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Abstract—Electromagnetic fields of a 3-phase induction motor,
i.e., electric and magnetic fields and current density, are highly
influenced by its geometry, conductor material (conductivity,
magnetic permeability, electric permittivity, and nonlinearity),
and boundary conditions applied (interface between conduc-
tors and dielectrics). Through Finite Element Analysis (FEA),
the behavior of electromagnetic fields can be predicted. Thus,
favoring the electromagnetic interference mitigation techniques
of the 3-phase induction motor. Therefore, this paper presents
numerical modeling with FEA, based on COMSOL, as an early
pre-compliance tool to investigate the current density distribution
and electric and magnetic fields. The validation of the modeling
approach will be presented and discussed considering a 3-phase
induction motor. Furthermore, CISPR 25 will be considered to
evaluate the interactions between electric and magnetic fields,
current density distribution, and skin effect on an increasing
frequency.

Index Terms—Finite Element Analysis, Electromagnetic Inter-
ference, 3-Phase Induction Motor, Electromagnetic Fields.

I. INTRODUCTION

Nowadays, with the growing demand for sustainable adop-
tion of battery electric vehicles (BEV), 3-phase induction mo-
tors have been used in various applications, including vehicular
power and propulsion systems and electrified powertrains [1].
The 3-phase induction motor (IM) modeling approaches in
higher frequencies (upper fundamental frequency) are discrim-
inated into: behavioral and numerical modeling. Numerical
modeling creates equivalent circuits of the 3-phase IM using 3-
D electromagnetic (EM) field analysis (provided by software).
In contrast, behavioral modeling provides equivalent circuits
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representation through measurement data at the 3-phase IM
output ports (e.g., using hardware setup) [1], [2].

One type of numerical modeling for EM fields simulation is
the Finite Element Analysis (FEA), a well diffused technique
through several science subjects. A reason behind it can be
attributed to the capability to tackle complex geometries, since
FEA uses unstructured grid meshing in the geometry. Thus,
FEA tools need to have the full volume meshing of the
equipment under test (EUT) [3]. Some papers address 3-phase
IM numerical simulation using FEA, however, they are not
very detailed in terms of the volume meshing definition and
materials specification [4]-[7].

In addition, since the 3-phase IM might generate electro-
magnetic interference (EMI) through radiated or conducted
emission, affecting the surrounding electromagnetic environ-
ment [8]. Several normative requirements are applied to sys-
tems infrastructure which consider 3-phase IM, e.g., BEV.
CISPR 36 [9], CISPR25 [10], CISPR 12 [11], IEC 61000-
6-3 [12] are applied for stand-alone devices (and components)
and to the entire fully equipped vehicle [13], [14].

Therefore, once the volume meshing definition and mate-
rials specification are fundamental parameters to provide a
proper FEA, establishing the EM fields boundary conditions.
This paper presents numerical modeling with FEA, based
on COMSOL, as an early pre-compliance tool to investigate
the current density distribution and electric and magnetic
fields. Thus, this approach creating numerical modeling with
FEA might be expanded for all types of electric motors.
Moreover, in this paper, the modeling approach’s validation
will be presented and discussed considering a 3-phase IM.
Furthermore, the CISPR 25 will be considered as the frequency
range of analysis.

Nonetheless, the main contribution of current paper resides



in the description and details of the materials and constructive
aspects used in the motor and comparison of the data obtained
with the literature. The results here presented can, therefore,
serve as a reference for further comparison in either simulated
or experimental environment.

The paper is addressed as follows. In the second Section, the
overview of IM applications for electric vehicles is described,
as well as the FEA approach in terms of mathematical ap-
proach regarding the Maxwell equations. In the third Section,
details on the FEA as an EM fields simulation tool are
presented. In the fourth Section, the 3-phase IM’s EM fields
levels are gathered from the software simulation, and the
data results are discussed. Also, some comparisons with other
studies about the levels of EM fields are performed. Finally,
the conclusion is addressed in the fifth Section, as well as the
future studies.

II. 3-PHASE INDUCTION MOTOR FOR ELECTRIC VEHICLES

The most common electric motors available in the market
are mainly classified based on the input types as alternating
current (AC) motors and direct current (DC) motors as shown
in Fig. 1. However, in the BEV industry, the IM types have
become the most favored ones with the advanced development
of their power electronic systems due to the efficient reliability
[15].

