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Abstract: This study deals with a global method enabling the simulation for the detection of rotor cage faults
i opérating three phase induction motors. This method 1s based on the coupled magnetic circuit theory and

1t presents an application regarding possibilities of predicting the performance in electrical machie. The system
of differential equations describing the induction motor in presence of rotor faults is given. The machine

inductances are calculated by means of the magnetic energy stored in the airgap. This task is performed by the
use of the winding functions method and a previously developed airgap permeance analytical model. Finally,
some simulation results illustrate the proposed global method in the case of the broken rotor bars faults of

induction motors.
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INTRODUCTION

Induction motors play an important role in the safe
and efficient operation of industrial plants. Usually they
are designed for thirty years faults-free lifetime™, but most
of them are not available at all times. The squirrel cage
induction motor is one of the most used machines in
mndustrial application. An mmportant number of these
motors 15 working at critical pomts of the industry
processes, which can result faults in different parts of the
motor™. Unfortunately, the electrical machines protection
system cammot avoid the presence of these faults and
their direct affect on electrical machines, since the
protection apparatus will respond only at the final stage
of the fault!?.

Hence, for several years, an important mumber of
papers dealing with faulty induction machines have been
published. Amongst the various diagnostic methods used
recently and mainly those using a data base containing
information related to the various faults and 1ssued from
the spectral analysis of several motor quantities such as
stator currents, instantaneous stator power,

9 etc... The current stator

electromagnetic torque
approach requires only a current sensor, able to give a
clear picture of the picture of the stator current.
Therefore, the availability of a simulation model in the
study of faulty machine becomes aftractive. Then, the
objective of this study is to develop an accurate model
which 1s capable of predicting the performance of
induction machines under rotor faults. The proposed
model is based on a coupled magnetic circuit approach
and the differential equations system govermng the

induction machine behavior 1 given. The expressions of
the different magnetizing inductances and mutual
inductances are derived from the stored magnetic energy
1n the air gap unlike the widely used method based on the
air gap flux across the windings™. The stored magnetic
energy in the air gap is calculated using the winding
functions theory®” and a previously developed doubly
slotted air gap permeance model™. The rotor bar skew is
also taken mto account m the inductances calculation.
The rotor bar resistances as well as the rotor end ring
resistances depend on the rotor speed with conventional
formulas.

Finally, some simulation results illustrate the
proposed model in the case of healthy machine and one
broken rotor bars.

MODELLING OF INDUCTION MACHINES

A squirre]l cage three phase motor is considered, its
rotor 15 composed of g 1solated bars, uniformly distributed
on the rotor surface and short circuited with two rings.

The rotor is described in the terms of loops as shown
in Fig. 1. Rotor loop currents are defined as the currents
flowing in loops comprising two adjacent rotor bars and
the portions of end ring joiming them. Each rotor bar and
end ring segment are characterized by a resistance and
inductance. For an ¢ bars-rotor, three-phase squirrel cage
induction motor, q + 3 windings couple with each other
through the air gap flux.

In order to study the motor performance during a
faulty rotor, a model is being used in witch the cage of
the rotor is equivalent to a mesh circuit. The differential
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Fig. 1: Rotor cage equivalent circuit

equations system of the induction machine in the healthy
case and the broken rotor bars will be given in the case of
delta connected stator phases. Usually, the neutral line of
the stator phases of induction machines is not connected
and the star connected case equations are obtained from
the delta connected case ones by replacing one phase
current by minus the sum of the other phase’s currents.
The number of differentials equations obtamed 1s equal to
number of bars plus one!".

For the case of Healthy Machine, the model
considered m replacing the q bars squurel cage by an
equivalent circuit contaimng q + 1 magnetically coupled
meshes. The current in each mesh of the rotor cage is an
independent variable. Classical assumptions are to be
considered such as infinite permeability of iron as well as
no inter-bar currents. With these assumptions, the system
of differential equations describing the behavior of
induction machine with m stator phases and ¢ rotor bars
can be written in vector-matrix form and in a compact

manner as follows!'"'?,
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Where:
[R] and [I.] are the resistances and the inductances
matrices respectively;
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T, is the load torque and.J is the inertia moment of
the machine.

In addition, the calculation of all the relevant
inductances for the mduction machine 15 based on the
winding functions™. Their expressions were derived from
the calculation of the air-gap flux embraced by the
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windings. This method results to the use of the
distribution function of the windings in the calculation of
mutual inductances. In the exposed model, the calculation
of mductances 1s derived from the magnetic energy stored
in the air-gap. The mutual inductance between winding ‘i’
and winding ‘j” is expressed by following formulae.

