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Abstract—In this paper, a time stepping two-dimensional FEM is
performed for modeling and analysis of a IM with insulation failure
inter-turn fault. FEM analysis is used for magnetic field calculation
and the magnetic flux density and vector potential of machine is
obtained for healthy and faulty cases. Comparing the magnetic
flux distribution of healthy and faulty machines helps to detect the
influence of turn fault. The machine parameters (self and mutual
inductances) are obtained for IM with inter-turn fault. Finally,
the FEM machine model is used for studying the machine under
different fault condition. Study results including phases and fault
currents express the behavior of machine with inter-turn faults. The
symmetrical current components of IM with different fault severity are
obtained by FE study and studied. The machine torque in healthy and
faulty condition is also obtained and compared. The torque vibration
increase upon to degree of fault.

1. INTRODUCTION

Induction machines (IM) are widely used in industry thanks to their
low cost, reasonable size and low maintenance. For these applications
high reliability is required. Therefore, predicting a coming fault by on-
line health monitoring is helpful for increasing the system reliability.
Fault detection and diagnosis leads to predict of coming fault in
the electrical machine drive system by observing the deviation in
parameters and behavior. Furthermore, it is also possible to predict the
fault location. The results of fault studies help the machine designers
to improve the fault tolerance as well the overall design of the machine
drive system.
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One of the most common faults in the electrical motors is the
inter-turn short circuit in the one of the stator coils. The increased
heat due to this short circuit may also lead to turn-turn and turn
to ground faults. The inter-turn fault is mostly caused by mechanical
stress, moisture and partial discharge, which is accelerated for electrical
machines supplied by inverters [1, 2].

Modeling, study and determining the parameters of electrical
machine with insulation inter-turn fault is first step in the development
of fault diagnosis and fault tolerant machine design. These models
exhibit a trade-off between simplicity and precision. Study of transient
and steady-state behavior of electrical machines under fault conditions
by these fault models enable correct evaluation of measured data of
diagnostic techniques [3-8]. Fault study of electrical machines can be
operated either by physical experiments or computer-based analysis.
Obviously, studying fault in electrical machine by computer based
simulation is preferred because of economical, flexibility and safety
problems.

The most used methods for modeling and detection of faults in
electrical machines are: Winding function method (WFM), dynamic
circuit base method (DCM) and finite element method (FEM).

The winding function based method uses motor geometrical
parameters and does not take to account the core saturation [9-16].
The dynamic circuit based methods uses the generalized theory of
electrical machines incorporating gdo axis. The same transformation
process is applied in asymmetrical induction motors [17-21]. The
circuit based model uses linearized magnetic parameters in fault
analysis and detection and therefore, is not very precise and accurate.
However, this method is faster and takes shorter time for computation.
Finite Element Method (FEM) can be used for machine modeling
especially under fault conditions. FEM gives much more precise
information of the machine than other analytical analysis, which uses
magnetic linearized parameters. FEM is based on magnetic field
calculation using machine geometry dimensions and materials. By
calculation of magnetic field distribution, the machine parameters such
as magnetic flux density, inductances and electromagnetic torques can
be obtained. FEM is capable to consider the magnetic field saturation
effect based on motor performance. It also considers the spatial
harmonic effects, split winding pattern and non-linear ferromagnetic
materials in electrical machines [22-29]. Therefore, it can be applied in
modeling and analysis of electrical machines with fault and unbalanced
cases. The study of electrical machines in steady state, transient and
fault conditions requires accurate knowledge of the equivalent circuit
parameters. Furthermore, when a fault occurs the current and flux
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density distribution is more or less modified as a function of fault
severity. Therefore, it is necessary to study the electromagnetic flux
and machine parameters for machine under stator and rotor faults.

