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High-Frequency Modelling of Windings

Yerai Moreno, Aritz Egea, Gaizka Almandoz, Member, IEEE, Gaizka Ugalde, Member, IEEE, Ander Urdangarin
and Roberto Moreno

Abstract—Electrical drives consume a great amount of
the world’s energy, and this will keep increasing due to the
electromobility trend. Hence, the efficiency of electrical drives
must be improved to reach sustainability. Silicon Carbide
devices have a high working frequency and lower switching loss,
increasing the device efficiency. Nevertheless, higher operation
frequencies may bring major Electromagnetic Compatibility
issues, in addition to insulation stress and higher bearing
currents. This paper presents the simulation process to obtain
a high-frequency model of an electrical machine. Then, some
small and controlled coils are modelled to construct the high-
frequency model step by step, analysing the slight differences
between conductor diameters and materials that would be
difficult to see in a machine. These models are validated with
experimental impedance measurements. This represents the first
step in modelling an electrical machine equivalent circuit to
predict the electromagnetic interference levels from the design
stage.

Index Terms—Coils, Computer simulation, Electromagnetic
compatibility, Finite element analysis, High Frequency.

I. INTRODUCTION

In the context of electrifying mobility, it is crucial to
improve the efficiency of electrical drives, so that both
air pollution and energy consumption are reduced. Silicon
Carbide (SiC) devices can play a key role in this objective
due to their high working frequency and efficiency. However,
working at higher frequencies can cause serious Electromag-
netic Interference (EMI) problems, and it can also affect the
robustness of electrical machines.

A typical electrical drive consists of three main elements:
the energy source (batteries in e-mobility applications), the
converter that supplies the desired voltage and frequency
to the electrical machine using the Pulse Width Modula-
tion (PWM) technique, and the electrical machine. PWM
pulses produce a Common-Mode (CM) voltage in the input
connection of the motor causing diverse problems such as
shaft voltage and bearing currents [1]. Fast voltage changes
(high du/dt) also damage the winding insulation due to over-
voltages, and short-circuit or contact defects may cause safety
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breakdowns [2]. In addition, the resulting EMI can affect
the power source grid and all elements connected to it, for
example, sensors and safety systems in electric cars [3].

EMI is the degradation of the performance of electrical
equipment. There are two main types depending on the
propagating medium: conducted and radiated. Conducted
EMI flows through wires from the source of interference (the
inverter) to a susceptible receiver, which could be a motor or
any electrical device connected to the power grid. It covers
a frequency range from 150 kHz to 30 MHz. In contrast,
radiated EMI propagates through the environment when there
is a wire acting as an antenna [4], covering a frequency range
from 30 MHz to 100 MHz.

To limit this interference, Electromagnetic Compatibility
(EMC) standards have been defined to allow equipment to
function satisfactorily in the electromagnetic environment
without introducing intolerable electromagnetic disturbances.

A number of approaches have been proposed to comply
with the EMC standards in electrical drives. Several types of
inverters and modulation techniques were presented in [1],
[5], [6] to reduce CM voltages from the inverter. In addition,
some filters to prevent EMI from extending to the power grid
were proposed in [7]. Then, to reduce the undesired effects of
CM voltages— bearing currents or EMI-shieldings, grounding
wires and insulated bearings are widely used [5], however,
they increase the cost, volume, and weight of the drive.

Therefore, to minimise the development cost of the prod-
uct and increase its reliability, an EMC approach should be
added at the beginning of the machine design methodology.
Consequently, understanding and predicting EMI noise using
a high-frequency model of an electrical machine during the
design stage is essential to manage EMI problems at the
device level. DM and CM impedances are used to predict
the machine behaviour at different frequencies. From these
impedances, the CM and DM currents caused by the con-
verters can be modelled. In [8], an empirical high-frequency
electrical drive model was presented. However, to focus on
designing electrical machines from the EMC perspective, it
is necessary to develop this model by other means, such as
Finite Element Method (FEM) simulations. This is because
measuring the impedance of the machine is not feasible at
the design stage.

