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Abstract—In this work, a multi-domain model of the stator core
of an electric machine is presented. Its electromagnetic behavior
and the thermal dynamics are represented using Bond Graph.
This approach makes apparent the topology of the machine and
the energy exchange. This feature enables the model for the easy
representation of faults and analysis of their consequences in the
thermal/magnetic/electric domain. The proposed model is used for
reproducing the behavior of the stator core during an inter-laminar
insulation test. The model is capable to reproduce the thermal
distribution when a fault in the stator core occurs. This contribution
helps to estimate the additional iron losses due to the stator core fault
based on the thermal distribution. Additionally, this methodology
could help to define the proper maintenance intervention to be
performed on the machine.

1. INTRODUCTION

The early detection of failures in electrical machines is gain-
ing interest, in correlation with the growing complexity of the
systems using these machines. It is worth mentioning that a
machine failure often produces a system damage or outage
leading to much higher costs than the replacement of the
machine itself. The early detection and accurate evaluation
of incipient failures, allows to repair or replace the machine
in a scheduled maintenance procedure, before any damage or
outage.

There are numerous methods proposed in the literature for
failure detection and evaluation [1], [2]. They can be clas-
sified in offline methods, which require to take the machine
out of operation (with or without disassembling [3]); and
online methods, which evaluates the machine while being
in operation [4]. Online methods which only evaluate the
stator voltages and currents [5], [6] are, on the one hand, the
most challenging. On the other hand, their implementation is
simple in inverter-driven machines.

Stator core faults (SCF) are caused by inter-lamination
short circuits, see Figure 1. These can propagate, because the
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FIGURE 1. Real stator core fault in a 294 kW induction
machine.

localized heating due to the eddy currents through the shorted
lamination produces further damage in the inter-lamination
insulation or even melt laminations together [7]. Stator core
failures are less frequent than other failure types. However,
they can also produce important damage and they are more
difficult to detect in an early stage [2]. Only a few online
methods have been reported until now, namely: gas particu-
late core condition monitors [1], external flux density sensor
[7] and signal injection for small machines [8]. For further
development of these detection methods, an adequate model
of the machine for representing inter-lamination short circuit
effects is crucial.

In [9], a model is proposed to evaluate the increase of
losses in the shorted laminations. This model analyzes the
local phenomena disregarding its interaction with the whole
machine. An approach to estimate the current through inter-
lamination contact in a transformer core is proposed in [10].
By using a permeance network, the impedance of a coil
around the faulty core is determined. Two-dimensional (2D)
and three-dimensional (3D) analytical models are presented
in [3] to evaluate the core fault currents and how they are
detected by the magnetic probes as used in offline methods.
In [11], a 3D finite element model (FEM) is implemented and
validated with an offline detection method considering just a
portion of the machine core. The 3D FEM are computational
intensive thus they are not adequate for the design (synthesis)
of online fault detection methods. Electric machine models
which consider the thermal behavior are presented in [12]
without experimental validation. Moreover, such proposals
are not oriented to a specific SCF test.

The aim of the present article is to develop a multi-domain
model including inter-lamination short circuits. The proposed
model supports the analysis of the electromagnetic and ther-
mal implications of the fault, leading to evaluate the severity
of the stator core faults.

The model proposed in this article is based on a magnetic
equivalent circuit (MEC) [13] which is a halfway approach
between lumped parameters [14] and those finite element
models proposed in [15]. The model is represented using
Bond Graph (BG) which is best suited to represent multi-
domain systems, as stated in [16]. Additionally, it provides a
direct correspondence with the topology of the system thus
different faults can be easily introduced.

This model also gives us new important information about
the temperature evolution in order to find new indicators for
early detection of SCF. This information is applicable to both
offline and online experimental tests. In addition, the uti-
lization of this methodology would help to define the proper
moment for repairing and the maintenance intervention to be
performed on the machine.

