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Abstract — This paper presents a unified predictive modeling for common-mode (CM) and differential-mode
(DM) impedance estimation of a Permanent Magnet Synchronous Motor (PMSM). This methodology
combines 2D Finite Element modeling and generated lumped parameter circuit in Spice environment. It is
then used to determine the consequences of design choices and evaluate the importance of controlling the
winding process in the PMSM manufacturing. By doing so and by changing parts of the PMSM design, the
overall high frequency response of the system with regards to input parameters can help in satisfying EMC
high frequency constraints (between 1 kHz and 10 MHz).This paper presents evidences demonstrating
the importance of design parameter such as the number of wire in parallel used by turns and the overall
placement of conductor not only with regards to the slot, but to other wires within the slot

Keywords. Electromagnetic Compatibility (EMC), common-mode (CM), differential-mode (DM), electrical

machine, HF modeling, finite element method

1. Introduction

In recent years, the trend in embedding electric sys-
tems in aircraft has allowed performance gains by reduc-
ing both the weight and the size of hydraulic or pneu-
matic systems [1]. Increasing electrical systems power
density is a key challenge to replace high-power func-
tions, therefore Wide-band gap semiconductor such as
SiC and GaN became a key factor to reach higher thresh-
olds of power transmission and reduce losses by work-
ing at higher switching frequency [2]. However, increas-
ing switching frequency and switching times enhance the
spectrum of Electromagnetic Interferences (EMI) gener-
ated [3]. These disruptions can spread everywhere the
system and even to neighboring devices. The propaga-
tion paths and dangers of such currents are well known
and have been the subject of numerous experimental and
measurement-based articles [4-8|.

As these currents can generate disturbances for neigh-
boring systems [9], they are to be limited following var-
ious regulations [10], generally using filtering devices.
Behavioral models can be created using series of mea-
surements [11-14] to size passive filtering systems on ex-
isting systems, requiring a working prototype. Predictive
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modeling using Finite Element Methods (FEM) allowed
predicting cable behavior [3] and this method was nat-
urally used to evaluate electrical machine behavior at a
broad spectrum of frequencies (few kHz up to 10 MHz)
both in CM and DM [14-16] as well as estimating over-
voltage within stator windings [17-19]. CM capacitance
estimation of a motor using probability density function
showed variations in capacitance with various filling pat-
terns [20]. However, the association of wire in parallel as
well as the wire turns’s relative position to each other are
not covered.

In this paper, a methodology, combining FEM and
Spice circuit modeling, to predict both CM and DM
impedances on a frequency spectrum between 1 kHz up
to 10 MHz is described. Using this methodology with var-
ious windings, a better understanding of the variables to
be adjusted to adapt both CM and DM impedance fre-
quency spectrum of a PMSM is proposed. Firstly, design
variables will be presented and the motivation toward
such parameters. The global simulation process allow-
ing impedance prediction will be highlighted. Parametric
studies are then presented with regards to the number
of wire used in parallel and winding placement withing
the slot. Finally, a preliminary experimental validation is
shown, proving the need to address such parameters both
in modeling and manufacturing processes.
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2. Modeling and hypotheses

To study the impact of PMSM design variables, a
model needs to be parametrized and computed in vari-
ous configurations. A use case of a PMSM with a fixed
slot form is selected. Only the winding is changed with
regard to four parameters.

2.1. Number of wires in parallel

For a given power, a similar electrical machine can
be created using different wires. Using wires in parallel,
manufacturers can both wind stators more easily than
with a large single and therefore more rigid wire, as well
as reducing losses due to skin and proximity effects. It is
often assumed that thermal constraints will remain sim-
ilar if the same equivalent copper surface is kept. A hy-
pothesis is that parallel wires are considered at the same
impedance at any frequency.

2.2. Dispersion between groups of wires

During the manufacturing process, wires wounded in
parallel may not stay in a perfectly stacked group, some
wires may be mixed with other groups and will not form
a perfect packing pattern. This difference induces a dif-
ferent level of interaction between each group (magnetic
and capacitive) that needs to be evaluated. The impor-
tance of such interactions in HF CM and DM modeling
is yet to be quantified.