Most publications found in the literature deal directly with
machine models [9]-[12], without detailing all phenomena
that occur in these machines when working at high frequency.
Usually, electrical machines are complex devices with a high
number of turns per coil and connections between windings
and phases. Additionally, at high frequency, a significant



number of parasitic capacitances appear, together with core
losses. This makes it difficult to analyse the influence of small
changes in the impedance of the motor.

The main contribution of this study, therefore, is a detailed
analysis of these high-frequency phenomena using small and
controlled coil models. With the conductors uniformly lo-
cated, the influence of conductor diameters and core materials
on the impedance of a coil can be observed. No published
work has been found which approaches the analysis in this
way. This approach serves as the first step to modelling a full
electrical machine at high frequency.

In the present paper, the simulation process for a coil
working at high frequency is explained, comparing the be-
haviour of several core materials. First, high-frequency phe-
nomena are described. Second, the high-frequency modelling
process is explained. Finally, the models are validated by
experimental impedance measurements in the range of 100
Hz - 100 MHz.

II. DESCRIPTION OF HIGH FREQUENCY PHENOMENA

In low-frequency operations, resistance and inductance
values barely change with frequency, and thus can be con-
sidered constants. Nevertheless, as frequency increases, some
new phenomena emerge, leading to an increase in resistance
and a decrease in inductance [13].

The skin effect is one phenomenon that appears as the fre-
quency increases. Eddy currents are induced in the conductor
due to the magnetic field. These Eddy currents cause a non-
uniform current density inside the conductor, as the electrons
are pushed to the perimeter of the conductor. In this way,
the effective cross-section of the conductor decreases with
frequency, since the current flows only in the skin depth of
the conductor. The current density of a conductor is shown
in Fig.1 at different frequencies.
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Fig. 1: Skin effect in a conductor of 1.5 mm of diameter. (a)
1 kHz. (b) 100 kHz. (¢) 1 MHz.

This surface current distribution increases resistance and
decreases inductance due to flux distribution inside the
conductor. The skin effect can be defined as independent
since it solely depends on frequency and geometry. Thus,
it can be analysed by simplifying the problem with a single
conductor [14], [15], and can be mitigated by using a smaller
conductor diameter than the skin depth.

However, the surrounding conductors of the coil cause
another effect called the proximity effect, which is more
significant than the skin effect [10]. This concept is similar
to the skin effect, but considers the effect of induced

Eddy currents in a conductor due to the magnetic field
generated by the nearby conductors. Therefore, this phe-
nomenon depends on the geometrical configuration of the coil
conductors and can be mitigated using windings with parallel
strands or Litz wires. These latter are difficult to manufacture
and can generate unbalanced current distribution across the
strands [11], and are also counterproductive at very high
frequencies. The non-uniform current distribution caused by
this effect in an electrical machine coil is shown in Fig.2.
The current distribution is not uniform in the slot, or in any
individual conductor. When both phenomena occur together,
the effective cross-section of the conductor decreases further,
resulting in a greater resistance increase [12], [16].

Current Density in A/m?

77x10° 12x10% 17x10% z1|x104 27>l<1o4
| | ]
0000666
9000066888 ¢
0. 0.0. OQO‘.‘.‘.‘.
0000000008888 8!
(a)
Current Density in A/m?2
1x103 2x106 5x106 ~ 7x106  1x107

RN

Fig. 2: Proximity effect in a middle slot of a machine. (a) 1
kHz (b) 100 kHz.

High-frequency phenomena also appear in the magnetic
core of electrical machines, which significantly influences
the motor impedance behaviour. Typically, both stator and
rotor magnetic cores are laminated with electrical steel sheets
to limit the Eddy currents induced by alternating magnetic
fields, which reduces magnetic losses. Nevertheless, when the
skin depth of these sheets becomes thinner than their width,
Eddy currents start flowing, increasing magnetic losses. This
increase is due to the proximity effect between the laminated
sheets. The induced Eddy currents create a shielding effect
inside the electrical sheets, pushing the magnetic flux out
of the iron core, which causes a decrease in the relative
permeability of the magnetic material, and in the inductance
value of the coil.

