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Abstract: Pulse-width modulated inverters are commonly used to control electrical drives, generat-
ing a common mode voltage and current with high—frequency components that excite the parasitic
capacitances within electric machines, such as permanent magnet synchronous machines or induction
machines. This results in different types of bearing currents that can shorten the service life of electric
machines. One significant type of inverter-induced bearing currents are high-frequency circulat-
ing bearing currents. In this context, this work employs finite element analysis and time-domain
simulations to determine the common mode current and circulating bearing current for various
permanent magnet synchronous machine designs based on the traction machines of commercial
electric vehicles with a focus on the stator. The results suggest that the ratio between the circulating
bearing current and common mode current is much smaller in permanent magnet synchronous
machines for traction applications than previously established in conventional induction machines,
with values below 10% for all analyzed designs. A further increase in the robustness of such electric
machines to the detrimental effects caused by the inverter supply could be achieved by reducing the
parasitic winding—to-stator capacitance or by increasing the stator endwinding leakage inductance.

Keywords: bearing currents; common mode current; electric traction machines; finite element
analysis; permanent magnet synchronous machine

1. Introduction

Most variable-speed electrical drives consist of a three-phase voltage source inverter
(VSI) and an electric machine, with the latter usually being a squirrel-cage induction
machine in conventional industrial applications, or a permanent magnet synchronous
machine (PMSM) in areas where efficiency and power density are a major concern, for
example in the automotive and aircraft sectors. Their various control algorithms, such as
field—-oriented control, model predictive control, adaptive control, sliding mode control
and H-infinity control include pulse-width modulation (PWM) of the VSI. This leads to
non-sinusoidal phase-to—ground voltages displaying a pulse-shaped waveform with steep
rise and fall slopes, generating a parasitic common mode (CM) voltage ucy, defined as
the arithmetic average of these phase-to—ground voltages [1]. The CM voltage amplitude
and frequency are proportional to the inverters DC-link voltage and switching frequency,
respectively.

Within an electric machine, several parasitic capacitances exist due to the separation
of a pair of electrodes by an insulating medium. The largest one is the winding—to—stator
capacitance Cy;, shown in Figure 1a, originating from the separation of the stator windings
and stator iron core by the winding insulation, slot insulation and impregnation [2]. This
capacitance causes a CM current i) to flow at each inverter switching transition because
of the change in the CM voltage. The CM current enters the electric machine through the
windings, transitions through Cy; to each individual sheet of the stator lamination stack
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and exits through the grounding cable connected to the machine housing [3]. Due to the
pronounced skin effect resulting from the high oscillation frequency of the CM current,
it flows along the surface of each lamination sheet and proceeds axially between sheets
through the housing. In the process, as depicted in Figure 1b, the CM current excites a CM
flux ¢cp around and along the machine shaft, resulting in an induced shaft end—to—end
voltage ug,, which causes a high—-frequency (HF) circulating bearing current i}, to flow at
each inverter switching transition either at low rotational speeds, i.e., when the bearings are
in a conductive state due to a thin lubricant film separating the bearing races and rolling
elements, or when the shaft end-to—end voltage exceeds the lubricant film breakdown
voltage [3,4]. The circulating bearing current flows in the loop formed by the electric
machine housing, stator lamination stack, both bearings, rotor lamination stack and the
shaft. It has the same waveform and amplitude but opposite polarity on both bearings.
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Figure 1. Schematic representation of the (a) CM current icy and (b) circulating bearing current 7,
flow in an electric machine. The flow path of i}, is simplified [3].

Although previous publications [1,5] analyzed the influence of stator design varia-
tions on the bearing voltage responsible for causing electric discharge machining bearing
currents simulatively, similar studies pertaining to the circulating bearing currents have not
been published yet according to the knowledge of the authors. References [3,4,6] contain
measurement data that were obtained from induction machines and PMSMs of different
frame sizes and power ratings, but apart from these specifications, few design parameters
were listed, particularly for the induction machines. Furthermore, these studies focused on
conventional industrial applications and knowledge of electric vehicle traction machines
regarding their exposure to bearing currents is still very limited.

Therefore, this work aims to compare different electric traction machine designs
based on the PMSMs of commercially available electric vehicles with regards to circulating
bearing currents by way of finite element analysis (FEA) and time-domain simulations.
Section 2 describes the considered designs with both hairpin and stranded winding varia-
tions, followed by a description of the FEA and time-domain simulation setups. Equations
to calculate the bearing current model parameters analytically are also provided in this
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section. Section 3 presents the simulation results and contains a discussion pertaining to the
influence of the design variations on the CM and bearing currents. Finally, the conclusions
are summarized in Section 4, and possible outlooks are given.

2. Materials and Methods
2.1. Analyzed Electric Machine Designs

Eight different electric machine designs based on the PMSMs of commercial electric
vehicles were chosen, six of them with hairpin windings and two with stranded or round-
wire windings. The focus is on the stator design parameters, whereas the rotor is treated as
a circle, and only its inner and outer diameters are considered for the analysis.

The most important specifications of the analyzed designs pertaining to the circulating
bearing current determination are listed in Tables 1 and 2, respectively. According to the
number of winding layers per slot, the designs with hairpins are termed H2, H4, H6 and
HS, and the ones with stranded wires, S1 and S2. The hairpin variations with four and eight
layers also differentiate between front (F) and rear (R) electric machine designs, originating
from their placement in electric vehicles with separate front and rear wheel drives. The H8
designs differ mainly in the lamination stack length and emphasize the influence of this
parameter on the bearing currents. The airgap is roughly 1 mm for all designs, which is
why the stator inner diameter is not listed explicitly.

Table 1. Specifications of the analyzed electric traction machine designs with hairpin winding.

