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Abstract: Electric drives consume a great amount of the world’s energy, and it will keep increasing
due to the electromobility trend. Thus, the efficiency of electric drives must be improved to reach
the desired sustainability goal. The Silicon Carbide devices contribute to this objective due to their
high working frequency and lower switching losses. However, working at higher frequencies may
bring serious Electromagnetic Compatibility (EMC) problems, as well as insulation stress and higher
bearing currents. Hence, it is important to have an electrical machine electrical equivalent circuit
model to predict the electromagnetic interference levels. This review summarizes the current state
of the art in electrical machine modeling and analysis in high frequency. The main analysis tools as
Finite Element Methods, analytic and measurement-based tools are compared in their application
on high-frequency electrical machine analysis. Then, different machine high-frequency models
are reported, detailing their individual features. Additionally, the influence of the machine design
parameters in EMC behavior is outlined for future analysis. All in all, Finite Element analysis is the
most accurate tool for high-frequency analysis, provided that mesh size is thinner than the skin depth.
It is also concluded that the winding placement is an essential parameter to define the high-frequency
behavior of the machine.

Keywords: electromagnetic compatibility; electrical machines; finite element analysis; high frequency;
permanent magnet machines

1. Introduction

Typically, an electrical drive consists of a power source, an inverter that applies
the desired voltage and frequency to the electrical machine, usually with Pulse Width
Modulation (PWM) technique and the electrical motor, as shown in Figure 1. The straight
arrows indicate the radiated noise caused by the switching circuits of the converter.
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Figure 1. Radiated and Conducted Electromagnetic Interference (EMI) in an electric drive.
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The dashed line represents the differential-mode EMI, which is going through one
phase and returns across the other phases to the DC bus of the power source. Finally,
the dotted line is the common-mode EMI, which goes across the common ground, connect-
ing all elements to the disturbance [1].

Even if PWM technique is the most used control technique, its pulses generate a
Common-mode voltage (CMV) in the output connection to the motor causing diverse
problems such as leakage current, shaft voltage and bearing currents. The rapid voltage
changes (high du/dt) also deteriorate the winding insulation and can cause protection
failures in the case of short-circuit or contact defects [2–4]. Moreover, the generated EMI
can affect the power source grid and the elements connected to it, for instance, sensors and
safety systems in electric cars [5].

Specifically, bearings are affected by the CMV variations, as leakage currents flow
through them [6,7]. Those currents damage the bearings, and together with the winding
insulation damage due to voltage stress, the reliability and lifetime of the complete electric
drive are decreased.

Some solutions are proposed to mitigate this EMI in electric drives. Different inverter
typologies and modulation algorithms are proposed to reduce CM voltage [1,6,8]. Filters
and other types of add-ons, such as shields or insulation are also widely used to avoid
EMI flowing to the power grid as shown in [6,9–11], but they increase the cost of the drive,
as well as the volume and the weight as they are bulky and heavy. Hence, those factors can
reduce considerably the competitiveness of the final product on the market, for example,
in the electric car.

Thus, to reduce the development cost of the product, an EMI strategy-based design
should be added early in the product development cycle to reduce costs and achieve the
best solution. Consequently, understanding and predicting EMI noise using high-frequency
models during the design stage is essential to manage EMI problems.

According to the literature, the most extended modeling techniques for representing
the behavior of electrical machines in high-frequency are based on electrical equivalent
circuits or Lumped Parameter Models (LPM). These models consist of electrical circuits
that comprise several resistances, inductances, and capacitances. The values of this elec-
trical parameters can be obtained applying different procedures. For instance, by exper-
imental measurements [12–36], by analytical calculations considering the main design
parameters [11,37–50], by Finite Element Method (FEM) [28,39,51–70] or even by hybrid
methods [71–73]. The High-Frequncy LPM models are developed for many purposes in the
literature. For example, to analyze the influence of the winding placement and the winding
connection on the bearing currents [32,57], to analyze the common-mode currents [73] or
to analyze the over-voltages at motor terminals due to modulated supplying voltages [61].
Although all LPM approaches share the same basis, there are many diversified proposals
for accounting for different high-frequency phenomena. In addition, as aforementioned,
the calculation of the LPM parameters can be faced in different manners. Therefore, it is
identified a lack of a comprehensive review about the analysis tools and methodologies for
the study of electrical motors in high frequency, identifying the advantages and drawbacks
of the main proposals that can be found in the literature.

As stated before, the final objective is an EMI reduction strategy-based design for
electrical machines. To reach that objective, in this paper a comprehensive review of
high-frequency behavior of electrical motors is proposed, covering the high-frequency
phenomena, the tools available to analyze them accurately and the different existing high-
frequency models. Additionally, apart from modeling the machine behavior, it is important
to know which design parameters affect the EMC behavior of the motor and how they
impact on it, as this is the key to the EMC design optimization. Thus, a review of the
influence of different design parameters on the high-frequency behavior of the electrical
machine is also collected in this paper. It is concluded that the FEM is the most accurate
tool to analyze the high-frequency phenomena in these devices. Nevertheless, there are
some analytical methods that may be used, especially for capacitance calculation. It is
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also found that the most influential design parameter is the winding placement and the
impregnation amount, at least for CM currents. However, more research is needed in this
area to obtain a valid, broad conclusion for a global EMC optimization design.

The structure of the paper is the following. In Section 2, the main high-frequency
phenomena that arise in electrical machines are described. This paper is focused on
conducted EMI, so the radiated EMI are out of the scope of this work. Then, in Section 3,
the three main analysis tools are described and the benefit of each method is outlined,
presenting different cases found in the literature. In Section 4, the modeling of electrical
motors is discussed, showing the main models published up to date, with their particular
details and differences. In Section 5, the influence of some design parameters on the EMC
performance of electrical machines is analyzed. Finally, in Section 6, the main conclusions
are outlined and the future challenges are pointed out for a proper EMC oriented design.

2. High-Frequency Phenomena in Electrical Machines

In low-frequency operation range the parameters such as resistance and inductance
hardly depend on the frequency, so they can be considered to be constants. However,
in high frequencies, some new phenomena arise leading to variations in these parameters.
Thus, as the frequency increases, the resistance increases and the inductance decreases.

Before analyzing any electromagnetic device in high-frequency, a specific frequency
range must be defined depending on the application standards, as shown in this Interna-
tional Special Committee on Radio Interference (CISPR) guideline [74]. EMI conducted
standards cover the frequency range from 150 kHz to 30 MHz, whereas the radiated stan-
dards cover the frequency range of 30 MHz to 100 MHz. However, in most cases, it is
difficult to obtain models to achieve good accuracy in the whole range of frequencies,
especially beyond 10 MHz [17,20,28,39,51]. Moreover, in [75], it is stated that the model
of a transformer is not accurate beyond 10 MHz due to the current coupling between
Differential-mode (DM) and Common-mode (CM) paths.

2.1. High-Frequency Phenomena in Conductors

The skin effect is the first phenomenon that arises as the frequency increases. Eddy cur-
rents are induced in the current carrying conductor due to the self-created High-Frequency
(HF) magnetic field. These Eddy currents cause a non-uniform current density inside the
conductor, as the electrons are pushed to the outer region of the conductor. This way, the ef-
fective cross-section of the conductor is reduced with the frequency, as the current flows
only in the skin depth of the conductor (see Figure 2). The skin depth can be computed
applying the next well-known analytical expression:

δ =

√
2

ωµσ
(1)

where ω is the current pulsation, µ is the medium permeability and σ is the conductivity.
According to Equation (1), it can be deduced that the higher the frequency is, the thinner
the skin depth is.

This surface distribution of the current increases the resistance and decreases the
inductance due to the flux distribution inside the conductor. The skin effect is a local
effect in each conductor, independent from the neighboring ones, so it can be analyzed
simplifying the problem to a single conductor [76,77]. As it depends on the frequency and
geometry, it can be mitigated using a smaller conductor diameter than the skin depth.