The threshold frequency of this shielding effect depends
on the thickness of each steel sheet and its resistivity. It
should be noted, however, that the effect of lamination is
counterproductive due to the proximity effect between the
laminated sheets. Nevertheless, the flux is not completely
pushed out of laminated cores, as is the case of non-laminated
cores [16].

Finally, the influence of parasitic capacitances must be
taken into account. At low frequencies, these are insignificant
as their impedance is usually large. However, as the fre-
quency increases, the impedance of the parasitic capacitance



decreases, leading to new current flow paths inside the
motor. This has a considerable effect on the differential and
common-mode impedances and currents of the machine [12].
The main parasitic capacitances involved in an electrical
motor are between parts at different voltages, such as the
winding, the stator, the rotor, the bearings, and the shaft.

III. SIMULATION PROCESS

The general process to obtain a high-frequency model of
an electrical machine is summarised in Fig.3.
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Fig. 3: High-frequency FEM Modelling Process.

First, the geometry and materials of the machine or device
to model are defined. Then, two different FEM simulations
must be carried out: One to obtain the capacitances that
simulate the electrical fields in an electrostatic simulation,
and another to calculate the resistance and inductance that
simulates the electromagnetic effects in a magneto-dynamic
environment.

Next, these RLC parameters must be incorporated into
a Lumped Parameter Model (LPM) equivalent circuit that
describes the connection between the RLC elements in the
device.

Finally, by solving the equivalent circuit, the impedance
is obtained for the desired frequency range. Even if the EMC
frequency range for conducted emissions is from 150 KHz
to 30 MHz, it is advisable to expand the frequency range
above and below those limits. In this way, resonances that
may appear within that limit are shown properly in the model.

A. Magnetic Finite Element Simulation

The magnetic simulation is performed, resulting in the
resistance and inductance values of each turn at different
frequencies.

1) Geometry & Mesh: The geometry of the element must
be defined. At high frequency, details of the conductors are
important, as skin and proximity effects appear in conduc-
tive elements, and they affect the resistance and inductance
values. Therefore, each winding conductor must be drawn
individually, although typically when simulating electrical
machines, the entire slot is taken as a single conductor.

Altair Flux was used to model the electrical machine in
FEM. Using this software a solid conductor can be modelled
in three ways, as shown in Fig.4.

The easiest ( Fig.4a), consists of drawing a circle with
the conductor diameter and assigning it to a solid conductor.
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Fig. 4: Conductor Modelling. (a) Solid conductor. (b) Solid
conductor with adaptive meshing. (¢) Surface Impedance.

This is suitable for low frequencies, when the skin depth is
not very pronounced. It is also economical in terms of mesh
and solving time.

Going one step further, in Fig.4b, another circle is drawn
inside the previous conductor, with a variable diameter set as
D;y, = Dcong — 9, where § is defined as the skin depth of
the material. In this way, the mesh is automatically adjusted
to the working frequency of the device. The main drawback
of this method is the increase in meshing nodes and solving
time. If the skin depth is too low, it can also cause meshing
errors.

A third option has been recently introduced to the soft-
ware, called surface impedance. As described in Fig.4c, the
conductor is solely defined by the exterior surface. This
option is only available for 3-D models because in 3-D
the computation time is much higher, and implementing a
variable mesh can be unfeasible. With this option, as the
interior of the conductor is not meshed, the solving time is
reduced significantly, but the result is only valid for very high
frequencies.

In summary, the only way to model the conductor prop-
erly for the whole frequency range is by using the solid
conductor with adaptive mesh.

