presented in
figures 1 to 6 below. The results are compared
between the conventional model and the
saturation model, these shows that, there exists a
difference between the two models. So to
completely predict the performance of the
machines the right model must be developed
depending on the parameters of interest.
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Figure 3: XYZ phase currents comparison

= Saturation Model
= Comentional Model

I
|
|
|

Model
‘ == Comentional Model

4

=
<
g

m

0
Rotor Speedjrad's]

1000 1200

Figure 4. Torque against time

1400

1
Timefs]
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Figure 6: Mech ‘cal Rotor Speed against time

IV. DISCUSSION OF RESULTS

The test machine, six phase split wound
induction machine is described by a system of
differential equations. The number of equations
predicting the performance of the machine is
equal to the number of phase winding sets in the
stator and rotor circuits.In the non-linear region,
temperature, saturation and skin effect are
incorporated into the conventional model and the
simulation results presented. The saturation
effect model also show a comparative difference
from the conventional, for instance, the stator
phase currents reaches steady state in 0.5secs in
the conventional model compared the 0.6secs in
the saturation effect model. While the
electromagnetic torque of the conventional
model synchronises in 0.7secs and,that of the
saturation model is in13secs.

CONCLUSION
A six phase induction machine is modelled and
simulated using the dq transformation in the
rotor reference frame. The six phase machine has
two sets of three phase winding in the stator. The
results has shown that, to study the performance
of the six phase induction machine the
conventional model is enough to adequately
predict the behaviour, hence, the model must
include nonlinear effects like, saturation effect,
skin effect, temperature variation, etc. the
complete model will inform the designer
regarding setting limits.
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