Finite Element Method (FEM) is widely used for electrical
machine model and parameter identification especially under different
fault conditions. In [19,20,30,31] the stator inter-turn fault of
electrical machines is studied and analyzed by time stepping FEM.
In [32,33], FEM is used to analysis the induction motor with rotor
broken bars. The magnetic field is obtained for healthy and faulty
machine and compared.

Time stepping finite element coupled circuit method is capable
to study the transient performance of electrical machines. Previously,
the steady state analysis of electrical machines was applied, but thank
to the availability of powerful computers the transient FE analysis
of electrical machines can be carried out by applying time stepping
coupled circuit method.

In this paper, a time stepping two-dimensional FEM is performed
for modeling analysis of a IM with insulation failure inter-turn fault
using Flux-2D software [34]. The turn fault in stator winding
is considered in 25% of one phase winding. The insulation fault
resistance is varied from 50 to lohm. FEM analysis is used for
magnetic field calculation and the magnetic flux density and vector
potential of machine is obtained and analyzed for healthy and faulty
cases. Comparing the magnetic flux distribution of healthy and faulty
machines helps to detect the influence of turn fault. The machine
parameters (self and mutual inductances) are obtained for IM with
inter-turn fault. Finally, the FEM machine model is used for studying
the machine under different fault condition. Study results including
phases and fault currents express the behavior of machine with inter-
turn faults. The symmetrical current components of IM with different
fault severity are obtained by FE study and studied. The machine
torque in healthy and faulty condition is also obtained and compared.
The torque vibration increase upon to degree of fault.

2. FEM IM INTER-TURN FAULT MODEL AND FIELD
STUDY

An inter-turn fault denotes an insulation failure between two windings
in the same phase of the stator. The insulation failure is modeled
by a resistance, where its value depends on the fault severity. The
stator winding of a IM machine with inter-turn fault is represented
in Fig. 1. In this figure, the fault is occurred in the phase as and
1y represents the fault insulation resistance. The subwindings (as,)
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Figure 1. Stator circuit of IM with inter-turn fault in the phase as.

and (as,) represent the healthy and faulty part of the phase winding
a respectively. When fault resistance (ry) decreases toward zero, the
insulation fault evaluates toward an inter-turn full short-circuit. The
evolution between 7y = oo and 1y = 0 is very fast in most insulation
materials.

The physical systems are frequently represented by partial
differential equations (PDE) system associated to boundary conditions
in space and time. FEM allows a discrete representation of these non-
linear equations converting them into an algebraic equations system.
If the magnetic field is time-varying, eddy currents can be induced in
materials with non-zero conductivity. Therefore, the time-varying field
equation can be used for modeling the IM which has eddy current.

The Maxwell flux equation for time-harmonic magnetic problems
is given as below:

1
V x (MVXA>:J—a8tA (1)

where A (Wb/m) is the magnetic vector potential, J (A/m?) is the
total current density vector, u (H/m) is the magnetic permeability and
o (S/m) is the electric conductivity. The current density vector J and
the magnetic vector potential A are normal to the two dimensional
(x,y) plane and the flux density vector B has components only in the

(z,y) plane:
J=1(0,0,Jz), A=1(0,0,4,), B = (B, By,0). (2)

When the oscillating frequency is fixed, we will have the exponential
form for vector potential A as below:

A=A,|ed“ (3)

with w = w, = 27f,. (wy is the source electrical frequency).
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Thus, with constant magnetic permeability yu, the field problem (1)
is described by differential equation:

1 (924, O%A, . .

In this way, a two-dimensional analysis is carried out, yielding
to shorter computation time and field solutions are more easily
interpreted. The 3D effects are particularly important in determining
the IM performances. They are due to finite axial length, stator end-
windings and rotor rings, as well as the rotor slot skewing. The 3D
effects are considered including appropriate elements in the equivalent
circuit which are external to the field solution. In 2D FEM analysis,
it is necessary to take into account the end-winding leakages for
an adequate definition of the coupled circuit [35]. In this research,
the 3D effects such as stator end winding and rotor ring equivalent
parameters are calculated and included in electrical coupled circuit.
The computation time of analysis can be reduced by applying the
geometrical symmetry in machine geometry and boundary conditions.
That means one part of machine is modeled and the magnetic field
calculation is extended to whole part of geometry. It must be noted
that this technique can not be used for study a machine with fault
because the fault will be considered in whole part of machine by
applying symmetry in electrical machine modeling.