2) Simulation Type & Domain: To define the domain,
an air box is established, which must be big enough for
the flux lines of the device to be calculated. Then, the type
of simulation is determined. For the present simulations, as
there were no magnets, magnetic and electrical variables
were considered sinusoidal, and thus steady-state simulation
was used, by performing a frequency sweep. However, time-
dependent transient simulation must be used when magnets
are introduced because the magnetic field they produce is not
sinusoidal. For instance, magnets are needed when modelling
the rotor of a permanent magnet synchronous electrical
machine.

Usually, resistance and inductance results are sufficiently
accurate with 2-D simulations, but if the end-windings are
proportionally longer than the active part, 3-D simulations
may be used. They may also be employed to consider the
lamination effect of ferromagnetic sheets.

3) Material Characterisation: Copper is mainly used
for winding turns. It is easily defined by its resistivity and
unitary permeability. Each conductor must be linked to a solid
conductor in a circuit. The direction of the current must also
be assigned, as shown in Fig.7b.

Ferromagnetic materials are used for the stator and rotor.
As they are non-linear, characterisation is carried out with the
BH curve, together with its resistivity. It is important to note



that the amplitude of high-frequency excitation signals is nor-
mally very low compared to those at operation frequencies,
so the material will remain in the lower part of the BH curve.
As for conductors, a solid conductor must also be linked to
the core, so that the induced Eddy currents are calculated.

B. Electric Finite Element Simulation

When two electrical components or circuits at different
voltages are close to each other, charge storage happens due
to the electric field. This unavoidable effect is called parasitic
capacitance, and it is present in all practical circuit elements
such as inductors, diodes, coils, and of course, in electrical
machines. This is a significant problem in high-frequency cir-
cuits and is often the factor limiting the operating frequency
and bandwidth of electronic components.

The same geometry employed for inductance calculation
is used for capacitance calculation. However, as the electric
fields must be analysed, the FEM software application has
to be changed to electrostatic, and the faces and materials
must be re-defined with electrical characteristics. Drawing
the insulating parts is essential in electrostatic simulation, and
adaptive meshing is not needed. Nevertheless, a fine mesh is
recommended between conductors to obtain accurate results.

Regarding the domain, the limits of the simulation must
be defined by setting an infinite box, which rounds the
simulated elements. This region is defined as air and it is
the boundary condition.

There are three types of regions:

o Perfect conductor: Conductive elements, such as the
conductors themselves, the core of a coil or the stator
of a machine must be defined as perfect conductors as
their surfaces are assumed to be equipotential.

o Dielectric region: Impregnation and insulation elements
must be defined as dielectric so that the permittivity can
be defined. For example, the insulating paper Nomex
410 used in the slots has a dielectric constant of 2.9.

o Line region: The surface of the conductive elements
must be set to 0 or 1 V potential to obtain the ca-
pacitance matrix. This is because the surface of the
conductor is considered equipotential.

Once all the regions are defined, the process to obtain
the capacitance matrix is the following: A 0 V voltage is
assigned to all conductors in their line regions. Then, in each
of the N simulations, the i conductor is set to 1 V and the
electric field distribution is solved.

Finally, with C;; = 2(‘3/;;7 the desired capacitances are
obtained and included in the matrix, where the Q);; is the
electric charge and V; is the applied voltage. After the
N simulations, a full NxN matrix is obtained using the
capacitances between the conductors.

The diagonal parameters are the self-capacitances that
usually do not have a practical meaning for the defined
circuit. The useful capacitances are the off-diagonal ones,
representing the capacitances from conductor i to j and vice
versa because the matrices are symmetric.

C. Distributed Parameter High-Frequency Model

The model presented in [17] is used, as it takes into
account the inter-turn capacitances of the coils, which are
important to model the high-frequency resonances. Its main
advantage is the matrix form, which facilitates its ease of use
and efficiency. The lumped parameter circuit can be seen in
Fig.5. It is valid for n turns, but just 4 turns are illustrated due
to space constraints. This equivalent circuit is solved using
Matlab software. Cu

Fig. 5: Used Equivalent Circuit.