2.3. Order and position of wire groups in slots

In a stator slot or winded rotor, the position of wire
groups in a slot is heavily dependent on the manufac-
turing process, and this order can have significant conse-
quences on partial discharge and voltage levels between
turns [18]. Their consequences on CM and DM are yet to
be quantified.

2.3.1. Packing of wires within slots

Wires, when placed in a slot, do not fill the form
in perfect hexagonal or square patterns that can signifi-
cantly change low frequency and high frequency behavior
of the system [20]. This aspect will be partially addressed
here.

A general workflow, presented in Figure 1., allows con-
sidering all those parameters. The first step consists in
defining a simplified geometry for the slot, only composed
of lines (Illustrated by step 1 Figure 1). This allows di-
viding the overall space and defining potential places for
conductors. A mesh (different from FEM mesh) is refined
until all conductors fit within a slot (Illustrated by step 2
Figure 1). This allows changing between wire configura-
tions (diameter and number). If a mesh allows for more
than the needed number of wires, extra positions are ran-
domly selected and removed (Illustrated by step 3 Figure

1). This algorithm will fill any slot volume with an hexag-
onal pattern.

Afterwards, groups need to be defined, as wires in
the same group are representing wires winded in par-
allel in the real motor. The variables Ny,r group modify
the way wires are grouped based on their relative dis-
tance: if Nyar group 15 equal to zero, only the closest wires
are selected to be part of a group, if Nyar group is equal
to the number of conductors, every conductor can be in
any groups. For instance, in step 4 Figure 1, Nyar group 18
equal to zero and groups of two wires are created, start-
ing from the bottom center of the slot, the closest wire
is grouped with its closest neighbor until all wires have a
group. Finally, N,qgqeq Will randomly switch groups order
depending on the given value. This allows for variability
in association and organization but do not change con-
ductors’ position. As shown in step 5 Figure 1, if Nagdeq
is equal to one, an inversion of group order can be ob-
served randomly. This process was designed to maximize
the repartition within slot, by creating such mesh, we
are forcing all conductors to be separated in average by
the maximal distance possible. Such filling strategy is not
entirely representative to the configuration found in real
motors as the manufacturing process can spatially move
any wire and is not the same throughout the motor length
[20] but allow for variation studies in winding. Once this
workflow has modified the overall winding, a following
workflow will allow extracting HF impedance similar to
[14-16].

3. FE simulations for impedance extraction

The geometry defined by the algorithm will be used
to generate three FE models: two magnetic analyses and
an electrostatic one using FEMM [21]. As the 2D nature
of these tools cannot replicate the complexity of real elec-
trical machines, hypotheses were taken. Indeed, contrary
to [16], the studied motor end-windings lengths are not
negligible, inducing a significant number of turn-to-turn
capacitance and inductances in the overall motor wind-
ing.

3.1. Magnetic model for slot resistance and inductance

A section of the motor is drawn with a pole. As this
PMSM only have one phase by slot, only two windings
are represented to form the global induction loop Figure
2. All groups are excited one by one with a 1A current to
extract self and mutual impedances. For a given config-
uration of winding, all conductors in the same group are
considered in parallel therefore the current is applied to
all conductors leading to an overall impedance. By divid-
ing the voltage drop, noted AV, by the total current I;
flowing thought conductors in group i, resistance R and
mutual- as well as self-inductance L. matrices are com-
puted using equations 1 and 2.

Lij = imag(AV;/1;) [w (1)
Rij = TGGZ(AV}/IJ (2)
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Figure 1. General workflow for winding randomization

Figure 2. Slot impedance characterization with FEMM

i: Group with 1A imposed current, w = 27 f

For this simulation, insulation on the wire and in the
slot is not represented as they behave very similarly to
the air. Meshing is adapted with regard to skin depth
to extract coherent values. Magnetic simulations are per-
formed up to 10 MHz, resulting in more computationally
intensive simulations at high frequency and in some cases
instability in FEMM software as the mesh on wire cir-
cumferences is refined. Consequently, simulations do not

Figure 3. Illustration of capacitive model with no
enamel, featuring wire groups

exceed 10 MHz. Finally, to consider the machine magne-
tization stack created by magnets, a simulation is per-
formed beforehand without any current. The magnetic
circuit characteristics are imported afterwards using the
frozen permeability feature of FEMM software.

