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Stator Current Spectral content of an Induction Motor taking into
account Saturation Effect

Abstract. The work presented in this paper focuses on the spectral content of the stator current in the presence of the saturation effect. To do this, it
is necessary to have a mathematical model of the reliable induction machine capable of predicting its behavior in the presence of saturation. The
approach of the modified winding function is among the most significant methods because it takes into account the actual distribution of the windings
in the stator slots. For this purpose, a series of simulations are carried out to highlight the spectral content of the stator current of the induction
squirrel cage motor in the various cases of operation with and without taking into account the saturation effect.

Streszczenie. Analizowano charakterystyki widmowe pradu stojana silnika indukcyjnego w stanie nasycenia. Opracowano tez model matematyczny
silnika umoZzliwiajgcy przeprowadzenie symulacji. Porownano wyniki symulacji z uzglednieniem nasycenia | bez. Analiza widmowa pradu stojana

silnika indukcyjnego z uwzglednieniem efektu nasycenia
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Introduction

The asynchronous machine occupies a very important
area in industry and transport. It is appreciated for its
robustness, its low cost of purchase and its low main-
tenance. The machine requires only one power source [1].

In an electric machine, the magnetic circuit acts as a
flux channel to direct the magnetic field in the gap. In this
magnetic circuit, energies of different kinds are transformed,
stored, exchanged and dissipated. The performance of the
modeling and simulation of the machine's operation is
directly related to the precision with which all these forms of
energy are simultaneously evaluated [2]. This is the reason
why the model proposed in this study takes into account the
phenomenon of saturation. The approach of the modified
winding functions is used in the present work. The spectral
content in the case without saturation and with saturation is
studied in this paper.

Modeling the healthy machine

In this work, a three-phase cage induction motor is
considered. The rotor consists of N, insulated bars,
uniformly distributed on the surface of the rotor and short-
circuited by two rings [3].

We used a model where the cage is considered as a
mesh circuit Fig.1. The number of differential equations
obtained is equal to the number of bars plus one (in order to
take into consideration one of the two rings) [4, 5, 6].

Fig.1. Mesh circuit of the cage rotor

Under the classical assumptions of simplifications, the
mathematical model of the machine is given by the
equations of the voltages below:
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where [SVS] and [‘Pr] represent the vectors grouping the
total flux through the stator and rotor windings respectively.
[IS] and [I ] are the corresponding currents, with:
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By grouping equations (1) and (2) in the same matrix
equation, we obtain:
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The mechanical equations of the movement is added to
the system of electrical equations and this is the purpose of
doing an electromechanical study of the machine's

operation.
e,
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or
*J; : Moment of total inertia on the motor shaft

«7. :Load torque

1, : Electromagnetic torque produced by the machine

For a linear magnetic circuit, the Co-energy is equal to
the energy stored. Hence, the torque equation is given as:
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with:
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This finally gives the expression of the electromagnetic

torque.
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The combination of the electric equations (7) and the
equations of motion (9), (10) and (13) leads to the global
equation system [7]:
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The system of equations obtained is (n, +6)
differential equations with variable coefficients, the

inductances depend on the position of the rotor relative to
the stator. To solve this system, it is necessary to have the
values of the different inductances of the machine.

A. Calculation of inductances without saturation
All system inductances thus obtained are calculated
using the modified winding function. [8]:

M0,)=rg0,)- J'n((p,e =6, o

(16)
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From equation (16), and by performing the variable
change x=r¢@ and x, =70, everything comes back as if

we referred to an orthonormal coordinate system of X and Z
axes, where it is possible to imagine a plane representation
of the machine. It is clear that X, in this case, translates
well the linear displacement along the arc corresponding to
the angular opening ¢ . Similarly with regard tox, [9].
Knowing that N is the FMM per unit of current, the flux

seen by the turns of a coll Bj due to the current passing
through another coil 4; has for expression:
27r 1
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The inductance between any two coils will be:
27r 1
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From Figure. 2, the distribution functions of a stator
coil and a rotor mesh can be defined as follows:

N,

s
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Fig.2. Distribution function of a stator coil. 4; .

The analytic integration gives us the results recorded in
table 1. For each given interval we have a value of the

mutual inductance which depends on x,. .

Table 1. Calculated values of mutual inductance between the 1st
stator coil and the 1st rotor mesh

Distance X, in (mm) Inductance L, , (H)
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B. Calculation of inductances with saturation

The calculation of the inductances is done in the same
way as in the case of a uniform air gap except for the
inverse of the air gap function which is replaced by the
following equation [10, 11, 12 13]:

@) g7 (00,2) =itk cos(2 pop—0, )]
g
2k, —1) , 3k
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where, ¢ is the position of the stator, Of is the position of

the gap flux, k, is the saturation factor which is determined

by the ratio between the fundamental components of the
gap voltage in the unsaturated case and the saturated case,

g' is the modified average value of the gap in the presence

of saturation. The analytic integration gives us the results
recorded in table 2. For each given interval one has a value

of the mutual inductance which depends on x, andx .
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Table 2. Calculated values of mutual inductance between the first stator coil and the first rotor mesh with saturation

Distance X, in (mm)

Inductance Lair (H)
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Fig. 3 shows the magnetization inductance of stator phase
as a function of the position of the without (a) and with
(@)

saturation (b).
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Fig.3. Magnetization inductance as a function of the position of the
stator.
(a) without saturation, (b) with saturation

The mutual inductance between the stator phases with and
without the saturation effect is also calculated and shown in
Figure 4. (a-b).
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Fig.4. Mutual inductance between the stator phases 'a' and 'b’

(a) without saturation, (b) with saturation.