Kirchhoff’s voltage and current laws can be used to solve
the n nodes in Fig.5, and the following matrix equation is
obtained:

(-5 51-1%) 2D {i) o

It should be noted that the L and R matrices are frequency
dependent, whereas the capacitance matrix is constant over
frequency. D matrix is defining the circuit. Vectors {b1} =
{Vl, 0, ey 0} and {bz} = ijlcz’h Cg’l, ey Cn,l can be
considered source terms for solving. In this case, as the
Differential-mode of a coil was calculated, the terms C; 4
refer to C; ,,, but they can be used as turn-to-core capacitance
on Common-mode measurements.

IV. EXPERIMENTAL VALIDATION

The Omicron Bodel100 was used from 50 Hz to 50 MHz
with the series-thru layout shown in Fig.6, while the Siglent
SSA3032X-R covered the 5 to 100 MHz range with the same
layout.

Port — DUT —Port
1 2

(@ (b)
Fig. 6: Experimental validation. (a) Test rig. (b) Layout.

V. CASE STUDIES

An ABS plastic reel was pierced to introduce different
material sheets. Initially, an ABS sheet was introduced to
validate the model. Then, aluminium and M800-65A sheets
were inserted, including Eddy currents and magnetic effects
respectively.

The FEM model is shown in Fig.7a, together with the
coupled circuit for the magnetic simulation in Fig.7b.
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Fig. 7: FEM Model C. (a) Geometry & Materials. (b) Circuit.

The same model was used for the three sheet materials,
the only difference was the resistivity (o) and permeability
(p) values of the materials of the sheets. Moreover, for the
aluminium and M800-65A sheets, an extra solid conductor
was defined to consider the Eddy currents.

Then, for the electrostatic simulation, the same geometry
was used, defining the ABS dielectric, and the impregnation
of the conductors. The sheet was defined as a conductor.

A. ABS cored coil

From the magnetic simulation, the resistance and induc-
tance curves were obtained, as illustrated in Fig.10. Regard-
ing the electrostatic simulation, the same geometry was used,
by defining the ABS dielectric, and the impregnation of the
conductors. The capacitance matrix of the ABS sheet coil
is depicted in Fig.8. As in the other analysed cases, the
biggest capacitances are those with adjacent turns, and they
keep decreasing with distance. In the ABS case for example,
Cs6 =83E —15.
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Fig. 8: Capacitance matrix of ABS cored coil.

Next, the model was compared with the measurement in
Fig.9. Two conductor diameters were modelled. Both models
showed good agreement with the measurements in the whole
range. the resonance point in the models was a bit lower
than the measurement, but this may be due to material or
geometrical tolerances. It can be seen that the higher the
diameter of the conductor, the lower the impedance and the
higher the resonance frequency.

Since the resonance point was above 50 MHz, it was
necessary to measure with two different measuring devices.
The Omicron Bodel00 was used from 50 Hz to 50 MHz,
while the Siglent SSA3032X-R covered the 5 to 100 MHz
range. It can be seen that both devices measure the same
impedance value from 5 to 50 MHz, but not the phase value.
This is not significant, as the resonance point is identified in
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Fig. 9: Validation of model with ABS sheet.

both the impedance and phase values, but it causes a gap in
the phase value between the two measures at 50 MHz.
B. Aluminium cored coil

In Fig.10 a comparison is made between the aluminium
and ABS sheet resistance and inductance values.
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Fig. 10: FEM Model. Comparison between ABS and Alu-
minium sheet. (a) Resistance. (b) Inductance.

It can be seen that at low frequency (until 10° Hz),
resistance and inductance values are equal for both sheets, as
the permeability of aluminium is similar to vacuum. However,
when the frequency increases, the resistance of the aluminium
sheet coil increases further, whereas the inductance decreases
with respect to the ABS sheet coil.