3.2. Capacitive model for turn-to-turn and
turn-to-ground

Regarding capacitive computation, the process is sim-
ilar to inductance and resistance estimation. All conduc-
tors in one group (shown by colors, Figure 3) have their
surfaces excited at 1 V, noted Vi , in an electrostatic sim-
ulation while all others, as well as the slot border, are
fixed at 0 V. Capacitance’s matrices C are therefore com-
puted dividing surface charges q; on conductor j by V;
as shown on equation 3. It is to be noted that in case
of i=j, the capacitance is in fact Cigrounda meaning the
capacitance between the group i and the slot surface.

Cij = ¢;/V; (3)

i: Group with 1V imposed excitation

3.3. Magnetic and electrostatic models for end-windings

The total length of the studied motor is composed of
one third of end-winding. Consequently an end-winding
model was developed. However, using 2D FEM models,
hypotheses need to be taken. The chosen approach uses
an axisymmetric model, all conductors are kept in the
same position as within the slot featured Figure 3 and
the distance to the revolution axis is half the distance be-
tween the two slots used by one coil, creating half a circle
to create a circularly ideal end-winding. Coupling induc-
tances between different phases are likewise considered
negligible. Finally, inductances and resistances as well as
capacitances are computed, similarly to their slot coun-
terpart using 1, 2 and 3 equations.

For the following results, the values chosen are: copper
electrical conductivity, 58 MS/m and relative permittivity
equal to 1. M-36 Steel FEMM default material with a
relative permittivity of 2.164. Wire insulation and slot
insulation layer have both an electrical conductivity of 0
MS/m (like air) but a relative permittivity of 5.
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Figure 4. Schematic spice used for circuit construction
with matching 3D slot representation

4. Spice circuit generation

All FEM simulations need to be integrated in an over-
all circuit to allow CM and DM impedance characteri-
zation. The electric model corresponding to one slot of
Figure 4 with associated nomenclature of Table 1. are
presented for a motor with a single phase by slot. Two
main repeating units compose this circuit:

Table 1. Nomenclature used for lumped parameters

Type Element: L, R, k, C, V for inductances,
resistance, coupling coefficient, capacitances
and real impedance coupled generators

Position Position indices in loop: s for slot, a for air
Direction || Direction: a for first half of loop, r for return
Number || Number of completed loops (starting at 0)
If only a number is given: self-property
If two numbers are given: coupled property
Examples

Csa0_5: Capacitance between wires 0 and 5 in first slot
Lar8: Self-inductance of wire 8 in return end-winding
Vaa6: Real impedance of group 6 in first end-winding

4.1. Slot model with capacitive and inductive coupling

Ls and Rs components are respectively filled using Rj;
and Lj from equations 1 and 2; similarly Cq is derived
from equation 3. As one coil will go through two slots,
this part needs to be repeated twice to get the desired
behavior (Lsa - Lsr, Rsa-Rsr and Csa-Csr). Finally, as
this repeating unit is used for each turn in the electrical
motor slot, mutual inductances between each group are
implemented using equation 4 as Spice solver uses cou-
pling factors and not mutual impedances. These coupling
coeflicients are named Ksa, Ksr, Kaa and Kar matching
the previous notation.

kij = Lij//Ljj-Li; (4)

4.2. Coupled real impedance generators

To add the real part of the coupled impedance, no
passive components exist apart from coupling factor in
inductances. The real part of coupled impedances can be

represented using behavioral voltage sources in the Spice
simulator. The schematic described in [16] is not easily
implementable in previous developed workflow therefore
the equation 5 was used:

Vi =Y I.Rij,Vi # (5)

One behavioral voltage source is used for each wire
but the expression depends on the current within other
groups. This source acts very similarly to coupling co-
efficient for inductances and will “transfer” energy from
one wire group to other groups. Similarly, coupling coeffi-
cient between inductances are placed for each conductor
at every turn of the winding. The nomenclature adopted
is Vsa, Vsr, Vaa and Var.

4.3. End winding model

Similarly to their slot counterpart, resistor, induc-
tance, coupling coefficient and capacitances are used for
both sides of the electrical machine (respectively Raa, Rar
and Laa, Lar, Kaa, Kar and Caa, Car).