The EM fields analysis is essential to ensure the machinery
lifespan once instantaneous voltage summation in the 3-phase
coils of an IM (common mode voltage) is not zero. In addition,
those effects yield high-frequency (HF) leakage current, which
leads to EMC issues. As result it can cause shaft voltage, bear-
ing current, stator winding overvoltage and turn-to-turn voltage
stress which drastically reduces the equipment lifespan [16].
Therefore, identifying the EMI footprint at high frequencies
is mandatory as the first step leading to mitigation actions
afterward.
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Fig. 1. Common types of electric motors for electric vehicles, based on [17],
[18].

A. High Frequency Modeling of AC Rotary Machine

There are two types of EMI coupling traditionally consid-
ered in the HF modeling due to the crosstalk phenomena:

capacitive and inductive coupling. The capacitive coupling
results from the electric field interactions caused by the stray
capacitance between two or more conductors. However, the
inductive coupling is induced by the influence of the magnetic
field between circuits [3], [19]. For the present study, once the
upper frequency range of analysis is restricted to 300 kHz, the
stray capacitance will be neglected, focusing on the skin depth
and current displacement of the frequency.

For the parasitic inductance and metal materials, the skin
effect will play a major role in the current density distribution.
In the fundamental frequency, the higher current density
will take place at the center of the conductor. In contrast,
the lower current density is nearly uniformly distributed on
the conductor’s surface (boundary). Above the fundamental
frequency, the current density will be progressively displaced
to the conductor boundary. The skin depth (§) of a metallic
material is usually approximated as (1).

b= ——— (1)

where o is the conductivity, f is the frequency, p is
the absolute permeability and it is given by p = pop,.. The
Ho is the vacuum permeability as 4 - 7 - 107" H/m and p, is
the relative permittivity (from material) of the conductor and
o is the conductivity [19], [20].

Therefore, the skin depth is useful to evaluate the impact
of the conductor cross sectional area due to the electric
and magnetic fields and the current density distribution with
the increase of frequency, and also as an estimation of the
conductor resistance [20].

B. Equations Formulation for Electromagnetic Analysis

The assessment of EM fields is to solve the Maxwell’s equa-
tions subject to certain boundary conditions. The differential
form is presented here because it leads to differential equations
that the finite element analysis can handle [21]. Thus, consid-
ering an alternating electric current over a conductor, which
generates an electric field, the behavior of this phenomenon is
ruled according to the general Maxwell-Ampere’s law [22]:

)
VxH=J+ - 2)

where H is the magnetic field, J is the current density and
D is the electric flux density. The quasi-static approximation
(consideration of stationary current on each instant) implies
that the equation of continuity can be written as V - J = 0
[23]. The time derivative of the electric displacement 0D/t
can be disregarded in Maxwell-Ampere’s law [22]. Then, the
general Ampere-Maxwell is rewritten into:

VxH=] €))

In this study, the EM fields are analyzed in the frequency
domain carried out by using Magnetic Fields physics under
AC/DC module from COMSOL software. Therefore, to derive



the time harmonic equation in this physics interface solver,
it is used (3) including displacement currents, once it is not
demanded high computational load in the frequency domain,
thus:

J+%:UE+jWD+UVXB+JE 4

where E is the electric field, B is the magnetic flux
density and v is the velocity and J. is the current density
generated at external. Knowing that B = poH + M and
D = ¢E, in which ¢j is the permittivity of vacuum of with
value of 8.85 - 107'2F/m, and the M is the magnetization
vector, the Ampere’s Law can be rewritten as:

(jwo —w?e)A+V x (g 'V xA—M) —ovx (VxA) =],
®)

where V is the electric scalar potential and A the magnetic
vector potential. Thus, it is convenient to express problems in
terms of potentials, over 3D Euclidean space and time as:

B=VxA (6)

E = —jwA @)

The equations (6) and (7) are important to obtain the current
density and the electric and magnetic fields over the 3-phase
IM face using FEA. In addition, for the materials specifi-
cations, all the calculation might be performed considering
B = popu,H and D = ¢pe,.E. Both E and D are inherent
regarding the motor defined materials.