2. ELECTROMAGNETIC MODELING

In the traditional MEC method the magnetomotive force
(MMF denoted by F) is considered analogous to voltage,
while magnetic flux (�) is analogous to electric current.
Reluctance (R) is then equivalent to electric resistance and
Hopkinson’s law (F = R�) is a counterpart to Ohm’s law.
Although these concepts have been widely used, from the
energetic point of view, they are not satisfactory. Actually, the
reluctance behaves as a magnetic-energy storage element and
not as a dissipative element [17]. This fact is easy to under-
stand if the effort and flow variables are analyzed [18]. These
variables could be obtained from any complex mathematical
expression such as a matrix, vector or phasor. When modeling
a system, the effort and flow are usually chosen such that their
product is power. Table 1 shows these variables for different
domains and the product of their units. It is thus evident that
in the magnetic domain, with the traditional approach, this
product results in energy unit.

An alternative analogy between magnetic and electric
domains is proposed in [19], where F is maintained as the
effort variable, but the flow variable is the rate-of-change of
� ( d

dt �). With this alternative analogy, the effort-flow product
is power ((A) (Wb/s) = (W)) and the permeance (P = 1

R ) is

Effort Flow Effort Flow
Domain (unit) (unit) Product

Thermal Temp. (K) Entropy flow ( J
Ks ) (K J

Ks ) = (W)
Electric Voltage (V) Current (A) (V A) = (W)
Mechanic Force (N) Velocity ( m

s ) (N m
s ) = (W)

Magnetic MMF (A) Mag. flux (Wb) (A Wb) = (J)

TABLE 1. Effort and Flow variables for different domains.
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equivalent to electric capacitance. It is related with the other
variables by: d

dt � = P d
dt F .

2.1. MEC Model

The SCF occurs when the inter-laminar insulation deteriorates
producing an increase of eddy currents that circulate along
the key bars and the laminations affected by the fault, see
Figure 2(a). Eddy currents that circulate under non-faulty

FIGURE 2. (a) Stator core fault, (b) ideal system, and (c)
MEC model.

operation are represented with the current loop ied circulating
along the total perimeter of the core section, see Figures 2(b)
and (c). The model includes an external test coil used to
perform the inter-laminar insulation test [20], that consists in
generating a flux in the core. Figure 2(b) shows the idealized
physical system that represents the arrangement of the test.
For this analysis, all flux from induction and fault is assumed
to remain circumferential within the laminations. The test
coil, with Ni turns and resistance Ri, is fed by a voltage source
(Vi). In the same figure, the SCF is modeled as a current loop
i f embedded in the core. In this model, the severity of the
SCF can be varied changing the width of the current loop.

The criteria adopted to obtain the MEC model consists
on considering as a single magnetic element those portion
of material, where the magnetic flux is colinear and the
permeability is constant. The resulting model is depicted in
Figure 2(c). Based on the electromagnetic representation of
Figure 2(c), the equations of the MEC can be obtained, by
inspection from Figure 2(c), as follows:

a2 − f2(�2) = 0 (1)

a2 − F f − f f (� f ) = 0 (2)

a2 − Fi − Fed + fi(�i) = 0 (3)

f12(�i) + f41(�i) + f34(�i) = fi(�i) (4)

Here, ak, with k =1, 2, 3 and 4, represents the mag-
netic potential in the nodes (a3 was chosen as the reference
magnetic node). Subscripts i, ed, and f represent variables
associated with input, eddy currents, and fault circuits,
respectively. More complex analytical models for computing
eddy currents are presented in [21].