A resulting circuit is generated for each frequency
point simulated and solved by LTSpice, capacitive cou-
plings are considered constant at each frequency while
resistance and inductance are highly impacted by skin
and proximity effect. FEMM magnetic models are simu-
lated at various frequencies and matrices are linearly in-
terpolated to obtain in between values. Laplace voltage-
controlled generators were investigated similarly to [16]
but due to the extensive number of expressions needed
for an eighty-turn electrical machine, the previous ap-
proach was preferred. Within these netlist, a voltage gen-
erator is placed either between ground and sa0 (node at
the beginning of the coil) or between sa0 and arN (N
being the number of turns) for respectively Common-
mode and Differential-mode impedance characterization.
Combining these values and matching measurement on
existing motor will allow validating the overall approach,
similarly to [14-16].

5. Studied configurations and HF trade-off

Three configurations are studied, depicted in Table 2.
The aim is to compare three electrical machines consid-
ered equivalent from a mechanical standpoint but with
different types of winding. The chosen enamel thickness
matches the average IEC 06317 Grade 2, apart from S3
which is an estimated value to keep the same copper sur-
face for all tested values. All these configurations are sim-
ulated with tools described before, allowing plotting both
CM and DM impedances. The following comparisons are
based on a single coil and not on a full motor. On Figure 5,
Table 2 configurations are simulated, configuration S1 is
plotted in blue, S2 in orange and S3 in red. Configurations
S1-w/V to S3-w/V feature impedances computed with-
out voltage controlled sources representing proximity ef-
fects, differences with S1 to S3 are discussed Section 5.4.
Finally, lumped parameters are computed in Table 3 for
comparison.
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Table 2. Studied PMSM winding configurations

Design variables
Reference | Winding copper Enamel Wire in
diameter thickness | parallel
S1 1.0 mm 0.08 mm 1
S2 0.5 mm 0.055 mm 4
S3 0.25 mm 0.041 mm 16

Table 3. Nomenclature used for lumped parameters

Estimated lumped parameters
Reference CM DM AC resistance’
capacitance | inductance (1 MHz)
S1 82.8 pF 3.11 mH 44.8 Q)
S2 137 pF 3.09 mH 39.3 Q
S3 216 pF 3.07 mH 38.7 Q

1 defined in subsection 5.3
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Figure 5. CM and DM impedance of a simulated 80 turn
coil within a stator using different winding

5.1. Common mode impedance

The common mode capacitance is the low frequency
capacitance that can be seen on the upper graph Figure
5. It is computed with either Spice simulation or using ca-
pacitance matrix trace. As more parallel conductors are
used, more energy is stored between wires and the slot.
This can be explained as the small wire tend to fill more
the space around the slot edge, resulting in an increase
of the capacitance between groups and the slot surface.
Moreover, the enamel thickness does not decrease pro-
portionally to the copper diameter, resulting in a bigger
proportion of material with a high relative permittivity.

5.2. Differential mode inductance

Similarly to CM capacitance, DM inductances are es-
timated using the first part of curves on the lower graph

Figure 5. However, computing it from matrices can be
difficult as coupled inductances impact the slope at the
first order. This value does not vary significantly from
configuration S1 to S3.

5.3. AC resistance of coil

AC resistance is estimated as the sum of all resistances
in series in the circuit Figure 5, or more simply the trace of
matrix R, equation 2 at a given frequency. At this value is
highly frequency dependents, a comparison between con-
figurations is performed at 1 MHz. As this frequency, both
skin and proximity effect highly impact the overall value.
By computing the trace of the matrix resistance, it ap-
pears as if loss remains similar for every configuration.
This result may appear counterintuitive to the fact that
reducing wire diameter (such as using Litz wires) reduces
losses [22], but these observations are made at the motor
working frequency and not at high frequencies studied in
this paper.