The neighboring effect between the conductors comprising a coil is defined as the
proximity effect, and it is far more influential than the skin effect [52]. The basis is similar
to the skin effect, but it considers the effect of induced Eddy currents in a conductor due to
the high-frequency magnetic field created by the neighboring conductors. Thus, this phe-
nomenon depends on the relative position between conductors and can be mitigated using
windings with parallel strands or Litz wires, although they are complex to manufacture and
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they can generate unbalanced current distribution across the strands [78]. The distortion
caused by this effect in the current density distribution of an electrical machine coil is
shown in Figure 3. When those effects get together, the effective cross-section of a wire
decreases further, leading to a higher resistance increase [55,58].
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Figure 2. Skin effect in a conductor of 2 mm of diameter. (a) 1 kHz. (b) 100 kHz. (c) 1 MHz.
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Figure 3. Proximity effect in a middle slot of a machine. (a) 1 kHz (b) 10 kHz.

2.2. High-Frequency Phenomena in Magnetic Cores

Regarding the magnetic core of electrical machines, in this region also demonstrates
some high-frequency phenomena that might have a significant influence on the motor
behavior. Generally, the stator and the rotor magnetic cores are laminated and made of
electrical steel sheets to limit the Eddy currents induced by alternating magnetic fields,
reducing the magnetic losses. However, above a certain frequency, the effect of eddy
current is significant despite the insulation given by the lamination, because the skin depth
becomes thinner than the thickness of the sheets. The induced Eddy currents creates a
shielding effect inside the electrical sheets that push the magnetic flux out of the iron core,
leading to a decrease in the relative permeability of the magnetic material, and so in the
value of the inductance [52,58,59]. The threshold frequency of this transition depends on
the thickness of each steel sheet and its resistivity [24,55,58].

Kohji Maki et al. created a one-slot 2-D model to simulate a bulk iron core and a
3-D model to represent a laminated iron core. In the case of the laminated iron core,
the inductance decreases less than in the bulk core since the magnetic flux is not completely
pushed out of the laminated core. It also happens at a higher frequency. On the other
hand, the resistance increases more in the laminated core, as the surface area where Eddy
current flows is larger and the proximity effect between sheets increases the eddy currents
in the core. It should be noted that the non-linearity of the magnetic saturation of iron
core is neglected for those simulations, as well as the displacement current term, which is
negligible at least below 1 GHz [55].
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2.3. Parasitic Capacitances

At low frequency, the influence of parasitic capacitances is negligible as their impedance
is commonly large. Nevertheless, as the working frequency increases, the impedance of
parasitic capacitances gets lower, leading to new current flow paths inside the motor. This
might affect considerably to the differential and common-mode impedances, and so to the
differential and common-mode currents in the motor [28,58,73,79].

The main parasitic capacitances involved in an electrical motor are shown in Figure 4a.
Cwr is the winding-to-rotor capacitance, Cb is the bearing capacitance, Cws is the winding-
to-stator capacitance, Csr is the stator-to-rotor capacitance, Cwh is the winding-to-housing
capacitance and Cwsh is the winding-to-shaft capacitance.

In the winding, different capacitances appear. Cij is the inter-turn capacitance and Cpp
is the capacitance between phases that can be neglected if there is a single layer winding in
the slot [58]. The complete common-mode (CM) paths are identified in [73]. To calculate the
inter-turn capacitances, it is essential to consider the geometry, material and positions of the
conductors inside the slot, as well as the thickness and the material of the insulation [43,54].

(b)(a)

Housing

Stator

Winding End Winding

Rotor
Bearing

Shaft

CsrCwr
Cwr

Cwh Cwh

Cws Cws

Cb Cb

Figure 4. Parasitic Capacitances. (a) Motor view. (b) Winding turns.

3. Analysis Tools

There are two different ways to analyze an electrical machine in high frequency.
The first way is to determine the value of the Lumped Parameter Model (LPM) parameters
of the motor by experimental measurements. This method is fairly the most used in the
literature [12–36]. It is a practical method that achieves accurate EMC simulation of motor
drives. Nevertheless, the manufactured motor is necessary for the measurements, so it is
not valid for the design stage before prototyping.

In the second way, an equivalent circuit model or LPM is made so that each circuit
constant is calculated with the design parameters of the motor either analytically [11,37–50],
by Finite Element Method (FEM) [28,39,51–70] or even with hybrid methods [71–73].
With FEM-based electromagnetic field analysis, the inductance, resistance and capacitance
of each turn of winding can be obtained, which are difficult to measure experimentally [55].
In this section, the main analysis tools for the calculation of equivalent circuit parameters
are analyzed.

3.1. Finite Element Methods (FEM)

FEM is based on the fundamental laws of electromagnetism described by the Maxwell’s
equations [80,81].

3.1.1. Analysis of Eddy Currents and Iron Losses

As is well known, the iron losses depend on the frequency, so that the higher the
frequency is the higher both the hysteresis and Eddy currents are.

According to some authors, to model those losses accurately, the nonlinear permeabil-
ity of the magnetic core must be considered [52,61]. In [52], the nonlinear permeability is
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considered applying different permeability values to different regions depending on the
flux density vector, and the mesh element size is set bellow the wavelength of the PWM
excitation frequency. In this way, the non-linearity of the magnetic material BH curve is
considered. On the other hand, a linear approximation of the BH curve is proposed in [58],
obtaining accurate results.

Even if the high-frequency motor models found in the literature do not mention
explicitly how hysteresis and excess losses are calculated, in [82] an improved core loss
model is proposed for transformers and machines considering high-frequency and non-
sinusoidal supply, which is validated up to 1.6 kHz.

With respect to the model geometry, if working with 2-D models, there are two effects
that are not considered, the lamination of the magnetic core and the end effect. Thus, 2-D
models tend to overestimate the shield effect in the sheets, resulting in lower iron losses,
lower coil inductance and higher resistance [55,66].

In [62] the lamination effect is considered in 2-D models with an equivalent conductivity-
D laminated and bulk core simulations are used first. The conductivity of the bulk core is
adjusted so that it has equal Eddy losses than the laminated one. The effect of lamination
on the magnetic flux distribution can be seen in Figure 5a.

Moreover, in Figure 5b the end effect can be seen, where the end-winding leakage flux
causes a local flux density increase in the edge of the tooth-shoe region, generating extra
core losses [78].

(b)(a)
Figure 5. Iron sheet Effects. (a) Lamination effect [83]. (b) End effect [78].

The stator is a CM current path at high frequency, so its impedance must be calculated.
In [83] the impedance of the electrical sheets is calculated for high-frequency transformers,
including the two axes. The one parallel to the winding, and the perpendicular one.

3.1.2. Analysis of Coil Conductors

In low-frequency FEM analysis, generally considering the winding coils to be bulk
coils might be accurate enough, as the main performance such as the joule losses or the
torque capacity do not depend on the supplying frequency. However, when reaching higher
frequencies, the detailed modeling of the winding and its fine mesh is essential as the
current distribution is not uniform anymore due to skin and proximity effects. The mesh
size must be smaller than the skin depth at that frequency to obtain accurate results [63].
Solving a detailed problem might increase the computational load notably, so it is essential
to simplify the problem, trying to find a good trade-off between the computational load
and the accuracy of the results. Different papers working on this purpose can be found in
the literature.

In [72,84] four different FEM models for axial high-speed Permanent Magnet Syn-
chronous Machine (PMSM) are analyzed. Bulk coils and individual conductors with fine
mesh, both in 2-D and 3-D domains. In the case of the 3D FEM simulations, the end
windings are considered. The most accurate model to calculate the AC losses in the coils
is the 3-D complete model, as it considers end, skin and proximity effects. If bulk coils
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are used, these effects are not considered. Considering 2D models, usually, even with fine
mesh, these models underestimate AC copper losses, as it is stated in [66].

