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ABSTRACT

The paper presents the use of the two-dimensional finite element method for
modeling the three-phase squirrel-cage induction motor by using circuit coupled
method. In order to analyze the machine performances, the voltage source is considered.
The Ansys magnetic analysis software is used for calculating the magnetic field of an
induction motor having a cage fault. The experimental results prove that the proposed
approach constitutes a useful tool for the study and diagnostics of induction motors.
Keywords: Induction motor, finite element, broken rotor bars, time stepping finite
element (TSFE), spectra

1. INTRODUCTION

Rotor faults of induction machines yield asymmetrical operation of this one, causing
unbalanced currents, torque pulsation, increased losses and decreased average torque.
The need for detection of rotor faults at an earlier stage, so that maintenance can be
scheduled, has pushed the development of monitoring methods with increasing
sensitivity and noise protection. For that, a model closer to reality considering faults
conditions must be established. An analytical analysis method based on the rotating
field theory and coupled circuit was used [1]. In works, where the machine inductances
are caculated and the machine performance is studied under faulty conditions, the
Winding Function Approach (WFA), is used, where several assumptions and
approximations of the actual machine layout are made, like the effects of stator teeth
and dlots, which are omitted in the calculations [2].
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The modeling with finite element method represents a high fidelity electromagnetic
behavior. Which leads to more precise results than other models, as the actual geometry
and winding layout of the machine are used? The consideration of the behaviour of the
local electromagnetic induction machine provides a more accurate modeling. The
numerical solution of Maxwell’s equations governing the behavior of electromagnetic
fields and the consideration of the equations representing the electrical supply circuit of
the machine reduces the ssimplifications made in the classica models. In analysis of
induction motors, the input current, not the voltage, is usually used. The voltage source
which is mainly discussed is usually used. The voltage source which is mainly
discussed in this paper is more suitable than current source. The externa circuit that
represents the electrical sources and circuit components are coupled to the FEM. Only
the terminal voltages applied to the motor are required as known input quantities, and
the total terminal currents are the unknowns to be eval uated.
The use of time-stepping finite elements is the most precise way, up to date, for
modeling the coupled field-circuits and motion of induction motors, accounting for
space harmonics [3]-[6].
This paper represents the transient state modeling of cage induction motors using the
coupled electric circuit with 2D finite element electromagnetic field analysis. The
Ansys magnetic analysis software is used for calculating the magnetic field of an
induction motor for the normal rotor, and for broken bars.
2. FINITE ELEMENT MODEL APPLIED TO THE ASYNCHRONOUS
MACHINE
Generally, the eectric machine and apparatus are excited by connecting the external
constant power source. Thus, it is necessary that the characteristics will be calculated
under the constant terminal voltage. In this paper, the three-phase induction motor is
analyzed by finite element method taking into account the terminal voltage. All the
stator and rotor slots are represented in the circuit domain by defining real constants to
conductor area in the FE domain. The motor is excited to its rated voltage and

frequency using a three-phase voltage source.



N. Halem et al. J Fundam Appl Sci. 2011, 3(1), 111-125 113

Table 1. Characteristics of the machine

Variable Value
Rated power 1.1kwW
Rated Voltage 230V
Frequency 50 Hz
Speed 1425 rpm

Number of stator slot 48

Number of rotor slot 28

Lamination length 55 mm

The Fig. 1 shows the stator electric circuit model, the CIRCU124 elements are an
intermediate between the magnetic circuit of the stator and the external electric circuit
using the coupling commands.

For the FE magnetic circuit model as shown in Fig. 2, both stator and rotor magnetic
circuits are modeled with type PLANES3 element. The stator slots containing the coil,
are modeled by using the type PLANES3 element option KEY OPT (1) = 3, the squirrel
cage bars are modeled with the type PLANES3 option KEY OPT (1) = 4.