5.4. Real impedance coupled voltage generators

In preliminary result, the real part of coupled
impedances was neglected similarly to [14] as no behav-
ioral voltage sources were used. As seen on Figure 5, such
circuit presented resonances with no damping (see S3-
w/V compared to S3). In [14, 15], the damping was not
present in the curves obtained as no dielectric and iron
losses were modeled. However, results presented in [16]
have significant damping due to coupled real impedances
but do not use any dielectric losses. Both authors in [14]
and [23] noted a significant difference between their mod-
els and impedance measurements in particular on damp-
ing. No conclusion can be drawn to this question in the
current study and further work is needed to conclude
on the need to combine those aspects as no dielectric
losses were taken into account in this paper. By compar-
ing the curve from S1 to S3, not a significant difference
in damping can be observed between each configuration.
The origin of such losses can be linked to induced cur-
rent within other wires, coupled with proximity and skin
effect. However as the frequency increases, the damping
on resonances returns to the level of simulations without
voltage source, reducing the need to include the real part
of coupled impedances in spice netlist.

5.5. General remarks on impedance curves and
resonances

Regarding common mode, the low frequency capac-
itance seen on the various curves is driven by the ca-
pacitances of wires to slots, the first resonance is linked
to both the line inductance (DM inductance in Table 3)
and turn-to-turn capacitances [22]. As this inductance re-
mains the same for all configurations and turn-to-turn
capacitance is minimized due to the topology simulated,
the first resonance is moved to lower frequencies when-
ever the CM capacitance is increased. The second reso-
nance on CM impedance is more complex: as a difference
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in potential appears between each turn, a new associa-
tion of capacitance is excited combining turn-to turn and
turn-to-slot capacitances. Following resonances are higher
modes of the transmission line behavior of the system be-
tween the non-linear inductances of wires due to skin and
proximity effect and all capacitances. The DM inductance
computed Table 3 drives DM impedances for the most
part, skin and proximity effect change the value of self
and mutual inductances, this results in a slight decline
from the expected 20dB/decade slope, up until the first
resonance with turn-to-turn capacitances change the be-
havior of the curve. Resonance frequencies match the CM
impedance curve, resulting in similar behavior in both
curves after the second and first resonance from CM and
DM impedances respectively, implying that turn-to-turn
capacitance is the main factor determining the first DM
impedance resonance frequency in this winding configura-
tion. A sensibility analysis was performed to validate the
impact of such capacitance on impedance value Section
6.

6. Sensibility analysis to turns dispersion

The studied PMSM studied in this paper uses random
wound : coils placed within the stator are mechanically
formed by hand or by an automated production line and
placed in the stator. The exact place at which each con-
ductor is moved is undetermined. General guidelines may
be given to minimize overvoltage and differential tension
between turns such as in [18, 19] but the exact where-
abouts of each conductor is not known. To tackle this
issue and understand the impact of such dispersion, a
sensibility analysis was performed using only configura-
tion S2 from Table 2. The studied configurations are re-
grouped in Table 4 and shown on Figure 6. The color
of each wire on Figure 6 represents groups of wires in
parallel. Configuration Bl is equivalent to Figure 3 S2
and features an ideal configuration where all wires are
not mixed and turns with similar order remains adjacent
to each others (the first turn is close to the second and
third turn for instance) meanwhile configuration B2 and
B3 degrade those factors, leading to B4 exhibiting the
worst-case scenario. Impedance curves displayed Figure
7 were obtained using the identical process as outlined
before for configurations S1 to S3.

Table 4. Winding configurations for random wound

Reference . .Design variables
WlnlegS Nadded Nvar group
B1 (S2) 4 wires, 0.5mm 0 0
B2 4 wires, 0.5 mm 2 4
B3 4 wires, 0.5 mm 3 6
B4 4 wires, 0.5 mm max max

Figure 6. Bl to B4 coil illustration with wire groups,
without enamel

Impedance (Q)

103 104 10° 106 107

Impedance (Q)

103 104 10° 106 107
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Figure 7. CM and DM impedances with different wind-
ing configurations

6.1. Impedance modification due to variation in
windings

Figure 7 displays both DM and CM impedance norms.
B1 curves are equivalent to Figure 5 S2 simulations. With
each configuration, as wires become increasingly shuffled
within the slot, the first resonances are displaced at lower
frequency. This phenomenon arises from the alteration
of turn-to-turn capacitance between each configuration
meanwhile the overall turn-to-slot capacitance are kept
the same resulting in low frequency CM impedance value
equal across all configurations. These observations pro-
vide further support for those made in [24]. Moreover,
proximity effects can have a non-negligible impact on
lower frequency inductances as shown by configuration
B4 on DM impedance. Yet, for more realistic configura-
tions (B1, B2 and B3), this disparity seems negligible on
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impedance value. Controlling the displacement of wind-
ings within the overall manufacturing process is therefore
important to reduce insulation stress caused by dV/dt
[18, 19] but also for reducing CM filtering devices.