Three methods are proposed to obtain accurate results reducing the computational
effort of a 3-D fine mesh:

• Taran et al. propose to use a bulk coil 3-D model with coarse mesh, arguing that
it is enough to calculate the magnetic flux density. Then, applying an analytical
formulation, the AC copper eddy current losses are calculated. Skin and proximity
losses due to neighboring conductors are neglected in this method, as the analyzed
conductors are smaller than the skin depth at the calculated frequency of 1.6 kHz.
The authors mention that this method may be useful for coreless permanent magnet
machines, where the major part of AC component of copper losses is caused by the
permanent magnet flux passing over the conductors [72].

• In the case of [84], a 2-D model with detailed conductors and fine mesh is proposed.
Then, based on the flux density variation along the active length of the machine in a
coarse mesh 3-D model, some coefficients are calculated to account the variation of
losses along the end winding and the active length.

• Volpe et al. calculate the flux density for different conductor layers, and then the
AC loss is calculated analytically for radial flux machines. If the skin depth is lower
than the conductor radius, the flux density must be calculated in different points in
each conductor [71] .

In Table 1, an overview of the different electromagnetic simulations is shown. Most
cases include the rotor in the FEM model, whereas the end winding is just included in 3-D
models. The mesh, if mentioned in the articles, is usually lower than the skin depth in the
analyzed frequency, to calculate skin and proximity effects accurately. In some cases bulk
conductors are used (not each turn conductor), so these effects are not taken into account.

Some cases just mention that iron core properties are considered, without further
explanation. However, most cases consider the iron losses, and even the lamination effect,
with 3-D models or equivalent 2-D models. Some models use complex permeabilities,
and nonlinear BH curves, while others just keep the permeability constant.

The lower part of the table shows some cases where the main objective is to ob-
tain the AC copper losses for high-speed PMSM, with common characteristics with
high-frequency models.

Table 1. FEM Electromagnetic simulation comparison.

Case Frequency Geometry Mesh Rotor End Skin Proximity Iron
Range Model Winding Effect Effect Core

[73] 30–5 M 3-D.1 slot. x x [85] (Bulk turn) Rcore & Lcore
1 [11]

[54] 2 100–100 M 2-D.1/8 Model. x x x -
[62] 20–4 M 2-D.1/4 Model. x (Bulk turn) Equivalent σ

[52,86] 10 k 2-D.1/2 Model <δ x x x Nonlinear BH
[58] 100–1 M 2-D slot x x x Complex µ. Linear BH
[61] 0–100 k 2/3-D x x x x nonlinear BH and losses
[39] 10–10 M 2-D.1 slot x x x x
[51] 1 k–10 M 2-D.1 slot x x Constant µ, No lamination
[55] 10 k–20 M 3-D.3 slot <δ x x x Constant µ. One sheet
[67] 0–10 M 2-D.1 slot <δ x x Coreless
[68] 0–200 k 2-D.1 slot <δ x x x

[71] 0–800 2-D Full <δ x x x
[72] 500–3 k 3-D.3 coils Some <δ x x Coreless
[84] 0–333 2-D. Half Fine x x x
[78] 0–1.4 k 3-D.1 Phase Fine x x x nonlinear BH and losses
[66] 0–600 2-D.1 pole x x x
[70] 10 k–1 M 2-D.1 slot <δ x x Complex µ. One sheet

1 Analytical equations are used. 2 Rotor position is taken into account for R and L calculations.
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3.1.3. Parasitic Capacitances

As mentioned in Section 2.3, some additional current paths appear at high frequency,
due to the existing parasitic capacitances between the different parts of the machine.
These paths must be calculated thoroughly as they might have a significant impact on the
motor’s high-frequency behavior. To analyze these capacitive couplings electrostatic FEM
simulations must be conducted [28,52,87].

There are different methods to calculate the capacitances between floating conductors,
as explained in [88]. In the electrical machine, those conductors can be the winding conduc-
tors as well as the stator and rotor cores, because they behave equally as coupling paths.
These are the most used methods [65]:

• Minimum Energy Method: It consist of performing N(N + 1)/2 simulations, where
N is the number of regions to compute. Then, using the electric field value, the stored
energy will be calculated. The simplest way to find the self-capacitance coefficients
Cii, is to perform N simulations in which all but one conductor are defined with a
boundary condition Vj = 0 for j 6= i. Then, the expression (2) is solved, where Wi is
the stored energy and Vi is the applied voltage. To calculate the mutual capacitance
between two regions Cij, the boundary conditions Vj 6= Vi 6= 0 are defined, where the
rest of the regions are set to zero.

Cii = 2
Wi

V2
i

Cij = Cji = 2
Wij − 0.5(CiiV2

i + CjjV2
j )

ViVj
(2)

• Gauss Law method: It consists of performing N simulations in which the conductors
are defined with a boundary condition Vk = 0 for k 6= j. Then, after solving the electric
field distribution in each simulation, the expression (3) is applied, where Qij is the
charge of each conductor due to the voltage excitation. (N + 1)/2 simulations are
enough, so that the number of required simulations is notably reduced. Hence, this
method can be considered more suitable than the minimum energy method for electri-
cal motors, which normally use coils comprising rather high number of conductors.

Cij = 2
Qij

Vj
(3)

With respect to the model geometry, the capacitances of the active part of the machine
can be calculated by 2-D FEM electrostatic simulations, whereas the end-winding capaci-
tances must be calculated by 3-D FEM simulations [73,85]. It must be remarked that the
capacitive coupling between the active part of the stator winding and the stator core is sig-
nificantly bigger than the rest of the capacitive couplings, so that it is the predominant CM
current path. Hence, in some cases 2-D FEM simulations are accurate enough to analyze
this main CM current path [58]. However, the end winding represents up to 40% of the
total winding-to-rotor capacitance and it influences the phase-to-phase capacitance, so it
must be considered to obtain accurate results on bearing currents [10,54].

Moreover, the inter-turn and turn-to-stator capacitances result in an NxN symmetric
matrix, where N is the number of turns, as shown in (4), where Cij is the capacitance between
the ith and the jth turn and the Cii it the ith turn-to-core capacitance [39,42,51,56,62,70].
In [52,55], phase-to-phase capacitance is also defined for multi-layer windings.

[C] =


. . . −Cij · · ·
· · · Cio + ∑Nc

j=1 Cij · · ·

· · · −Cji
. . .

 (4)

In [65] the importance of the mesh between conductors is stated, concluding that at
least 2 mesh layers must be defined between conductors to achieve accurate results. The
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authors state that the computed matrix shows that the strongest couplings are found for
capacitances between neighboring turns and between turns facing the stator core. They
stated that the matrix can be simplified neglecting low values of distant conductors, as well
as in [51].

In Table 2 the analyzed models are summarized including the purpose of the models
and the considered capacitive couplings. It can be seen that the winding-to-stator capaci-
tance is used in all cases, except from the last one, as it analyzes the end-winding influence
on the bearing currents, and there, the winding-to-rotor is the most important coupling.
Nevertheless, some publications (Winding to ground.) consider the winding-to-ground
capacitance instead of the winding-to-stator capacitance, simplifying the models.

It is also remarkable that turn-to-turn capacitances are considered in most cases,
especially to analyze transient voltages. Apparently, for CM and DM impedances of
electrical machines, the rotor may not have influence, as just some models consider it,
while all cases analyzing bearing currents and over-voltages take the rotor into account.

Table 2. FEM Electrostatic comparison.

Case Experimental Geometry Rotor End Winding Winding Bearing Stator Turn
Validation Model Winding Stator Rotor Capacitor Rotor Turn

[73] Bearing Current 3-D.1slot. x x x x x
[85] CM 2-D/3-D.1/4 Model. x x x x x x
[54] CM & DM 2-D.1/8 Model. x x x x x
[62] CM 2-D.1/4 Model. x x (bulk)

[52,86] Over-voltage 2-D.1/2 Model x 1 x
[58] CM & DM 2-D slot x 2 x x x
[61] Over-voltage 2/3-D x x 1 x
[39] Over-voltage 2-D.1 slot x 1 x
[51] CM 2-D.1 slot 2 1 x
[55] CM & DM 3-D.3 slot x x x
[67] CM 2-D.1 slot x x
[68] RL 2-D.1 slot x 1 x
[57] Capacitance 2-D 1-slot x
[65] 2-D 1-slot x x
[10] Bearing Currents 3-D Full x x x x x
[70] CM & DM 2-D 1 slot x x

1 Winding to ground. 2 Analytical equations are used.

3.2. Analytic Methods

Regarding the analytical methods, some assumptions and simplifications might be
made to calculate the resistance, inductance and capacitance values with manageable for-
mulas. Due to these simplifications, generally the analytical calculations are less precise
that FEM simulations. However, they require much less computational load than FEM.
In this section, some analytical approximations found in the literature are summarized.