In order to consider the B–H curve of the material, all
permeances of the MEC were modeled as non-linear [22].
Figure 3 shows the B–H curve of the core material obtained
experimentally and its approximation (dashed line) of the

FIGURE 3. Experimental B–H curve and an approximation
without hysteresis.
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curve without hysteresis. The model used to fit the B–H curve
is given by [23]:

f (�) = lα1

S
� + lαn

Sn
�n + lβ1

S

d

dt
� + lβm

Sm

(
d

dt
�

)m

(5)

The first and second terms of (5) represent the non-linear
saturation of the material, see the dashed line in Figure 3,
while the third and fourth terms represent the magnetic hys-
teresis. The constants of (5) (α1, αn, β1, and βm) are adjusted
from the experimental B–H curve. Parameters l and S are the
magnetic path length and the cross-section of the magnetic
tube, respectively. For the magnetic tubes affected by the fault
the cross-sections (S2 and S f ) are given by:

S2 = (1 − δ)St

S f = δSt

}
→ 0 ≤ δ ≤ 1 (6)

where St is the total cross-section of the core in the faulty
region and δ is the severity factor. δ is defined as the propor-
tion of axial length of the motor which is faulted, namely:

δ = 0 → healthy operation
δ = 1 → complete inter-laminar short circuit.
The electric and magnetic domains are related by the fol-

lowing equations:

Fi = Nii ; F f = Nf i f ; Fed = Nedied

λi = Ni�i ; λ f = Nf � f ; λed = Ned�i
(7)

where Ni, Nf , and Ned represent the numbers of turns of the
test coil, the fault loop, and eddy current loop, respectively.
The dynamic equations for electric domain are obtained ana-
lyzing Figure 2(c) as:

λ̇i = d
dt λi = Vi − Rii ; λ̇ f = d

dt λ f = −R f i f (8)

where V , i, R, and λ are voltage, current, resistance, and flux
linkage, respectively.

R f represents the equivalent resistance of the fault loop
and it can be estimated by calculating the resistances of the
following paths: the key bar, sheets of lamination and the
fault, as it was indicated in Figure 2(a). For the simulation, it
was used R f = [0.1123, 0.1401, 0.1680] � for the following
severity factors δ = [0.3, 0.65, 1].

2.2. Representation Using BG

The BG representation of the magnetic circuit is obtained
from the ideal system proposed in Figure 2(c). The resulting
model is depicted in Figure 4.

This model is called “Permeance Network Model” [24]
and presents a direct correspondence with the topology of
the real system. By using BG, the complete representation is
obtained without resorting to any mathematical model.

FIGURE 4. Structure of the magnetic circuit in BG.

The magnetic material is represented using a non-linear
capacitor (CH) and a non-linear resistor (RH) which relates
effort and flow as follows:

� = �0 +
∫ t

0
f (τ ) dτ

e = F1 = lα1

S
� + lαn

Sn
�n (9)

e = F2 = lβ1

S
�̇ + lβm

Sm
�̇m (10)

From (9) and (10), it can be inferred that the dynamics of
this BG element is equivalent to (5). The BG representation
is shown in Figure 5.

The coupling between electric and magnetic domain is
represented using a gyrator element (GY) with constitutive
relationship given by:

e2 = N f1 ; e1 = N f2 (11)

where N is the number of turns, thus making the expression
equivalent to (7).

The representation of the complete electromagnetic system
includes the electric dynamics and its structure is simplified,
by assuming a3 = 0, see Figure 6.

FIGURE 5. Representation of the permeance in BG.
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FIGURE 6. Complete electromagnetic model using BG.

3. THERMAL MODELING

Due to the negative impact of overheating on the motor life,
models capable to reproduce the electromagnetic and the
thermal dynamics become essential to evaluate the thermal
impact of different faults. The thermal model of the system
is first presented in Section 3.1 together with the modeling
hypotheses. The representation using BG, based on these
hypotheses, is then presented in Section 3.2

3.1. Thermal Model

The thermal model [25], [26] considers teeth and slots as
independent elements, see E3 and E4 in Figure 7(a). To keep
consistency, the external part of the stator yoke is divided
into two elements (E1 and E2). This array of four elements is
repeated 48 times which is the number of stator teeth/slots.
The complete connection of these elements gives rise to a 2D

FIGURE 7. (a) Division of elements in the 2D model of the
stator core, and (b) BG representation.

thermal model of the stator core. Next, the criterion adopted
to model the thermal behavior is summarized:

� E1, E2, E3, and E4 interchange heat by conduction with
their neighbors and dissipate heat to the environment.