6.2. Energetic contribution to impedance value

To visualize in more depth the contribution of
each element (capacitances, inductances) to the over-
all impedance, the energy stored in the overall spice
schematic is computed and classed in three categories (in-
ductance, capacitance wires to ground, capacitance turn-
to-turn) separated between slot and end-winding, result-
ing in a total of six categories. The accumulated stored
energy is summed and shown at each frequency and nor-
malized to compare every winding configuration. Figure
8 and Figure 9 features winding B1 and B3 in CM and
DM. Energy diagrams confirm that low frequency CM
impedance is driven by turn-to-slot capacitance, until the
first resonance which features a different contribution de-
pending on turn-to-turn capacitances, B1 impedance be-
ing driven by turn-to-slot capacitance meanwhile turn-
to-turn capacitance makes the major contribution to B3
impedance after the first resonance. Similarities can be
found on the DM impedance: low frequency behavior
is dictated by the inductance within the iron stack, as
frequency increases, the contribution of turn-to-slot and
turn-to-turn capacitance becomes more preponderant.

7. Experimental validation

To validate these findings, prototypes were devel-
oped to assess the influence of design decisions. A non-
functional stator was assembled with nine coils. Three of
each winding configuration (S1 to S3) and mechanically
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Figure 9. Energy ratio for DM impedance, configuration
B1 and B3

Figure 10. S1 to S3 windings assembled on a stator for
validation

assembled to facilitate consistent measurements as fea-
tured on Figure 10. These windings were measured using
and impedance analyzer, between coils input and output
and between coils input and stator iron stack to repli-
cated DM and CM simulations respectively. The ground
reference is the iron stack as the copper plate connected
on each terminal block is electrically connected to iron
sheets using copper tape. Experimental results are dis-
played Figure 11 alongside simulations.

As featured on Figure 11, the winding featuring the
highest resonance frequencies was correctly identified and
the evolution associated with the number of wires in par-
allel was accurately predicted, allowing designers to take
into consideration EMC constraints at preliminary de-
sign stages. There is a distinct disparity between simu-
lation and hand-on experiments, factors responsible for
such differences are the placement of conductors: wire-to-
slot capacitances is not fully represented as the filling al-
gorithm tries to fill the slot uniformly but a denser pattern
can appear toward some parts the slot [20]. Furthermore,
turn-to-turn capacitances in these simulations are mini-
mized due to a wire groupings analogous to B1 Figure 6,
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Figure 11. Simulation and measurements for CM and
DM impedance for S1 to S3 windings

it can indeed significantly reduce the frequency at which
the first resonance can be seen as shown in Section 6 and
[26].

8. Conclusion

In this paper, HF identification and simulation
methodologies for various PMSM winding types were de-
veloped and tested. A geometry is generated with an
associated winding, simulated using FEM and equiva-
lent impedance measurements are performed. This pro-
cess is then used to evaluate the impact of wire in par-
allel and dispersion within slots. Finally, predictions are
compared to measurements done on validation stators.
Results shows that increasing the number of wires in par-
allel for a given configuration of slots and turns num-
ber carry a substantial risk to reduce the resonances fre-
quency mainly driven by wire to slot capacitance. These
phenomena will directly influence the system response to
various regulations [10]. Further work is needed: dielec-
tric losses need to be integrated to represent more accu-
rately the resonance amplitudes and a physical model for
wire placement and association would increase the accu-
racy of impedance values computed. Meanwhile, assess-
ing the consequences of this behavior on the entire power
drive and filtering devices will enlighten which trade-off
needs to be made to improve global performances, with
regard to regulation and system constraints. The robust-
ness of such trade-off needs to be tested by introducing
uncertainties in the winding that will represent the varia-
tions induced by fabrication processes. Finally, measure-
ments and experiments allowed to validate the evolution
of impedances with regard to wires in parallel, despite
differences manly linked to random placement and dis-
placement of wire within the slot.
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