3.2.1. Analysis of the Magnetic Core

On the one hand, Eddy current losses rise in the iron core when the frequency increases.
In [40], it is assumed that Eddy currents are limited to the skin depth, assuming a uniform
current density on it. Then, with the length of the stator, the resistivity and the perimeter
of the slot, the resistance of the iron loss due to Eddy currents is obtained to consider it in
the circuit.

On the other hand, in [37] the resistance accounting for the core loss at low frequency
is considered proportional to the power of the induction machine, and an experimentally
estimated damping resistance is added in parallel to the winding inductance to consider
the high-frequency iron loss combined with the winding skin and proximity effects.
This resistance is added due to the fact that it affects the DM impedance in the first
resonance frequency.
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No reference to Hysteresis or Excess loss is found, except for the model shown in [47]
that uses Bertotti’s iron losses estimation. However, the resulting CM and DM currents are
not experimentally validated.

Moreover, in [11,48] the common-mode impedance of the stator is calculated. The au-
thors state that when the CM current flows through the stator, a circumferential flux is
created in the stator yoke. These currents and flux flow along the iron surface along the
skin depth. In the mentioned publications, the magnetic flux in each lamination is the
sum of the flux generated by the current flowing through this lamination and the current
flowing in the adjacent lamination. Thus, assuming that equal currents flow into each of
the N laminations, the core impedance can be calculated in (5) where r1 and r2 are the inner
and outer diameter of the stator yoke, respectively.

Zc = (1 + j)
N

3πσδ
ln

r2

r1
(5)

3.2.2. Analysis of Coil Conductors

At high frequencies, the windings are affected by skin and proximity effect as ex-
plained in Section 2.1. The first effect can be easily calculated with the well-known
Equation (6), where L is the length of the winding, r is the radius of the conductor and δ is
the skin depth explained in (1).

Rskin =
ρL

Ae f f
=

ρL
πr2 − π(r− δ)2 (6)

For example, in [40] a single coil of electrical machine is analyzed and the model
shows the same trend than the measurements. However, when a group of coils is analyzed,
the resistance shoots up due to proximity effect that is not considered in the model, reducing
the accuracy of the model.

The proximity effect is not so easy to estimate analytically. The most used method
to calculate proximity effect in the literature is [89] and it is applied in transformers.
Ferreira proposes a method to calculate the AC resistance of round conductor windings
using the exact analytical equations for round conductors, obtaining more accurate results.
Nevertheless, some assumptions are still present because they are 1-D flux density models,
not considering the effect of leakage flux crossing the slot opening.

In [50] a 2-D analytical model is presented to predict the proximity losses in p.m.
machines stator slots, including the effects of slot opening. It is based on the solution
of the Laplacian equation in the rectangular coordinate system of the slots in the ma-
chine, applying the boundary conditions of the magnetic field intensity. It makes the
following assumptions:

• Bundle-level proximity losses are neglected by transposing conductors.
• The slots have a rectangular shape.
• The conductors have a uniform distribution in the slot.

The model is validated with FEM results for single- and double-layer windings,
obtaining accurate results up to 1.5 kHz.

In [38] Bessel functions are used to calculate the AC resistance of a shielded multi-
conductor, obtaining good results in low frequency but increasing the error up to 12% in
high frequency compared to FEM results. This method is also compared with FEM results
in [39] for a machine winding obtaining the same error.

In addition, the method proposed in [37] uses the Institute of Electrical and Electronics
Engineers (IEEE) standard Induction Machine (IM) circuit [90] obtaining the parameters
from the manufacturer data sheet. Then, some add-ons are proposed to account for the
high-frequency effects. The inductance of the first turns of the winding is added, as it influ-
ences the high-frequency anti-resonance point. A stator turn-to-turn damping resistance is
defined also to account for the skin and proximity effect of the wire. There is not perfect
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matching of DM impedance because the stator leakage inductance skin effect is not taken
into account.

Summarizing the relevant cases obtained with analytic methods in Table 3, it can be
seen that the accuracy is lower than in FEM methods, and their frequency range is smaller.
One method is only found to obtain proximity effect losses in electric machines directly [50],
as the dumping resistance inserted in [37] accounts for skin and proximity effects in the
winding and high-frequency iron losses in the machine.

Table 3. Analytic simulation comparison.

Case Frequency Iron Proximity Capacitive ValidationRange Core Effect Coupling to Ground

[40] 0–80 k Eddy Currents Parallel plates Single coil
[37] 0–1 M Dumping resistance Dumping resistance Bulk winding DM CM (Not adjusted resonances)
[47] 0–200 k Bertotti FEM Lumped C network
[50] 0–1.5 k Laplacian Equation Joule Losses in PMSM (Error < 10%)
[38] 0–10 M (Shielded cable) Bessel function R & X with FEM (Error ≈ 12%)

3.2.3. Parasitic Capacitances

When the working frequency increases, the impedance of parasitic capacitances de-
creases, leading to new current flow paths inside the motor which affect its DM and CM
impedances. The analytical calculation of capacitances is spread out in the literature.

• Stator-Winding-to-Rotor Capacitance: In [41,43] each slot is considered to be a plate
capacitor. This capacitor consists of the airgap and the height of the slot opening with
the permittivity of the air and the slot wedge and the upper slot insulation with the
insulation material relative permittivity. This approach shows an approximate error
of 15 % due to geometrical approximations.
The method of image charges for the solution of Laplace equation is used by Stock-
brügger and Ponick to calculate winding-to-rotor capacitance. This method replaces
the elements in the geometry with imaginary electric charges, replicating the boundary
conditions of the problem. It uses line charges for the slot portion and ring charges
for the end-winding portion. The results show small deviations with FEM results
enabling the prediction of bearing voltage.
Moreover, the end-winding contribution to the winding-to-rotor capacitance must be
calculated. In [58], authors state that the end windings typically have a rectangular
structure. Thus, the capacitance is estimated using the equation for a cylindrical
capacitor (7), where εr is the relative permittivity, ε0 is the permittivity of the vacuum,
lew is the length of the end winding and dr and dair are the rotor diameter and the
airgap, respectively. The obtained result is added to the rest of the winding-to-rotor
capacitance, validating it with FEM results, with some deviations.

Cwr,ew =
2πεrε0lew

3
ln (

dr + 2dair
dr

) (7)

• Rotor-to-Stator Capacitance: The stator and rotor are considered to be cylindrical
capacitors. To account for the influence of the slot openings, a coefficient is added
similar to the one used to for the reduction of the airgap flux density in magneto-static
calculations, called Carter´s coefficient. The calculated values show a difference of
15% from measurements, but the author states that the values are in the safe side,
as the bearing currents are overestimated by this method [41].

• Bearing Capacitance: The bearing acts as a capacitor if it rotates at a sufficient speed
for an electrically insulating lubricating film to build up and if the voltage applied
is lower than the electrical break-down threshold. The value is calculated taking
into account the minimum thickness of the lubrication film and the Hertzian contact
area [41]. The proposed model is validated with bearing voltage measurements.
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• Turn-to-turn Capacitance: In [42], an analytical model of a winding is presented to
predict the turn-to-turn capacitance. The capacitance for nonadjacent turns is not
taken into account as it is assumed that the flux lines are only directed towards the
next immediate conductor. The turn-to-turn capacitance is the series of the airgap
and coating capacitances. In other words, the global accuracy of the analytical results
compared to FEM results is questionable looking the relative error. However, results
converge to the same order of magnitude.
Moreover, in [46] the turn-to-turn capacitance for rectangular cross-section windings is
calculated assuming they are two plate capacitors, but the analytic values differ from
FEM results. Moreover, in [45] it is stated that depending on the real configuration of
the winding, different analytical methods must be used, otherwise the result can have
a 400% of deviation. One of the methods can be used when round wires are largely
distanced and in single layer windings, whereas the other method can be used when
the distance between wires is small compared to the diameter, as it considers that the
conductors are touching each other. It is important to know the details of the electrical
machine design before applying any calculation method [91].