� The stator yoke (E1 and E2) receives the heat dissipated
in Red and RH.

� The tooth and E1 where the fault occurs receive the heat
dissipated in R f .

� Elements surrounded by the test coil interchange heat by
conduction with it.

� Test coil is considered as a single element that receives
the heat dissipated by Ri and dissipate heat toward the
ambient.

� Thermal radiation is neglected.

Conduction Between Elements is produced as consequence
of the temperature difference. Each element interchanges heat
by conduction according to the experimental Fourier law:

∂Q

∂t
= −A

ρ

∂T

∂x
(12)

The rate of heat transfer (∂Q/∂t) takes place through the
cross-sectional area A; ρ is the thermal resistivity between the
elements. ∂T /∂x is the spatial temperature gradient. In this
case:

∂T

∂x
= �T

�x
= (Ti − Tj )

�x
(13)

where Ti, j is the temperature of element (i, j) and �x is the
distance between the center of elements.

Dissipation Toward the Ambient takes place by conduction
and convection. This process can be considered as conduction,
where the thermal resistance is modulated as a function of the
ventilation. In our case, there is not forced ventilation thus the
resistance remains constant. The temperature on the other side
of the thermal resistance is maintained equal to the ambient
temperature tamb.

Heat Storage is based on the first law of thermodynamics
and assuming that neither phase change nor network occur in
the element:

Q = γ�T (14)

where Q is the absorbed heat, γ is the heat capacity, and �T
is the temperature variation produced in the element.

All the sources of entropy plus the incoming/outgoing
entropy via conduction conform the total flow of entropy (Ṡ).
The rate of heat flow (∂Q/∂t) is obtained by multiplying the
total flow of entropy and element temperature. Hence, (14)
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can be re-written in differential form as:

Ṡ = d

dt
S = γ

T

d

dt
T (15)

Equation (15) is used to determine the temperature evolution
using total flow of entropy and the initial temperature.

3.2. Representation Using BG

The complete thermal behavior modeled in BG is presented in
Figure 7(b). Here the bondgraphic generalized effort (e) rep-
resents temperature (T ) and the flow ( f ) is the flow of entropy
(Ṡ).

Conduction Between Elements is represented with a ther-
mal resistance “Rth” whose relationship between primary and
secondary bonds is

f1 e1 = 1

θ
(e1 − e2) (16)

f2e2 = f1e1 (17)

where the product f1 e1 is the rate of heat flow (∂Q/∂t).
Replacing θ = ρ �x/A (thermal resistance), (16) becomes
equivalent to (13). To model the effect of ventilation in the
dissipation toward the ambient, θ is modulated. In this case, θ

is constant given that no ventilation is applied. Equation (17)
states that the outgoing heat from an element is totally trans-
ferred to the other.

Dissipation Toward the Ambient in BG is a special case
of conduction where the thermal resistance is modulated as
a function of the ventilation and the ambient temperature is
fixed using a source of effort (Se = tamb).

Heat Storage is represented with a thermal capacity Cth.
It inherits the relationship from electric capacity but in this
case the value of the capacity is inversely proportional to ele-
ment temperature (i.e., C = γ /e). With this substitution, the
relationship becomes equivalent to (15).

The BG representation of the 2D thermal model is finally
presented in Figure 7(b). Here, subscripts 1,2,3,4 and a used
in parameters refer to E1,2,3,4 and ambient, respectively. Red,48

refers to the portion of Red that corresponds this element.
It is worth mentioning that all parameters used in the ther-

mal model are obtained directly from the geometry of the
machine and the intrinsic parameters of materials.

3.3. Coupling the BG Electromagnetic and Thermal
Models

The incoming heat produced by the dissipation on the electric
resistances (Red and R f ) is modeled with a resistive source
“RS.” Relationship between primary and secondary bonds is
given by:

e1 = R f1 ; f2 = f1e1/e2. (18)

Primary bond (indicated with subscript 1) belongs to the elec-
tric domain and has free causality. Secondary bond (subscript
2) enters the thermal model as a source of entropy.