L,

Lt
L,®=—]
Hy 3

F,.(6,6,,2).F, (6.0,,2)e(6,0,.2)

PR

S S—

©

P?(6.0,,z)R _(6,0,,2)d9,.dz

With the R,, (6, 0, z) is the average radius of the
air-gap given by:

R, (6.6,,z)=R, +¢(6.6,,2)/2 (10)

2 ¥gn

Where:
I is the effective airgap axial length;
e(B,0,, z): is the effective air-gap function;
F,.(0,0, 2): 1s the winding functions of winding ‘1”;
F, (0.0, 2) 1s the winding functions of winding ;
AndP (6,8, z): is the airgap permeance function.

Broken rotor bars can be a serious problem with
certain induction motors due to arduous duty cycles.
Although broken rotor bars dot not mutially cause an
induction motor to fail, there can be serious secondary
effects. The fault mechanism can result in broken parts of
the hitting the end winding. This can cause serious
mechanical damage to the insulation and a consequential
winding failure may follow, resulting in a costly repair and
lost production™.

For the study of Broken Rotor Bars, the rotor cage
15 modeled by an equivalent circuit contamning q + 1
magnetically coupled meshes. Practically, the rotor bars
are numbered from 1 to ¢ either a bar is broken or not and
their state 1s saved (broken or healthy). In order to define
the rotor meshes, one searches the first healthy bars
which constitute the first bar of the first mesh. The
following healthy bar is the second bar of the first mesh.
The second and following rotor meshes are constructed
m the same mammer. Consequently, if mesh 'k' is
constituted by bar ' and bar ') separated by ny
consecutive broken bars, the resistance of mesh 'k' is
given by:

R, =2R +2.(n +1).Re (11)

k b bb

And the total inductance of mesh 'k' 1s:

L =L +2.L

mkk ~ Crrkk 'cb”'(“

+1).L (12)

bb Ge

Where, L, is the magnetizing inductance of the
mesh ‘i’ given in"Y. It is important to note that the
winding function of a mesh is obtained by the summation
of the winding functions of each of the two bars
constituting the considered mesh. Also, the mutual
inductance between mesh 'k' and the end ring become

+ 1).L (13)
(015

Lke (b
Obviously, the new dimension of system (1) is
obtained by subtracting the total number of broken bars
from its dimension in the healthy case (m + q+ 1). The
mutual inductances between rotor meshes on one side
and between rotor meshes and stator phases on the other
side are calculated by means of expression (9) with the
use of adequate winding functions for meshes contaming
broken bars.
In the same manner, the end rings are numbered from
1 to q either an end ring is broken or not and their state 1s
saved (broken or healthy). When a broken end ring
occurs, the corresponding cage mesh in the healthy case
is included in the ring mesh. So, if n,, designates an
adequate number of broken end rings, the resistance of
the ring mesh is expressed by:

R_ =qR_+n, R, (14)

The number n,,. must de determined by an adequate
algorithm based on the different changes in the cage
circuit induced by the broken end rings. A similar
algorithm 1s used to determine the magnetizing and
leakage inductances of the cage meshes and the ring
mesh which total mductance is expressed by

Lmee - 2'LCFb

bb

+2.(n +1).LGe

+ E‘erkk (15)

The L, are the magnetizing inductances
corresponding to the meshes containing a broken end

ring and which belong now to the ring mesh.
SIMULATION RESULTS

Simulations are carried out using a motor which has
parameters: 4 Kw, 230/400v, 14.2/8.2 A, 2840 rpm, 2 poles,
24 stator slots, 30 rotor bars. Many simulation results can
be exposed here but we choose to show the alpha-beta
axes currents pattern (Concordia transform) and the
electromagnetic torque waveforms for the work 1s carried
on a healthy motor first and then carried on a faulty motor.
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Fig. 2: Shape of electromagnetic torque and Concordia’s vector pattern in the case of healthy machine

Fig. 3: Shape of electromagnetic torque and Concordia’s vector pattern m the case of broken bar

In the study of healthy machine, the Concordia
current components lead to an alpha-beta’s vector is
represented by Fig. 2 and its representation give a
circular pattern centered at the origin. The presence of
faulty bars is illustrated by Fig. 3 and corresponding
to the breaking of two broken bar case. In the
study of broken rotor bar, the Concordia’s wvector
pattern remains circular with regular geometric
forms around the mam circle and the electromagnetic
torque waveforms is clearly modulated by the 2sf
related to the (14+2s)f, stator
This  phenomenon can be exploited by pattern
recogmtion algorithms 1ssued from the

processing methods.

current harmonics.

image

CONCLUSION

In this study, a winding function theory based global
model for the simulaton of faulty inducton
machines under stator and rotor faults was presented. An
approach based one the drowming of the Concordia
current components for the monitoring of induction motor
by computer is being used. However, the interest of the
used technmique lies in the possibility to detect bars fault
in the possibility to detect bars fault by the distortion of
the Concordia current components leads to an alpha-
beta’s vector. The inductances calculation based on
magnetic energy considerations was exposed and the
numerical storage of inductances was discussed. The
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simulated results show that rotor cage faults can
effectively detected by the proposed approach.
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