• Winding-to-Stator Capacitance: In [43], the winding turns are treated as a unique
winding region and the capacitance between the stator winding and stator core
is considered a plate capacitance. This simplification is not acceptable looking at
the results.
On the contrary, in [42] the iron core surface is considered to be a perfect equipotential,
so the electric field lines are orthogonal to the surface of the core. In that case,
turn-to-core electric field lines go through half of the path compared to the turn-
to-turn lines. The turn-to-stator capacitance is estimated as the double of turn-to-turn
Capacitance [42,92]. However, based on FEM results, turn-to-stator capacitance must
be 2.4–3 times the turn-to-turn Capacitance.

Finally, in Table 4 different publications are compared regarding the capacitance
calculation on electric machines, including the method or main geometrical simplification
and the approximate error compared to measurements. It can be seen that the accuracy
is limited in most cases, but may be enough for come approximations, as mentioned in
those publications. It is important to know the geometry of the machine before choosing a
calculation method.

Table 4. Analytic Capacitance comparison.

Case Winding Winding Stator Turn
Stator Rotor Rotor Turn

[41] Plate capacitors (≈15%) Cylindrical caps (≈15%)
[43] Plate capacitors (≈80%) Plate capacitors (≈30%) Cylindrical caps (≈20%)
[79] Image charges (4–10%)
[58] Cylindrical capacitors (≈30%)
[42] 2Ctt(≈50%) Conductors(≈32%)
[45] For single layer (≈15%)
[46] Plate capacitors(≈16%)

3.3. Measurement-Based Methods

The last approach to model an electric motor for HF analysis is measuring both DM
and CM impedance and getting the circuit parameters from those measures. It is a very
used approach, but it is not practical during the design process, as a prototype is needed.
When obtaining impedance vs. frequency curves, two different connection layouts are
usually used [12,13,15–17,20–24,26–29,31–33,35,36]. In Figure 6a CM impedance measuring
layout is shown, while in Figure 6b DM impedance is measured.
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Figure 6. Impedance measurement connection layout. (a) CM; (b) DM.

Additionally, in [21,22,26,28], it is stated that even if IPMSM have been widely treated
as IM for the simulation of EMI, the characteristic impedance is different as DM impedance
varies with the rotor position due to the variation of reluctance, as shown in Figure 7.

Figure 7. Differential-mode Impedance [28].

Thus, [22] introduces a new measurement consisting of measuring the impedance of
two phases in series. Then, the equivalent inductances are calculated for different rotor
positions. Moreover, in [12,17] some additional measures are needed to complete the
model parameters.

Alternatively, [30] analyzes the ground current of an induction machine and measures
the CM impedance as shown in Figure 6a and the impedance between the three-phase
terminals and the motor neutral with a floating ground terminal.

The procedure for calculating the LPM parameters is dependent of the proposed model.
Most models have fixed LRC sections [12,13,15,17,19,20,24,29–33,35,36], whereas some of
them have as many LRC sections as the number of resonance points of the impedance
curve [26–28].

Most authors give a physical meaning to the RLC values, others relate the RLC
value to a point or region in the impedance curve [17,22,24,28] or even use data fitting
methods where the resistance value can be even negative [15,16,93]. In [23], some initial
parameters of the model are calculated analytically from the impedance curve, and a
minimization algorithm is proposed for the rest of the parameters, restricting the values to
real positive ones.

After this main classification of the methods is done, some relevant details about the
methods are commented.

In Figure 8 the DM impedance measurement and an equivalent circuit are shown.
Usually the resonances around the EMI analysis range (150 kHz–30 MHz) are only con-
sidered and to avoid numerical difficulties, each selected pair of peaking and dipping
frequencies should be sufficiently apart from each other. To simplify the characterization, it
is assumed that the inductance in each stage of the circuit of Figure 8a is much smaller than
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the next stage to its right. The authors in [27] note that this is just an assumption imposed
on the behavioral model and does not have implications in the machine behavior.

(b)(a)
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Fd1

Fp2

Fd2
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L2

RD1
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L1
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L2
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CD(n-1)

Figure 8. Measurement-based modeling of an IM. (a) Typical single-phase equivalence for DM
impedance; (b) DM impedance.

DM parameters are determined from the peaks and dips identified in Figure 8b, not
with any physical meaning. After following the same procedure with the CM impedance,
a three-phase equivalent circuit is composed, integrating the motor in the electric drive
model and validating it up to 10 MHz.

Furthermore, in [22,26,28], the model is divided in two sub-circuits. One referring
to the low-frequency range, where the rotor position influences the RL values that are
obtained with FEM, and a high-frequency range circuit, where the values just depend on
frequency and not position. This model is validated with measurements, obtaining good
accuracy below 3 MHz.

In the case of [12], also five tests are done to extract the parameters, but the rotor is
taken into account, so rotor-to-stator capacitance is also extracted. The main drawback of
this method is the need to electrically isolate the rotor from the frame to measure rotor-to-
stator capacitance. This method and the proposed model are validated both for EMI and
shaft voltage analysis. [23] uses a Lumped equivalent circuit from a different point of view.
The identification is performed for a set of measured complex CM and DM impedances
from 11 electrical machines of the same type. Initial parameters are determined through
approximations from the measured data and the rest are obtained by a minimization
algorithm, resulting in a model matching the measured results up to 30 MHz.

In [20] it is noted that the iron loss resistance is responsible for the damping of the
first resonance in DM, so it obtains the value of Re from the impedance value at that point.
Then, an extension is made to the model, and it is shown that better results are obtained
if Re is defined as a frequency-dependent resistance that reproduces the skin effect of the
iron core.

Furthermore, in [24] a combined method is proposed to obtain the model parameters
with CM and DM measurement together with FEM simulations. The model includes
Eddy current loss, the inter-turn effects of the winding and the leakage inductance effect
of the first few turns of the winding. However, in the low-frequency range, the DM
impedance is affected by the stator magnetization inductance and the core losses resistance.
Here, the unknown parameters are more than the equations that we can derive from DM
impedance characteristics. Therefore, 3-D FEM is used to calculate the core losses.

Finally, in [94] a model of a PMSM proposed in [33] is integrated into the whole drive
with the inverter and the power cable that are also modeled. The inverter, power cable and
the PMSM are validated individually, and finally, the whole model is validated, obtaining a
rather good accuracy with the measured spectrum. However, further validation is required
from 10 to 30 MHz due to the electromagnetic noise induced in the voltage probes and
current transducers.
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4. Modeling of Electrical Machines in High-Frequency

In the previous section, three different analysis tools are described for high-frequency
electrical machine analysis. From that analysis, some electrical parameters are obtained (L,
R, C), to introduce them in different models. In this section, the main models are classified
based on their topology, parameter extraction methods and their main characteristics.

Concerning their complexity or size, the models can be classified into two categories.
Distributed Parameter Models (DPM) and Lumped Parameter Models (LPM). DPM tend
to be more accurate, but they may not be integrated with other system components, as they
need intensive computation [39,51,52,56,58,61,62,86].

By contrast, LPM is more practical, as it can be introduced in a complete electri-
cal drive model, and its parameters can be obtained from simple impedance measure-
ments [13,17,20–24,26,27,31,32,35,37,54,55,73]. Some authors develop high accuracy DPM
models and simplify it to LPM with matrix reduction methods [52] or by grouping the RL
parameters [58]. A review of the different models is made in Table 5.