III. FINITE ELEMENT ANALYSIS AS AN EM FIELDS
SIMULATION TOOL

When dealing with FEA, some steps are demanded: building
the geometry, defining the models, materials and boundary
conditions, meshing the structures, and analyzing results using
post processing. Firstly, the domain of the object is divided
into finite elements with a pre-selected shape depending on the
dimension (e.g. tetrahedral, triangle, square, etc). After that,
field equations are applied to the surfaces of each element in
order to obtain the unknown coefficients. As the equations
are gathered, their elements are organized in matrix form.
Therefore, the FEM software produces sparse equation matrix,
which is able to tackle the object boundaries with different
materials in an efficient way [3], [24].

A. Simulation Model

A 3-phase squirrel-cage IM was used as a model at no load
condition. The CAD model is available by the owner of the
software as described in [25], and illustrated in Fig. 2.

The 3-phase IM rotor consists of an iron core and an
aluminum skewed squirrel cage. The cage is made of 24 bars
with a tilt of 30 degrees/m. The stator is made of 6 coils (single
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Fig. 2. 3-phase IM model.

windings) with 3 slots per pole and phase, which makes a total
of 36 slots for such a 2 pole pairs design. The stator core is
made of soft iron and the stator coils are made of copper.
Furthermore, the materials used to define objects domains and
boundaries are described in Table I.

TABLE I
MATERIALS SPECIFICATION USED IN THE SIMULATION.
Material C“:ﬁ;‘::;ﬁt o [S/m] wr o er
White Iron Housing 1.92-10° 1200 1
Air Air Gap 2.5-1078 1 1
Cooper Stator coils 5.998 - 107 1 1
Laminated steel  Shaft, cores 2.17 - 108 4000 1
Aluminum Rotor coils 3.774 - 107 1 1

In order to establish the FEA, the following currents to the
coils were considered: 11 = 5v/2 - exp(j27) A (coil A), 12 =
5v/2 - exp(j27/6)A (coil B) and I3 = 5v/2 - exp(j27/3)A
(coil C), for the supply frequency of 50 Hz. The I1, 12, and 13
are phasors defined by the rms of peaks of the corresponding
sinusoid.

B. Meshing and Boundary Conditions

In this study, the 2D simulation is defined over the 3-phase
IM transverse cross-section. The model meshing is shown in
Fig. 3. In order to cover the minor parts of the 3-phase IM, it
was chosen extra-fine element size, which provides a suitable
refinement for complex structures. Then, the EM fields could
be obtained.

IV. RESULTS AND DISCUSSION

Aiming to understand the EM fields behavior, the simula-
tions were performed to extract current density and electric and
magnetic fields for different frequency conditions to assess the
3-phase IM performance. The frequencies defined are 50 Hz,
10 kHz, 100 kHz, and 300 kHz, following CISPR 25.

A. Current Density and Skin Effect

The current density distribution obtained for the upper and
lower frequencies, i.e., 50 Hz and 300 kHz, is shown in Fig.
4 and Fig. 5, respectively.
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Fig. 3. Model meshing on the 3-phase IM transverse cross section workplane.

As presented in the Fig. 4 and Fig. 5, in all the frequencies
(50 Hz, 10 kHz, 100 kHz, and 300 kHz), the analysis took
into account measurements using probe over the normal vector
(outward on the y-z plan surface) of the parameters by the
3-phase IM axial cross section in -70 to 70 mm x-axis and
centralized in origin for y-axis - using a cut line 2D tool in
the software (sweeping measurement). Likewise, the x-axis
graph interval (Figures 6, 7, 8 and 9) considers the longitudinal
symmetric distribution, however, from 0 to 140 m to present
the field probe values instead due to using arc length (length
interval for display data).

Considering the arc length (cut line) over the 3-phase IM
face workplane, Fig. 6 compares the current density for each
analyzed frequency. It is noted that the current density profile
is longitudinal symmetric along the x-axis, from left to right
(0-70 mm): the first (outer) peak occurs nearby the stator,
followed by the second peak in the air gap between the stator
and rotor and the third (inner) surge appears at the edges of
rotor coil. The rotor core has no current changing (dI/dt = 0)
so the current density at the middle of the chart is null. The
same explanation is reciprocal from 70 to 140 mm.