For pre-processing stage of FEM analysis, the geometrical model,
physical material properties, mesh generation are required. The
boundary conditions have to be set up with geometrical model. For
transient analysis the electrical coupled circuit is essential part of FEM
analysis. A rotating air gap is considered in the machine geometry.

The two dimensional flux calculations are performed for study and
analysis the IM with stator winding turn fault. Fig. 2 shows the mesh
generation of the studied three-phase squirrel cage IM. The generated

Figure 2. Cross section and mesh generation the studied IM.
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Figure 3. Coupled electrical circuit for transient FE analysis of IM
machine.

mesh nodes number is 25420. The mesh elements are smaller in the
air gap and regions close to it.

The electrical coupled circuit for transient analysis is shown in
Fig. 3. The electric sources and unknown machine parameters are
coupled with the FEM field equations. The FEM electromagnetic field
equations are related to the coupled external circuit as follows:

0A
ot
di
ot

where [K], [C], [@] and [R] are the coefficient matrices and the vector
P depends on input voltage. The magnetic vector potential [A] and
phase stator currents [i] is determined must be obtained from (5). For
the steady-state operation of machine the Equation (5) simplifies to:

x alf]+e m| | -r %)

A JwAl
x alf]+e | -r )
The solution of the field problem consists of the knowledge of
the magnetic vector potential in the field domain. The flux density
is derived from vector potential. Determining the magnetic vector
potential from (5) and (6), the magnetic flux density can be obtained
as:
B=VxA (7)

The flux lines are the lines to which the flux density is parallel.
They correspond to the equipotential lines of the magnet vector
potential.
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The instantaneous joule power losses are given by:

J,|?
P = [ o=l ®)

The stored magnetic energy in the structure can be computed as:

Wm:;//HdBdt://JdAdt (9)

The tangential and normal components of the magnetic force (Fy, Fy,)
can be calculated via the method of Maxwell stress tensors as:

1
Fy=—B,bB;

o

1
210

where B,, and B; are the tangential and normal components of the
magnetic flux density. The electromagnetic torque is calculated as:

(10)

Fy (B, — BY)

Tern = Tl?{BnBtds (11)
Ho

Finite element method is used for field calculation of healthy and

faulty machine using [34] which is suitable for these applications. The

simulation time was set up to 150 (ms) with the step time equal to

0.5 (ms). The machine is in full load operation and supplied by a

voltage source with the amplitude of 50 (V). Machine parameters are
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Figure 4. Winding diagram of the studied IM.
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listed in Table 1. The studied IM has 48 slots and 4 poles with
double layer stator winding. The winding diagram of the studied IM
is illustrated in Fig. 4. To perform the inter-turn fault, the winding
where the fault occurs, is divided into two portions which are linked to
2 sub-windings connected in series (as,,as,). With such a procedure,
the magnetic flux linked with each winding branch is accessible. In
the coupled electrical circuit the fault part of phase winding is short-
circuited with a fault insulation resistance.

The fraction of faulty turns in stator winding inter-turn fault is
considered 25% of phase as winding. The magnetic flux distribution
of healthy and faulty IM at ¢ = 0.4 (s) is shown in Fig. 5. It is seen
that the flux distribution is symmetrical in the case of healthy machine
while it becomes asymmetrical for the machine with inter-turn fault.
It is seen that the path and polarity of flux is changed near faulty
slot windings. Comparing the magnetic flux distribution of healthy
and faulty machines helps to detect the influence of turn fault. The
deviation of flux distribution leads to vibration torque; noise and un-
unified magnetic stress depend on the fault severity.