Table 5. Model Comparison.

Model Frequency Model Parameter Inter-Turn Bearing Rotor Integration Simulation Iron
Range Type Extraction Effects Model Model in Drive Domain Loss

[32] 1 k–13 M Measured x x x Freq & Time Implicit
[17] 10 k–10 M Measured x x x Freq & Time Implicit
[20] 10 k–10 M Measured x Freq & Time R Parallel
[23] 10 k–10 M Measured x Frequency Implicit
[31] 100 k–500 M Measured Frequency Implicit
[12] 10 k–10 M Measured x x x Freq & Time Implicit
[13] 100–100 M Measured x Freq & Time R
[21] 150 k–10 M LPM Measured x x 1 x Freq & Time R
[33] 100–30 M Fixed Measured x x x Freq & Time R
[24] 100–10 M Segments Measured 2 x Frequency R|L|RC
[15] 100 k–100 M Measured Freq & Time Implicit
[35] 10 k–1 M Measured x Freq & Time Implicit
[36] 100–10 M Measured x Freq & Time R Parallel
[37] 10–10 M Analytic x x x x Freq & Time R Parallel
[73] 30–5M FEM 3 x x Time RL
[54] 100–100 M FEM x x x x Freq & Time Implicit

[27] 1 k–10 M f(F) Measured x Freq & Time Implicit
[22] 10 k–3 M Segments Measured 2 x 1 Freq & Time Implicit

[62] 20–4 M FEM 3 x Frequency Implicit
[86] 10 k FEM x x x Time Implicit
[58] 100–1 M FEM 3 x x x Frequency R Parallel
[61] 0–100 k DPM FEM x x Time Implicit
[39] 10–10 M FEM x Freq & Time Implicit
[51] 1 k–10 M FEM x Freq & Time Implicit
[55] 10 k–20 M FEM x Frequency Implicit
[70] 10 k–1 M FEM x Frequency Implicit
1 The rotor position is also considered. 2 FEM is used for some parameters. 3 Analytical equations are used for some parameters.

With respect to the simulation domain, some models are working in the frequency
domain, for example, to obtain the CM and DM impedance versus frequency. However,
to simulate the over-voltages and currents, the time domain is needed. In this domain,
the frequency dependency of the parameters is usually considered using lumped parameter
circuits, as varying the value for each frequency may not be practical. Two main methods
are exposed here.

In [58] four parallel RL branches are used to reproduce skin and proximity effects
in the resistance and inductance values, where each branch represents a frequency range.
The resistance of the first branch, representing the low-frequency range is received directly
from FEM values whereas the following branch resistances are calculated by a frequency-
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dependent formula and the decrease of the inductance with the frequency is represented
by two empirical factors obtained from [95]. The resultant impedance is shown in Figure 9.

Figure 9. Impedance result of RL-branch compared to FEM in [58]. (a) Impedance (b) Error.

Something similar is used in [22,26,28] for taking into account the resistance and
inductance variation with frequency. They use Foster’s network, adjusting their values
with data fitting procedures. The models are validated obtaining accurate results.

Even if all models are based on LCR circuits, they refer to different parts of the machine
and include different high-frequency phenomena:

• Inter-turn effects: To make an accurate model in high frequency, the influence be-
tween conductors must be modeled. Most FEM-based models consider these effects
in the analysis, and in measurement-based methods, this is implicitly included.

• Bearing: Just a few models include the bearing in the model, as their capacitance is
important when simulating bearing currents, but in the rest of the models they are
neglected or calculated analytically [41] or empirically [53,54]. Bearing capacitance
can be neglected when using plastic bearings or when the machine is in stand-still as
mentioned by [43,58]. In [37] the rotor, the shaft and the bearing models are included,
so it is very useful to analyze the motor’s behavior over a wide range of frequencies
and it can be also suitable for the study of bearing currents and CM shaft voltage both
in time and frequency domain.

• Rotor: As Cwr & Csr are 103 times smaller than Cws, the rotor does not affect DM
impedance in high frequency, but when analyzing CM current paths, stator-to-rotor
capacitance is essential, so modeling the rotor is needed [37,58]. A reduction of 16.4%
of the maximum over-voltage is found in the case of the turn-to-ground voltage when
including the rotor, so it is fundamental for insulation design too [61]. Additionally,
in [21] a conventional dq Interior Permanent Motor model is improved by adding
the ground capacitance, the iron loss resistance and a ground resistance. In this way,
the values RL remain constant, regardless of the rotor position, like in the machine
models used for control purposes.

• Iron Loss: Considering the explained in Section 2.2, Eddy currents are essential at
high frequency. Some models include a loss resistance in parallel with the winding
impedance, whereas others do not refer any specific parameter in the electrical circuit
to account the losses, being implicit in the circuit values. In [24], an R in parallel
with L and a RC is proposed to account for the Eddy current effect in the iron in the
mid-frequency range.



Appl. Sci. 2021, 11, 6334 17 of 29

As an example, a distributed parameter turn-by-turn model is proposed in [62].
The RLC-parameters are derived from 2-D FEM simulations and analytical expressions.
It takes into account turn-to-turn capacitance and the capacitance of the iron core. An in-
teresting point of this method is the fact that the circuit is defined in a matrix way, so the
calculation of the CM impedance is really fast. It matches the measures until 4 MHz. A sim-
ilar approach is used to model the resonances and the frequency response in transformer
windings using inductance and capacitance matrices in [96,97].

It is remarkable that [31] proposes a high-frequency model in the range of
100 kHz–500 MHz for PMSM in electric vehicles, being able to model the irradi-
ated EMI frequency spectrum including Delta connected stators, but the accuracy of
the impedance value at resonant frequencies is limited.

5. Influence of Design Parameters on EMC

Once the machine EMI behavior is analyzed by developing different models shown
in the previous section, the influence of different aspects must be evaluated using those
models. Different factors may affect the EMC behavior, such as design parameters, man-
ufacturing materials, and fabrication processes and tolerances. To go to the detail of the
design parameters and tolerances, normally FEM analysis is used as the main option.

5.1. Power Rating

Even if [20] mentions that construction materials and tolerances have a non-predictable
influence on the model parameters, it states that winding-to-stator capacitance increases
with the power rating due to the thicker wires used in higher power machines, increasing
the turn-to-stator area. It is also mentioned that stray inductance decreases when the
power rating increases. However, the power rating is not a variable that can be used to
optimize the EMC behavior of the machine as it is set by the application, being one of the
principal requirements.

5.2. Grounding Points

With respect to CM current flowing path, in [98] it is mentioned that the number
of grounding points and their position in the machine frame can change the HF current
flowing paths. The HF currents always go to the grounding point thorough the surface
of metallic parts, but the current will flow divided in different paths depending on the
path impedance.

5.3. Winding Configuration

It is found that the impedance of a series connected winding machine is four times
higher than in a parallel connection one since a winding inductance varies as N2. Addi-
tionally, the first resonance frequency of a parallel machine connection is almost double the
resonance frequency of a series winding connection machine [36,37].

Furthermore, the star and delta winding connections are also analyzed in the literature.
In [32] it is shown that CM impedance of both connections is mainly capacitive, but the
resonance frequency is 6 times higher in the delta connected machine. The impedance
below and above the resonance points is equal as the CM paths in these frequency ranges
are equal for both connections. Equally, even the shape of the DM impedances of both
winding connections is equal, the amplitude of the star connection is higher than the
amplitude of the delta connection in the whole frequency range. The authors mention that
this difference is due to the DM path. For the delta connection, the DM path is composed
of approximately two parallel windings, whereas for the star connection this path is made
of one winding in series with two parallel-connected ones. In [36], the connections of the
machine are also analyzed and a model valid for series, parallel, star and delta connections
is proposed.
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In [37], where it measures a 5 hp induction motor, it mentions that a delta connection
winding has twice the stator winding-to-ground effective capacitance compared to a
star connection.