This is due to Eddy currents in the aluminium sheet. On
the one hand, they increase the loss of the coil due to the
Joule loss, increasing the resistance. On the other hand, the
Eddy currents in the aluminium sheet cause a shielding effect
to the magnetic flux generated by the coil, preventing the flux
from going through the sheet, decreasing the inductance. In
Fig.11, this effect can be appreciated.

In Fig.11a the magnetic field can be seen at 100 Hz, where
it goes through the aluminium sheet, whereas in Fig.11b the
shielding effect appears and the flux is stopped outside the
sheet. This is the cause of the more pronounced inductance
decrease in the aluminium sheet. In this case, the capacitance
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Fig. 11: Aluminium sheet. Shielding effect. (a) H at 100 Hz.
(b) H at 1 MHz.

Cs,6 is 4.5 — 15, nearly half of the ABS coil, due to the
conductive sheet inside the reel.

As concluded from Fig.12, the model shows good agree-
ment with the measurement in the whole range too. There
is a small resonance point in the measurement next to the
principal resonance point that is not observed in the model.
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Fig. 12: Validation of the model with aluminium sheet.

C. Ferromagnetic cored coil

A sample of an electrical sheet was selected to analyse its
behaviour at high frequency. 20 turns were given to the reel
with the M800 sheet. The comparison of the resistance and
inductance values of the ABS and M800 sheets are shown in
Fig.13.

In this case, the resistance is equal at lower frequencies,
but it increases for the M80O0 sheet at high frequencies. This
effect is due to the Eddy currents in the sheet. It increases
further than in the aluminium case because the resistivity of
the M800 is higher, so more losses are produced.

Moreover, the inductance is higher in the M800 sheet
at low frequency, as the M800 has higher permeability than
air. However, as the frequency rises, the inductance becomes
equal to the ABS case, and even lower, since the shielding
effect of the sheet caused by the Eddy currents prevents the
flux from passing through it. Fig.14 shows the impedance of
the model with the M80O sheet. It shows a good matching
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Fig. 13: FEM Model. Comparison between ABS and M800
sheet. (a) Resistance. (b) Inductance.

with the measurement with minor differences in the phase,
that may be due to the magnetic properties of the material.
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Fig. 14: Validation of model with M800 sheet.

VI. CONCLUSIONS

The modelling of electrical machines at high frequency
is complex, as different characteristics influence the re-
sult. These characteristics are multi-physic, requiring diverse
simulations to obtain the parameters. Thus, in this paper
simple and controlled models were used to simulate the
high-frequency phenomena that are difficult to analyse in a
full electrical machine, and the following conclusions were
drawn:

The quality of the mesh on the conductor surface must be
fine to consider the skin and proximity effects in FEM sim-
ulations. This effect is emphasised in 3-D, where developing
a thinner mesh can significantly increase simulation time and
computing requirements. Thus, 2-D models are preferred if
the end-windings are small in proportion to the full coil.

The proposed models were validated, and it was found
that the defined FEM simulation process and the employed
LPM are valid and accurate, including resistance, inductance,
and capacitance values.

The models were able to simulate the influence of core
materials, together with different conductor diameters. Both



the aluminium and the M800 showed good agreement with
the measured impedance.

The models presented in this paper serve as the first step
toward modelling electrical machines at high frequency. In
fact, electrical machines consist of a number of coils in series
in each phase. Thus, once the FEM tool is calibrated and
validated with small coils, a coil with a higher number of
turns divided into more than one layer must be validated, as
machine coils are usually multi-layer.

Then, the used equivalent circuit can be extended to the
necessary coils for each phase. Finally, the DM model of an
electrical machine will be obtained by connecting the three
phases with their capacitive couplings. In addition, by linking
the capacitive couplings from the winding to the stator, and
connecting the equivalent circuit properly, the CM model can
also be achieved.

It must be noted that the calculation effort for the analysed
coils is small, but it will increase for a higher number of coils
in the machine. Thus, an equilibrium between accuracy and
computation effort is needed.
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