In the present work the bars are coupled to the end ring resistance through the massive
conductor circuit element which is an intermediate e ement between the F.E regions and
the external circuits, the end ring inductance is neglected. Asillustrate in the Fig. 3, the
squirrel-cage rotor of the study motor has 28 bars connected at both ends through end-
ring connectors resistance, the other end of the massive conductor circuit element is
connected to a small resistance which stands for the bar portion which is not laid down
the stator field, all these resistances are connected to a common point having zero volt
boundary [15].
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A detail of the mesh used for simulation is shown in Fig. 4, as illustrated in the region
of the gap is geometrically divided into two equivalent regions, the first is related to the
stator, called stator-air, and the second region connected to the rotor, called rotor-air, so
the middle of the gap there are two lines that occupy the same space, the first line is
related to stator-air region, while the second line is related to rotor-air region. Note that
these two regions of the gap must be meshed separately.

Fig.4. Finite element meshes

The rotor air is joined to the stator with stator air by using coupling equations. The
elements belong the outer line of the rotor air and the nodes belong the inner stator air is
coupled together by using the coupled command. After the coupling, the rotor can rotate
with any angle as your wish. Though this process, the mesh sizes of the moving meshes
in the air gap are changed to accomplish the nodal connectivity to the adjacent meshes.
At the adjacent, the slip boundary is established.
Once the magnetic field is determined by the time-stepping finite-element method, the
magnetic force and torque are calculated by using the Maxwell stress tensor. Then
mechanical motion is solver by the Runge-Kutta method. After the mechanical equation
determines a new angular and radial position of a rotor, the finite-element model is
rearranged by moving mesh technique to recal cul ate the magnetic field [15].
There are two types of motion for a specific analysis of the induction motor:
= Rotor rotation at constant angular velocity. For the constant speed motion, the rotor
speed is specified in rpm. This time stepping scheme alows us to model the motor at
the speed where there are harmonic problems.



N. Halem et al. J Fundam Appl Sci. 2011, 3(1), 111-125 116

= Rotor motion is governed by the mechanical equation. This time stepping scheme,
coupled with the mechanical equation, allows us to model such transient dynamic
behavior of the induction motor as the start up or motor operating condition after a
load modification.
In this paper, the induction motor is simulated by using typel under rated conditions.
For a given constant speed, an electrical cycle is divided into 72 discrete steps. In each
time step, the coupling equations of the slide boundary are cleared. Then the rotor is
rotated by 5 degrees and rebuilding the new coupling equations on the slide boundary.
In the first time step, a static analysisis performed to establish the initial magnetic field.
The initialized time is 0 second (actually using 10-9 as ANSY S does not allow 0 as a
time step) [15].
3. SIMULATION RESULT WITH CONSTANT SPEED AND LINEAR
MAGNETIC MATERIAL
Fig. 5 shows the magnetic field distribution at steady state for healthy rotor. When the
dlip is small, the eddy current in the secondary conductor is small either. Therefore, the
flux passes through the inside of rotor because of small effect of the field caused by
eddy current. But above this, the results show that flux distribution is symmetrical in

each pole.

Fig.5. Magnetic field distribution
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Fig. 6 shows the magnetic flux distribution of a rotor cage with 5 broken bars at the
transient state. When the dlip is large, the eddy current shows a large value. This high
value of dip is necessary to illustrate the effects of the broken bars on the field. The
concentration of magnetic flux is observed around the broken bar and creates

asymmetric magnetic flux distribution [7]-[9].
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Fig.6. Magnetic flux distribution at the transient state
Top: Healthy rotor, Bottom: 5 broken bars
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One can notice that the region around the broken bar of the rotor has a higher degree of
saturation in comparison to the same region with no broken bars [10]. Thisis due to the
fact that in the broken bar region there is no localized conductor demagnetization effect

since these bars carry no currents [11].
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Fig.7. Waveform of the air gap flux density