Regarding the winding topology, in [14] circumferential (CW) and toroidal winding
(TW) topology are analyzed. The first one is the typical concentrated winding in electrical
machines, whereas in the second, the winding forms a kind of toroid, reducing the end
windings. It is concluded that even TW may be better for thermal management and higher
power density, they increase winding-to-ground capacitance, increasing the CM current by
about 20 dB.

5.4. Conductor Placement and Impregnation

The placement of the conductors in the slot is very important to model the CM
current and voltage, as the skin and proximity effects have a great impact on the voltage
distribution of the windings and the insulation stress of the conductors [39,99]. The further
the winding conductors are from the rotor, the lower winding-to-rotor capacitance will be,
and the lower the bearing currents will be [53].

Concerning to the orientation of the conductors with respect to the leakage flux lines,
in [66,99] it is found that the lowest copper losses are generated when the strands are
aligned in the direction of the leakage flux lines. Then, a bit higher losses occur if strands
are arranged in compact bundles and significantly higher losses occur when the strands are
aligned in perpendicular to the flux lines. The voltage level also influences the copper loss.
For the same power, the lower is the voltage, the higher is the AC loss due to the increased
cross-section of the conductor to carry higher currents.

Moreover, it is found that lower capacitance is obtained if the conductors are located
near the middle of the slot instead of near the tooth edge, as shown in Figure 10. Equally,
the slot shape may also affect winding-to-rotor capacitance and the shaft voltage, as it
directly affects to the conductor position [12,57].

Moreover, it is found that a small quantity of impregnation decreases the stray ca-
pacitance, but this may affect to the thermal and mechanical performance as shown in
Figure 10, so an equilibrium must be found [57]. Sarrio et al. make an analysis to see the
influence of the insulation in the whole capacitance matrix of a slot. The capacitive coupling
is proportional to the amount of dielectric material in the slot.
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Figure 10. Winding position and impregnation.

Taking this to a more practical approach, in [44] an optimization algorithm is proposed
to improve the EMC behavior of DC machines modifying the winding insulation thickness,
material and the placement of the conductors, obtaining close results. This must be the
objective when designing electrical motors for EMC optimization, but a broader analysis
must be made to consider all influencing parameters.



Appl. Sci. 2021, 11, 6334 19 of 29

5.5. Additional Actions

After the basic machine design, some additional actions may be taken to decrease
EMI in electrical machines once they are manufactured. For instance, in [53] insertion of
additional grounded electrodes into the slot wedge leads to reduce the winding-to-rotor
capacitance, minimizing the non-circulating bearing currents.

Moreover, [100] proposes reducing the absolute value of the magnetic flux leakage
by a two-layer shielding of the machine, intending to reduce the induced voltage in the
surrounding electrical loop. However, as shielding the whole machine may be too expensive
and bulky, in [10] shielding of the end windings is proposed to reduce the winding-to-rotor
capacitance and the bearing currents, as the end winding represents less than the 1% of
winding-to-stator capacitance but up to 40% of the total winding-to-rotor capacitance and it
influences the phase-to-phase capacitance [10,54]. Different shielding methods are proposed,
showing different Cwr reductions, and a good achievement is made for bearing health and
life expectancy. Even if the mayor reduction would be achieved with the solid shielding, as it
increases the iron losses, the Faraday’s cage shielding could be a better option.

Additionally, there are some external factors beyond the machine that can affect EMI
behavior, such as inverter modulation pattern and frequency, DC bus voltage, but there are
out of the scope of this work [1,12].

Although the machine operating point or its torque angle may also affect DM EMI
level, this cannot be used as an EMI improvement way, because it would reduce the
working range of the machine [26]. Something similar happens with the influence of airgap
size on the stator-to-rotor capacitance, as it affects to the EMI behavior but also to the
machine performance [12].

Finally, as an introduction to the future work, in [101] a new systematic method is proposed
to quantify the influence of tolerances on PMSM performance to identify possible non-compliant-
dimensional variables and material characteristics, based on the results of the open-circuit and
short-circuit procedures of IEEE Std 1812. Design of Experiments (DOE) is used to analyze
the influence of each analyzed parameter. In this case, short-circuit current, torque ripple,
open-circuit voltage, and core losses are analyzed as output variables, but it may be useful when
analyzing the influence of tolerances and design parameters on high-frequency behavior.

Summarizing, an overview of the different studied design parameters influencing the
high-frequency behavior of the machine is shown in Table 6.

Table 6. Design parameter influence review.

Parameter Impact Optimum

Parallel Circuits First resonance frequency frSeries =
1
2 frParallel

Y-∆ Connection First resonance frequency in CM Impedance (∆ higher than Y)
DM Impedance Amplitude (Y higher than ∆)

Conductor placement

Cwr & insulation stress
Bearing & CM Currents Furthest from rotor
Shaft Voltage Middle of the slot
Copper Losses Strands aligned with flux lines

Winding Topology Winding-to-ground capacitance Circumferential winding

Impregnation level of conductors Stray Capacitance Low (affects thermal)

Slot Shape Cwr, Shaft voltage -

Electrodes in slot wedge
Cwr & insulation stress High diameter
Bearing & CM Currents Nearest from rotor
Shaft Voltage >1 electrodes together

Airgap size Crs Minimum

Shielding Induced voltage Depends on frequency

End-winding shielding Cwr Faraday’s cage *

* An equilibrium must be made between the shielding structural complexity and the Cwr desired reduction.
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6. Conclusions

In this paper, a thorough review of high-frequency analysis and modeling tools for
electrical machines is performed. In addition, the main design parameters that affect to
the high-frequency behavior of electrical machines are identified. In this section, the main
conclusions are outlined as the results of this review.

First, it should be mentioned that generally the models presented in the literature
are not demonstrated to be accurate in the overall range of frequencies covered by EMC
standards (from 0 Hz to 30 MHz). All proposals found in the literature show rather good
accuracy up to 10 MHz, but not in the range of 10 MHz and 30 MHz. It would be convenient
to extend the precision range up to 30 MHz. In addition, the technological development in
electronic switching devices are leading to higher working frequencies. Due to the fact that
higher precision range above 30 MHz is recommendable because the standard levels might
increase as the working frequency of devices increases.

Next, the main conclusions related to every topic reviewed in this paper are summarized.

6.1. High-Frequency Phenomena

In the winding, the skin and proximity effects increase with frequency, affecting
both the resistance and the inductance values of the coils. To model those effects correctly,
a detailed geometry of the stator slot must be considered, and the location of the conductors
inside the slot must be also roughly described. The skin effect depends on the wire diameter
and frequency, so it can be eliminated using conductors smaller than the skin depth in
parallel strands. However, a high number of strands is counterproductive after a point due
to the proximity effect, being also more difficult to manufacture. Litz wires are used to
reduce skin and proximity effects, with an especial transposition to reduce the proximity
effect, but above a frequency, the proximity effect is not softened.

Regarding the capacitance couplings, the properties of dielectric insulation materials
must be precisely known. Otherwise, the computation of the capacitances might differ
from real values. It is remarkable than when manufacturing the electric machine, some
conductors may vary their position from the theoretical one, making the capacitance
calculation differ from the measures too.

Moreover, the end-winding must be also considered, including the skin and prox-
imity effects in that region. Concerning the capacitive coupling, even if the end winding
represents less than the 1% of winding-to-stator capacitance, it is up to 40% of the total
winding-to-rotor capacitance and it influences the phase-to-phase capacitance, so it must
be taken into consideration.

With respect to the magnetic core, Eddy currents are significant in high frequency. Not
only due to the iron losses they create, but also due to the shielding effect they produce.
Due to this shielding effect, the magnetic flux is pushed out from the magnetic core,
decreasing the effective ferromagnetic material area and leading to a decrease in the value
of the winding inductance. The frequency when the shielding effect starts depends on the
thickness of the sheet and its resistivity. The lamination of the stator prevents the flux being
totally pushed out of the core, leading to a higher winding inductance compared to a bulk
stator. The effect of lamination also leads to a higher resistance of the winding compared to
a bulk core because the surface area where Eddy currents flow is larger and the proximity
effect between sheets increases the Eddy currents in the core.