It can be noted that the inductance of the stator
becomes constant when the saturation factor is zero
(without saturation), the saturation effect becomes greater
when the inductance becomes sinusoidal and variable as a
function of the position of the gap.

Figures 5. (a-b) and 6. respectively show respectively
the magnetization inductances of the first rotor mesh, the
mutual inductance between the first mesh and the third
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mesh, the mutual stator-rotor mutual inductance without the
saturation effect.
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Fig.5. Magnetizing and mutual rotor inductance without saturation
'a'and 'b'

(a) magnetizing, (b) mutual
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Fig.6. Mutual inductance between the first stator phases 'a' and the
first rotor cell without saturation.

Figures. 7, 8, 9 respectively show the stator-rotor mutual
inductance, the magnetization inductance of the first rotor
mesh and the mutual inductance between the first mesh
and the third mesh with the saturation effect as a function of
the position of the rotor and that of the gap.

Taking into account the saturation in the calculation of
the inductances, allowed us to see the considerable
variations of the latter in their amplitudes and their shapes
compared to the conventional model (without saturation).

It can be concluded that the modeling of our induction
machine, taking into account the effect of saturation,
enabled us to calculate the inductances in a way closer to
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the real case of the distribution of the magnetic flux in the
gap. To better see the behavior of the induction machine, a
detailed study, taking into account the saturation, will be
presented through the simulation results.

Inductance (H)

Theta (rad} 8 . 0
Thetaf {rad)

Fig.7. Mutual inductance between the first stator phases 'a' and the
first rotor mesh with saturation
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Fig.8. Magnetizing inductance of the first rotor mesh with saturation
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Fig.9. Mutual inductance between the first rotor mesh and the
second rotor mesh with saturation.

Simulation results

Once the model of our squirrel cage induction motor is
structured for different cases, we can now approach the
simulation of it. A program written in the Matlab
environment has been developed in our laboratory. The
latter makes it possible to highlight the behavior of the
induction motor without and with the saturation effect. . It
should be noted that the simulation presented in this paper
is performed with a nominal load torque of 20Nm. The
parameters of the induction squirrel cage motor used are
given in the appendix.

A. Simulation of the healthy motor without taking into
account saturation

Figure.10 gives the spectrum of the stator current of the
phase A. It can be noticed that this spectrum is composed
of three important harmonics from amplitude point of view,
there is of course the fundamental harmonic (50hz) and two
other harmonics of frequencies ( 586.6Hz and 686.5Hz).
These harmonics represent the rotor notch harmonics.).
These harmonics represent those of the rotor slot and occur

in pairs at regular intervals and whose expression is given
by the following equation:

Jhe = |:k&(l
p

With f, the supply frequency, p

(22) ~g)t v}fs

the number of pairs of

poles,k =13..., N, the number of rotor bars,v=x+1+3...
and g the slip.
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Fig.10. Spectrum of the stator current for the case of a healthy
motor operation without taking into account the saturation effect.
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Fig.11. Spectrum of the stator current for the case of an operation
without and with the saturation effect.

B. Simulation of the healthy motor with saturation

Figure.11 shows the spectrum of the current for the
case of taking into account the effect of saturation; it can be
noted that there is the appearance of a harmonic at the
frequency 150Hz. The latter will create higher order
harmonics at frequencies (481.7Hz and 781.6Hz), which
can be verified using equation (22) substitutingv by 3.
The presence of these harmonics shows that the harmonic
created by the saturation in turn creates its own harmonics
of rotor slots.

Conclusion

In this work, the spectral content of the stator current in
the presence of the saturation effect based on the concept
of modified winding function is presented. This model used
two approaches first, the winding function to account for the
effect of space harmonics and the second to account for the
saturation effect. The simulation results show that the
saturation is manifested by the creation of the 3rd harmonic
as well as the harmonics of rotor slots relative to this
harmonic.

It should be noted that the saturation is manifested by
the creation of harmonics in the spectrum of the stator
current at the same frequencies as those created by the
imbalance of the power supply and the short-circuit fault
between stator turns.
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Appendix
Motor parameters used
Rated power 3 kw
Power frequency 50 Hz
rotational speed 1440tr/mn
Stator phase resistance 55Q
Stator leakage inductance 0.063 H.
Rotor bar resistance 150 uQ
Short circuit ring resistance 1.59 uQ
Rotor bar leakage inductance 0.603 nH
Short circuit ring leakage 2nH
inductance
Moment of inertia 0.058 kgm®
Coefficient of friction 510 Nm
length 130mm
Thickness of gap 0.18mm
Medium radius 44mm
Number of turns 54 spires.
Number of stator slots 36 encoches.
Number of bars 28 barres.
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