Fig. 7 shows the waveform of the air gap flux density along a circular contour in the air-
gap. The flux densities have a symmetrical distribution in healthy state. The
perturbation in the magnetic field produced by 5 broken bars results in a non
symmetrical field [12].
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4. SPECTRUM ANALYSISOF STATOR CURRENT
An induction machine rotor asymmetry introduced by broken bars produces spectrum
lines of stator current at frequencies:

foy = fo(1%2ks) (1)
Wheref, is the electrical supply frequency, sisthedip, k=1, 2, 3..., respectively.
In fig. 8, the spectra of the simulated stator current with healthy rotor and with 5 broken
bars are represented. In case of broken rotor bar, the rotor is electrically asymmetric and
the backward rotating field is created. The current spectrum reveals sidebands expected
around the supply frequency given by (1) [13]-[14].
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Fig.8. Simulated current spectrum, a) Healthy rotor, b) Rotor with 5 broken bars
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In order to have a better understanding of rotor broken bar, it may be necessary to
examine the higher frequency components of the frequency spectra. When we took into
account the space harmonics, additional frequencies given by:

fbbz = fs{h -9+ S} 2
P

Where p is the number of pole pairs and k/p=1,3,5, ...
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Fig.9. Simulated current spectrum with healthy rotor
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Fig.10. Simulated current spectrum with 5 broken bars

The spectra of the stator current of the machine when it runs in healthy conditions are

shown in Fig. 9. The spectra of the stator current of machine when it runs in faulty
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conditions are shown in Fig. 10. It is obvious that besides the supply frequency
component, higher frequency components exist around the principal slot harmonics and
around some frequency components (150 Hz, 250Hz, 350Hz...) as was predicted. The
stator current frequency described by (1) and (2) can be detected over the observation
bandwidth between 0 Hz and 1000 Hz.

5. EXPERIMENTAL RESULTS

In order to validate the simulation results, a special test model was used. It is a 1.1kW
220/380V 50Hz four pole induction motor whose stator windings were modified in
order to have accessible severa tapping. That can be used to introduce inter-turn short
circuits with different number of turns. This test bench is available at the LAII in
Poitiers, France.

The spectrum of Fig. 11 shows the measured current waveform spectra with healthy
rotor and with two broken bars. The current spectrum reveals sidebands expected
around the supply frequency. Even for a motor in a hedthy state, there are aways
frequency components but of low amplitudes, thisis due to the natural asymmetry of the
motor, and on the other hand from the power supply (distortion in the power supply
voltage waveform). As can be clearly seen through Fig. 12, the occurrence of two
broken rotor bar increases significantly the magnitudes of severa sidebands around the

fundamental.

o
—
- -
- -
R
|
—

|

T e e e Bt s Bl Ty - --
|
|

0| el e i T e e T

B e e e e e e -

-40F - - -

Magnitude (dB)

-50F - - - -

60~~~ -

-70F----

F-—r-—=—T-—1--°a--
- — k== =4 —— 4= —

-80

o
-
o
N
o
w
o

40 50 60 70 80 90 100
Frequency (Hz)

Fig.11. Measured current spectrum with healthy rotor
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Fig.12. Measured current spectrum with two broken

The spectrum of Fig. 13 shows the measured current waveform spectra with healthy
rotor. We notice the presence of the slot harmonics in addition to the harmonics due to
saturation. The lower rotor slot harmonic is visible at 620 Hz. As envisaged during
simulation, we show the presence of the harmonics components of high frequencies. In
order to avoid any misinterpretation, all spectra components having magnitudes less

than -70 dB are assumed as noise.
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Fig.13. Measured current spectrum
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Fig.14. Measured current spectrum with two broken bars

Furthermore, the Fig. 14 shows, clearly, considerable changes in magnitude for the
sidebands around the 3rd, 5th and 7th current time harmonics, for a motor with two

broken bars.

6. CONCLUSION

This paper presents the circuit coupled finite element method used to modeling the
Three-Phase Squirrel Cage Induction Motor. For this purpose, the time-stepping finite
element method (TSFE) was proposed. The determination of magnetic flux density
waveform, magnetic flux distribution was obtained. The perturbation in the air-gap
magnetic field produced by broken bars results in a non-symmetrical field. The
simulation with constant speed and linear magnetic materials was used in order to
eliminate their influence. As envisaged during simulation, the presence of harmonic in
current spectra at low and high frequency confirm the experimental results, proving that
the proposed approach constitutes a useful tool for the study and diagnostics of
induction motors. It will be mentioned that this approach is limited only to the
evaluation of the component frequencies induced by the broken bars fault.
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