6.2. Analysis Tools

Regarding the FEM analysis, the detailed geometry of an electric machine can be
accurately modeled obtaining precise resistance and inductance values, taking into account
the skin and proximity effects, as well as eddy current losses in the stator and the capacitive
couplings. The mesh of the geometry is essential to obtain accurate results in FEM. When
working in high frequency, the skin depth of the materials must be finely meshed, both in
the conductors to consider skin and proximity effects, and in the core, as the Eddy currents
flow along the skin depth of the iron sheets. Thus, the mesh size must be thinner than the
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skin depth. However, this meshing requirement leads to a higher time consumption and
computational load. Thus, an equilibrium must be found between the model complexity
and the accuracy. For the active length of the machine, 2-D simulations are usually used,
even if the resistivity of the sheets must be calibrated to take into account the lamination
effects, usually using 3-D models. It must be remarked that not all iron sheets comprising
the magnetic core can be modeled in 3-D with a mesh size thinner than the skin depth,
otherwise, the model will take ages to solve. Commonly, 2 or 3 sheets are simulated
and the results are extrapolated to the whole length. Even if the 3-D FEM is the most
complete simulation tool, it is the most computationally demanding too, so it is usually
only used for the end-winding calculation, as it is the only way to calculate it accurately.
Once a 3-D FEM simulation is done, some authors propose different coefficients to take
into account this end winding, by using just 2-D FEM for successive simulations. With
respect to the capacitance calculation in electrostatic FEM, the same applied to magnetic
calculation is applied, needing 3-D models for the end winding, at least for the winding-
to-rotor capacitance calculation, where it has a big impact. In this case, a 2 mesh layer
must be defined between the conductors for turn-to-turn capacitance accuracy. Gauss
Law method is recommended for the calculation of the capacitance matrix, as it requires
fewer simulations.

In the case of analytical tools, commonly they require less computation time, as some
assumptions and simplifications are considered for each specific case. The skin effect can
be easily calculated analytically reducing the effective cross-section area of the conductors.
Nonetheless, the computation of the proximity effect is not so simple due to the non-
uniform distribution of the magnetic field in the slot. Bessel functions have been used to
calculate the AC resistance of the winding, leading to 12% errors at 50 MHz. An analytical
method is found to calculate the Joule losses taking into account the proximity losses,
but an uniform conductor distribution is assumed in a rectangular slot, so it may not be
applicable to all cases, and it is only tested until 1.5 kHz so it may need further development
for using it in EMC analysis of electric machines. With respect to the capacitance values,
geometric simplifications are done to simplify the calculations to plate capacitors in the case
of the winding-to-rotor capacitance or cylindrical ones for the stator-to-rotor capacitance,
and even if they converge to the same order of magnitude, they are not accurate enough.
A novel approach is proposed for the determination of the winding-to-rotor capacitance
using the method of image charges, validating the results with FEM. In the turn-to-turn
capacitance, some methods can reach acceptable results. For the turn-to-turn capacitance
calculations, the method must be chosen depending on the specific disposition of the
winding, otherwise, large errors can appear.

Concerning measurement-based tools, rather good accuracy can be reached by ad-
justing the model behavior in the whole frequency range. Nevertheless, it is important
to underline that this approach is not suitable for the design stage of the motor, as the
prototype must be already built to perform the experimental impedance measurements,
and then obtain the parameter values by curve fitting. For example, this approach should
be suitable for analyzing the behavior of the overall electric drive in simulation, consider-
ing the high-frequency models of the motor, the inverter and the EMC filter, but not for
predicting the behavior of the electrical machine during the design process. Inside the
measured-based tools, there are two different ways of obtaining the electrical circuit model,
by looking for the physical meaning of each parameter and relating it to the impedance
curve, or just by parameter fitting procedures, obtaining even negative values. This model
can obtain excellent accuracy in the whole frequency range.

All in all, FEM tools are recommended for a detailed high-frequency analysis of
electrical machines during the design stage. They take into account all high-frequency
phenomena and obtain very accurate results provided that the geometry and mesh are
properly defined.
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6.3. Modeling

The high-frequency models of electrical machines can be classified based on their
topology, parameter extraction methods and their main characteristics as well as on their
working domain. Distributed parameter models tend to be more accurate, but they are
difficult to integrate in the whole electric drive due to the intensive computation required.
Lumped parameter models are more used as they are more practical. The values of the
LPM are usually calculated from measurements, but there are some DPM obtained from
FEM values that are converted to LPM with matrix reduction techniques.

With respect to the simulation domain, some models are working in the frequency
domain, for example, to obtain the CM and DM impedance versus frequency. However,
to simulate the over-voltages and currents, the time domain is needed. In this domain,
the frequency dependency of the parameters is usually considered using RL parallel
branches or foster networks, as varying the value for each frequency may not be practical.
If frequency-dependent values are obtained from FEM, the equivalent RL branches can be
obtained using data fitting methods.

Finally, depending on the objective of the simulation, the developed model may
highlight or neglect some parts of the machine. On the basis, all models are RLC circuits,
with different number of segments and different physical meanings, but in origin, all refer
to winding self and mutual inductances, resistance and parasitic coupling capacitances.
The inter-turn effects in the winding are essential to obtain accurate results, whereas the
bearing capacitance is just included when the bearing currents are analyzed. The iron losses
produced by Eddy currents in the stator sometimes are included as a resistor in parallel
with the winding, whereas other times the losses are just implicit in the circuit values.

Concerning the rotor, its influence may be only significant when analyzing bearing
currents, shaft voltages, or terminal over-voltage. The rotor position is also important in
the low-frequency range for salient pole permanent magnet machines as the inductance
changes with the rotor position. Hence, if a full frequency range (0 Hz–30 MHz) model is
required, the rotor should be considered.

6.4. Influence of Design Parameters

Different factors may affect the EMC behavior of electrical machines, such as design
parameters, manufacturing materials, and fabrication processes and tolerances. To go
into detail on the design parameters and tolerances, normally FEM analysis is used as the
main option.

Concerning the winding connection, the first resonance frequency of the CM impedance
is higher for a Delta connection, whereas the DM amplitude is higher for a star connection.
The presence of parallel circuits increases the first resonance frequency to double.

In relation to the conductor placement in the slot, their optimum position is furthest
from the rotor, just in the middle of the slot. In this way, winding-to-rotor capacitance is
reduced, decreasing the insulation stress, the CM current and the shaft voltage. The ca-
pacitances also depend on the impregnation amount. The less the impregnation quantity
is, the lower the capacitance is. Moreover, if the strands are aligned with the flux lines,
the copper losses will decrease.

Additionally, electrodes can be inserted in the slot wedge to reduce bearing current
and the shaft voltage, and shields can be added to the end windings or to the whole
machine to reduce the winding-to-rotor capacitance, but these solutions might increase the
cost and weight of the machine.

The analysis found in the literature is mainly focused on reducing bearing currents
and insulation stress, so a broader approach may be needed to make an EMI strategy-based
design for electric machines.
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6.5. Future Trends

All in all, a new design methodology should be developed for electrical machines, in-
cluding electromagnetic, thermal, and EMC optimizing procedures. In this way, the electric
drives would be more competitive at the design stage, reducing reworks to comply with
EMC requirements. To do so, the explained analysis tools may be combined taking into
account the mentioned considerations. First FEM tools must be used to obtain accurate
results, then the existing analytical tools may be completed or improved to make faster
calculations. Moreover, a more extensive analysis must be performed to identify and quan-
tify the influence of the different design parameters on the EMC behavior of the electrical
machines, as this is the key for the optimization.

The present review is the basis to continue developing high-frequency models of
electric machines. It gives an overview of the different physical effects that occur at high
frequency, together with the different tools to model this phenomenon. The influence of
different design parameters in the machine behavior is also summarized. This review is
considered to be a necessary contribution to establish a solid foundation for future work in
the EMC optimization in electrical machines.
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