Fault

@ (b)
Figure 5. IM flux distribution at ¢ = 0.4s (a) healthy machine, (b)

faulty machine.
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Figure 6. Flux density and its harmonics in healthy machine.
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Figure 7. Flux density and its harmonics in faulty machine.
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Figure 8. Vector potential and its harmonics in healthy machine.
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Figure 9. Vector potential and its harmonics in healthy machine.

The radial flux density in the air gap (B) for the healthy and
faulty IM with their harmonics are calculated and presented in Figs. 6
and 7. It can be observed that flux density and vector potential
of the machine with inter-turn fault becomes less sinusoidal and
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unsymmetrical. The harmonic magnitude of the machine is increased
after occurring inter-turn fault. As the turn fault degree increase, the
magnetic field distribution is more asymmetrical and contains more
harmonic components. The odd harmonics of magnetic flux density
produce the principal of MMF in air gap and even harmonics of
magnetic flux density produce the ripples of MMF in air gap.

The harmonics of electromagnetic flux is more visible in the
vector potential variable. Thus, the vector potential over air gap is
obtained by FEM. Figs. 8, 9 shows the calculated vector potential and
its harmonic for healthy and faulty machine. It is seen that in the
case of faulty machine, the vector potential is more asymmetrical and
harmonic components is increased significantly.

Therefore, the stator turn fault in induction machines yields to
magnetic field disturbance and deviation to healthy case which produce
the torque fluctuation, noise and asymmetrical machine. The detection
of fault can be carried out by observing the external values such as:
currents, torque, and power.

Because of asymmetry flux distribution in faulty machine (Figs. 5—
9), using linearized parameters in dynamic fault model for studying the
machine with fault is not very precise. The accurate parameters for
dynamic fault model can be calculated by FEM analysis.

By calculating the electromagnetic flux based on FEM, the
machine inductances can be obtained. The machine inductances are
calculated under fault condition when the inter-turn fault is occurred
over 25% of turn numbers of the whole phase as; winding. The self and
mutual inductances of the healthy and faulty machine are calculated
by FEM analysis. In order to calculate the self and mutual inductances
of IM, the electrical circuit is supplied in only one winding and then the
flux linkage for each bobbin is calculated at synchronous speed (there
is no induced current at synchronous speed). Then, the calculated flux
is divided by the current that is produced the flux, for example we
have: and listed in Table 1.

_ Yoy _ _ Yy _
Lal — . - 07 M(l1(l2 - . =0
7/a1 tag, b, c Zal tag, b, c (12)
_ Yao o . ¢b o
L“2 - . =0, Magb = . =0
’LCLQ taq,b,c Z[lz taq,b,c

The machine parameters (self and mutual inductances) in healthy and
faulty condition are obtained by field study and presented in Table 1.
where L,, and L,, are the self-inductance of the healthy and faulty
parts of phase as winding (as,, as,). Mg, and M, . are mutual
inductances between ag, and the windings bs and cs. In addition,
Mg, a4y, Mo,y and M, are respectively the mutual inductances between
as, and the windings as,, bs and c¢g (Fig. 1).
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Table 1. Studied IM inductances calculated by FEM in (mH). (a)
Without fault. (b) With fault.

La Mab Mac
104.6 | =52 | —52

(a)

La1 LCL2 Ma1a2 Malb - Malc Magb - Magc
67.5 | 16 10.5 —-37.5 —15

(b)

Table 2. Machine parameters.