In order to contemplate the power dissipated in the RH that
represents the magnetic hysteresis, this element is redefined as
a bi-port element (magnetic resistive source). Primary bond
belongs to the magnetic domain and secondary bond enters
the thermal model as a source of entropy. Its constitutive rela-
tionship is given by:

e1 = lβ1

S
f1 + lβm

Sm
f m
1 (19)

f2e2 = f1e1 (20)

where (19) is equivalent to (10) and (20) indicates that all the
dissipated magnetic energy is transformed into heat.

4. OBTAINED RESULTS

The proposed BG model was implemented in 20SIM and it
was used to obtain the simulation results. Experimental results
were obtained by implementing the loop test in the stator core
of a 5.5 kW machine as proposed in [27]. The first part is
devoted to validate the proposed model. After adjusting and
tuning the model, it is used to estimate the additional iron
losses due to the stator core fault.

Figure 8 depicts the location of the test coil, the SCF, and
the measuring points. It also provides a thermographic image
taken during the experiment and the 2D simulation results
without/with faulty operation.

4.1. Model Validation

Figure 9(a) shows the current (i) for different faulty condi-
tions (δ = 0; 0.3 and 0.65), where the highly non-linear behav-
ior, due to saturation and hysteresis, becomes visible. The
high correlation between experimental and simulation results
proves that the parameters of the electromagnetic domain were
adjusted properly.

Next, the model of the thermal domain is validated using
experimental results. Figure 9(b) shows the temperature for
different fault severities in point 1 (upper figure) and point 2
(lower figure). Given that power in the fault region increases
with fault severity, the increase of temperature in point 1 is
larger than the increase in point 2. Experimental and simula-
tion results show the accuracy of the thermal model.

In addition, Table 2 shows the experimental temperature for
point 1 (T1) and 2 (T2) for different fault severities at t = 60
min. It includes the temperature difference between point 1
and point 2 (�T12) which is the only information provided by
the thermographic image. Also, the temperature increase in
the faulty region respect to the healthy operation (�TFH ) is
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FIGURE 8. (a) Location of the test coil, SCF and measuring points, (b) thermographic image, (c) simulation without fault, and (d)
simulation in faulty operation.

FIGURE 9. (a) Evolution of the test coil current for different fault severities and (b) temperature evolution for point 1 and point 2.

shown in the same table. It is worth mentioning that �TFH is
impossible to measure experimentally. Nevertheless this tem-
perature would be one of the most important information in
order to assess the stator core condition. Note that it is the
additional temperature supported by the thermal insulation.

Further discussion is addressed in the final discussion pre-
sented in Section 5.

4.2. Additional Iron Losses Evaluation

The instantaneous power is strongly influenced by the satu-
ration and hysteresis effects as can be seen in Figure 10(a).
The model is capable to reproduce the instantaneous and mean
power for different fault severities.

δ T1(◦K) T2(◦K) �T12(◦K) �TFH (◦K)

0.0 307.4 307.4 0.0 0.0
0.3 311.6 308.4 3.2 4.2
0.65 315.0 310.8 4.2 7.6
1.0 320.1 313.8 6.3 12.7

TABLE 2. Experimental results of temperatures at 60 min. for dif-
ferent fault severities.

Figure 10(b) (upper part) shows that the additional core
power (�PFe) obtained with the loop test is similar to the
increase of the power losses at no-load operation of the induc-
tion machine (�P0) as demonstrated in [27].

The value of �PFe for different severities can be evaluated
by simulating the proposed model. Figure 10(b) (lower part)
shows experimental and simulated �PFe together with a fitted
curve from simulation results.

The fitted curve relates the fault severity with �PFe and
can be used to estimate the additional no-load power losses
produced by the fault (note that �PFe ≈ �P0). The use of this
curve avoids the implementation of complex analytical mod-
els for quantifying these losses [28].