In addition, Fig. 6 shows that for 10 kHz and above, the
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Fig. 4. Current density over the 3-phase IM transverse cross section at 50
Hz.
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Fig. 5. Current density over the 3-phase IM transverse cross section at 300
kHz.

profile changes completely from approximately 4.5-107 A/m?
(in the rotor’s coil, at 50 Hz) and it is shifted to the 3-phase
IM housing where it reaches 6 - 107 A/m? as a result of the
skin effect.

B. Electric and Magnetic Fields

The electric field profile is shown in Fig. 7. Basically it
exhibits a similar distribution as the current density (Fig. 6)
where it varies from 0.45 V/m (between the stator and the
rotor) at 50 Hz into 0.3 V/m for 10 kHz. In the frequencies
of 100 kHz to 300 kHz, the currents density distribution has
practically the same behavior, with peaks just above 0.25 V/m.

The magnetic field, however, shows a different demeanor.
Fig. 8 shows that at 50 Hz, the value of magnetic field strength
in the rotor’s coil is about 2.8 - 1054 /m and this value is too
intense compared to the other boundaries (for this reason, only
two peaks are visible in the plot).

In the case of the frequency equal to 300 kHz, as illustrated
in Fig. 9, it is possible to observe that the intensity of the
magnetic field achieves around 0.94/m and it has two peaks,
resulting in the current displacement to the surrounding stator’s
coil and the air gap.

Line Graph: Current density norm (A/m?)

. :
x10 —50 Hz
—10000 Hz
5.5 —1E5 Hz
3E5 Hz
E 4.5 F
<
£ 4 ‘w
g 35 ‘
fnd
2 3
f=4
3 2.5
13 2
3 1.5
1
0.5
o AR

60 80 100 120
Arc length (mm)

Fig. 6. Current density over the cut line in the 3-phase IM transverse cross
section for 50 Hz, 10 kHz, 100 kHz and 300 kHz.
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Fig. 7. Electric field at 50 Hz, 10 kHz, 100 kHz and 300 kHz.

C. Comparison with other Studies

The results showed in Table II demonstrates that the values
found are consistent (same order of magnitude) with those
found in previous works available in [26]-[28].

TABLE 11
CURRENT DENSITY COMPARISON BETWEEN THE THIS PAPER AND
REFERENCES.

Frequency (Hz) Current Density (A/m2)

50 4.704e+7
This paper. 10e+3 6.233e+7
300e+3 5.561e+7
[26] 50 3e+7
[27] 10e+3 1.8e+8
[28] 50 8e+7

On one hand. the proximity in order of magnitude presented
in Table II, is primarily due to the definition of the copper
material to be used in the stator coils instead of aluminum (see
in Table I). Thus, improving the IM performance provides a
better concatenating of the EM fields [29]. On another hand,
the deviation in the values can be attributed to the changing
between the field probe placements and also to the material
used in rotor and stator.
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V. CONCLUSION

This paper presented numerical modeling with FEA, based
on COMSOL. Considering the 3-phase IM model, the EM
fields, i.e., current density, electric and magnetic fields, were
analyzed in the frequencies of 50 kHz, 10 kHz, 100 kHz,
and 300 kHz as specified in the normative CISPR 25. It
was found that the behavior of those parameters significantly
changes with frequency, mainly due to the current displace-
ment induced by the skin effect, boundary conditions, the
frequency response of the IM, and the secondary effects (i.e.,
non-linearity of the materials applied voltage, etc.).

The results comparison presented in table II, raise the
hypothesis that the existing 3-phase IM model perhaps could
also be used in BEV applications. On the one hand, that
hypothesis reinforces and validates FEA’s proposed modeling
approach, based on COMSOL. However, on the other hand,
a more detailed study considering copper as the coil material,
the efficiency and losses computing of the IM performance is
still necessary, as well as consider the traditional geometry of
IM applicable to BEV.

Thus, it is intended to analyze the efficiency and losses of
a 3-phase IM model for both no-load and specific loading
conditions considering both conducted and radiated emissions
for future studies. Also, new materials arranging and the stray
elements (either capacitance and inductance) will be taken into
account.
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