Description Value
Number of Poles 4
Winding turn No./Slot 2x19
Supply Frequency 50 Hz
Supply Voltage 380V
Stator Inductance 104 mH
Stator Resistance 2Q)
Rotor Resistance 0.4Q
Power Factor 0.86
Inertia 0.14 kg-m?
Efficiency 84%
Slip Speed 4%
Rated Torque 37N-m
Rated Power 5.5kW

3. INTER-TURN FAULT STUDY RESULTS

Two dimensional time-stepping FEM analysis with external coupled
circuit has been used to study the behavior of IM under different
inter-turn winding fault conditions. Machine parameters are listed
in Table 2. The machine is supposed to be supplied by a 3-phase
sinusoidal voltage source (50 V,50Hz). In this paper, for study the
inter-turn fault, the fault insulation resistance and the fault turn
numbers are varied and the results are discussed (Fig. 10).
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Figure 10. Schematics of fault study.
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Figure 12. Fault study result for ry = 5ohm.

In the first case, the fraction of shorted turns is considered to be
25% of the phase as winding. Then, for two different values of fault
insulation resistance: ry = 202 and ry = 52, the phase currents (i4pc)
and the fault current (iy) are obtained by FE analysis and presented
in Figs. 11,12. It is observed that when the fault resistance decreases,
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the fault current and phase currents amplitudes increase and the phase
currents become more and more unbalanced and non-sinusoidal. The
asymmetry in magnetic field distribution leads to more phase current
harmonics. The current of the faulty phase (as) is higher compared to
the currents of the other healthy phases (bs and c;).

The electromagnetic torque of the IM under inter-turn fault
over 25% of phase as winding and fault resistance 12 is shown in
Fig. 13. As it is mentioned, due to asymmetrical field distribution
and nonsinusoidal phase currents, the torque ripple increases in faulty
condition depend on fault degree.

Then, for studying the inter-turn fault severity, the value of the
insulation fault resistance is varied between 1002 and 2. The fault
FEM model of IM is used to study the fault results for each fault
resistance. The fault current profile for these fault resistances of FEM
model and experimental test is shown in Fig. 11. For more clarity the
logarithm of fault insulation resistances is used in Fig. 14.

The symmetric components (Ipy) and the spectral harmonics (1)
of the phases currents for different fault resistances are calculated as
follows:

Iabc,h = (1/T)/Tiabc,h(t) eXp(jQﬂ'ht/T)dt (13)
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Figure 13. Torque of IM (a) healthy machine, (b) faulty machine.
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The symmetric components and the harmonic components of the
stator phases currents versus the log of fault resistance variations are

shown in Fig. 15.
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Figure 15. Phases current symmetrical components and harmonics
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From Figs. 14 and 15, it can be revealed that, as the fault
resistance decrease, the fault current and the phases currents
harmonics and symmetric components will increase. The 3rd harmonic
is very small comparing to main harmonic. It can be seen that from less
than Ry < 3Q or (Log(Rys) < 0.5), the negative sequence is significant
and reaches to about 30% of the positive sequence.

Therefore in this research, using two dimensional time stepping
Finite element method, the IM under various stator inter-turn fault
conditions is studied. The fault study results for different fault severity
and locations are obtained and analyzed. These results can be helpful
for electrical machine designers in the aspect of fault tolerant machines.
Also, it can be useful for fault diagnosis monitoring systems.

4. CONCLUSION

In this paper, a time stepping two-dimensional FEM is performed for
modeling and analysis of a IM with insulation failure inter-turn fault.
FEM analysis is used for magnetic field calculation and the magnetic
flux density and vector potential of machine is obtained for healthy
and faulty cases. Comparing the magnetic flux distribution of healthy
and faulty machines helps to detect the influence of turn fault. The
machine parameters (self and mutual inductances) are obtained for
IM with inter-turn fault. Finally, the FEM machine model is used for
studying the machine under different fault condition. Study results
including phases and fault currents express the behavior of machine
with inter-turn faults. The symmetrical current components of IM
with different fault severity are obtained by FE study and studied.
The machine torque in healthy and faulty condition is also obtained
and compared. The torque vibration increase upon to degree of fault.

The results of this research are expected to help the machine
designers to improve the fault tolerance aspect as well the overall design
of the machine drive system.
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