5. FINAL DISCUSSION

The proposed model is the result of different contributions in
our research group along the last years. On the one hand, the
BG representation was used successfully for introducing SCF
from its d-q model [12] and faults associated with the wind-
ings [26]. In both cases, the impact produced in the thermal
domain was studied with a non-validated thermal model. On
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FIGURE 10. (a) Instantaneous power dissipated in the core and (b) increase of P0 and PFe for asymmetrical SCF.

the other hand, the experimental method developed for gener-
ating a SCF was presented in [27]. The present article exploits
the developed BG models adapted to an inter-laminar insu-
lation test. In order to support the presented conclusions, the
thermal model was validated experimentally. Thus, the pre-
sented model is capable to reproduce accurately the evolution
of different variables from the electromagnetic and thermal
domains. This feature allows us to evaluate different vari-
ables difficult or even impossible to measure such as the
magnetic flux confined in the core (φ). Note that the stator
core inter-laminar insulation test consists in generating φ at
rated frequency with a density corresponding to 105% of the
rated voltage. Therefore, the model is helpful to verify the
magnitude of the magnetic flux. Additionally, the proposed
model helps to quantify important variables associated with
the fault, based on the thermographic image. After the vali-
dation process, the model was run multiple times for different
fault severities. Table 3 provides essential information from
these simulation results. The first column corresponds to �T12

which is the only information provided by the thermographic
image. Using this information, we can estimate the tempera-
ture increase in the faulty region (�TFH ), the additional iron

�T12(◦K) �TFH (◦K) �P0(W) ( �P0
P0

) δ

1 2.2 4.57 0.61% 0.17
2 4.6 8.18 1.09% 0.24
3 6.9 21.26 2.83% 0.43
4 9.7 35.74 4.77% 0.57
5 13.1 51.25 6.84% 0.71
6 16.4 68.54 9.14% 0.86
7 20.1 85.24 11.39% 0.99

TABLE 3. Temperature related to additional losses and fault
severity.

losses (�P0), the impact of �P0 respect to the no-load losses
(P0) and the fault severity.

The information presented in this table gives additional
information about the increase of the power losses (�P0) and
the working temperature of the windings isolation (�TFH).

There is a widespread rule of thumb which proposes to
repair the SCF when �T12 is larger than five degrees [29]. This
criterion can be redefined based on the information provided
in this Table and not only based on �T12 (the only information
obtained from the thermographic image). It worth mentioning
that the proposed 2D thermal model assigns a unique tem-
perature in the axial direction (i.e., the axial propagation of
heat away from the fault region is not considered). Therefore,
the model can be improved by considering two different ele-
ments in the faulty region; one accounting for the fault itself
and another for the portion of healthy stator core. To accom-
plish this accurate model, the axial thermal resistivity of the
laminated structures must be determined.

The presented model has another drawback related to the
temperature rise calculated within the element associated with
the fault. This is an average temperature rise, but the local
temperature adjacent to the winding is actually higher. The
analysis of the previous paragraph is also applicable for solv-
ing this drawback. It means that the accuracy of the thermal
gradient around the fault region can be increased by refining
the meshing. These technical aspects will be analyzed in fur-
ther works.

6. CONCLUSION

The article presents a multi-domain model of the stator core
of an electric machine including inter-lamination short cir-
cuits. The model is based on an alternative magnetic equiv-
alent circuit which also incorporates the thermal behavior.
The complete model is represented using the Bond Graph
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approach that makes apparent the topology of the machine
and the energy exchange. The model is obtained intuitively
and can reproduce faithfully the dynamics of the system dur-
ing the fault and the impact on the thermal/magnetic/electric
domains.

The proposal provides a theoretical underpinning which
support the existing empirical methods used for analyzing the
fault severity of a stator core fault. This contribution gives
additional information which helps to redefine the criteria
about the severity factor and its impact over the machine life
and performance.
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