Parameter H2 H4E R Heé HSE R
Stack length/mm 175 160, 210 175 91, 156
Lamination sheet thickness/mm 0.35 0.28 0.27 0.25
Stack-to-housing distance/mm 120 0 81 84.1,56.2
Rotor inner diameter/mm 47 60 63 50
Rotor outer diameter/mm 133 130,171 161 132
Stator outer diameter/mm 190 190, 243 220 200
Slot—pole ratio 48/8 72/8 48/8 48/8
Slot height/mm 15.2 16.5, 14 14.7 16.2
Slot width/mm 5.1 3.25,3.6 6.8 3.5
Conductor height/mm 5.7 3.3,2.65 1.5 1.4
Conductor width/mm 43 2.4,2.85 6.2 2.8
Slot fill factor/% 70.7 67.2,70 68 61.3

Some parameters with dimensions below 1 mm could also vary between the analyzed
designs and even within the same design due to production tolerances. Here, these
parameters are chosen as follows:

*  The slot insulation thickness is 0.2 mm for all hairpin designs and listed separately for
the stranded winding designs in Table 2.

*  The wire insulation thickness is 0.1 mm for hairpins and 0.033 mm for stranded wires.

*  The distance between the insulation layers of adjacent wires is 0.1 mm with the excep-
tions of H2 and S1, where 0.5 mm and 0.05 mm are assumed, respectively.

e Due to a lack of detailed material information, the lamination stack of all considered
designs is assumed to consist of the same sheet material with a relative permeability
of 900 at 50 Hz, an electrical conductivity of 1.92MS/m and a stacking factor of 0.97.
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Table 2. Specifications of the analyzed electric traction machine designs with stranded winding.

Parameter S1 S2
Stack length/mm 135 135
Lamination sheet thickness/mm 0.3 0.3
Stack-to-housing distance/mm 61 92
Rotor inner diameter/mm 53 70
Rotor outer diameter/mm 130 150
Stator outer diameter/mm 200 225
Slot—pole ratio 48/8 54/6
Slot height/mm 20 18.9
Tooth width/mm 5.3 4.35
Slot insulation thickness/mm 0.25 0.4
Number of wires per slot/mm 62 61
Conductor diameter/mm 0.87 0.81
Slot fill factor/% 45 38

2.2. Finite Element Analysis

Electrostatic FEA was utilized in the simulation environment Ansys Electronics Desk-
top (AEDT) with the application Q2D extractor to determine the winding-to—stator capaci-
tance Cyws, which is introduced in Section 1 and shown in Figure 1a. Based on the results
from references [6,7], where three—dimensional FEA was used to compute the components
of Cys within the slots and in the endwindings separately, the endwinding component
was considered negligible here, and only two-dimensional FEA was employed. Moreover,
Kindl et al. [8] compared two-dimensional FEA simulation results with measurements of
the parasitic capacitances in an electric machine with form-wound windings. It was shown
that for such winding arrangements, the accuracy of FEA can be very high with deviations
below 2 % for Cys in particular. Similar accuracy is expected for the hairpin designs.

For stator windings consisting of stranded wires, the FEA is more susceptible to
deviations due to the distance of the wires towards the stator core, which can significantly
influence the value of Cys [9]. In reality, this distance differs between slots and even within
the same slot of an electric machine. This was taken into account by using a randomization
algorithm on all wires. The algorithm first distributes horizontal lines along the slot height,
starting from a predefined position at the slot bottom and ending at the slot top with
distances of one wire diameter (conductor and insulation) plus the predefined wire-to—
wire distance between each horizontal line. In the next step, it iteratively distributes
the maximum number of wires that does not cause intersection with the slot insulation
along the lines, whereas the wires of each subsequent layer are shifted by one wire radius
along the line length, causing an alternating number of wires per layer, which increases
towards the slot top due to the trapezoidal shape of slots containing stranded wires. Once
all conductor layers have been filled and the number of placed wires exceeds the given
number of wires per slot (see Table 2), the ones that were added last are removed again.
Afterwards, the randomization iteratively defines a hexagon around each wire and moves
the wire by a predefined distance in one of the six possible directions. If this movement
causes an intersection with another wire or the slot insulation, it is repeated until no
intersections occur.

Figure 2 shows the radial view of a single slot pitch for all analyzed designs in the
AEDT environment. Comparing the stranded wire designs, it can be seen that for S1, the
randomization leads to less variation among wires, especially for the wires not adjacent to
the slot insulation because of the small inter—wire distance. For setting up the electrostatic
FEA simulations, the following assumptions and simplifications have been made:
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(e) () (8

Figure 2. Radial view of a single slot pitch of the analyzed designs in Ansys Electronics Desktop
(AEDT): (a) H2, (b) H4 E, (c) H4 R, (d) H6, (e) H8 F/R, (f) S1, (g) S2.

e  The stator slot area outside of the windings consists of impregnation material.

e All designs have the same insulation materials with their relative permittivities, con-
sidered independent of the frequency and temperature, listed in Table 3.

e The hairpins are ideally centered within the stator slots.

¢ The influence of direct oil cooling on Cys was neglected. Kim et al. [10] analyzed how
direct oil cooling may affect the parasitic capacitances within an electric machine.
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Table 3. Chosen relative permittivities of insulation materials.

Component Relative Permittivity
Slot insulation 2.7
Winding insulation 3
Impregnation 3.3

2.3. Time-Domain Simulations

The time-domain simulations were performed in Matlab /Simulink with the toolbox
Simscape Electrical. In the following subsections, the models of the VSI and electric machine
are described in more detail.

2.3.1. Voltage Source Inverter Model

Figure 3 depicts the schematic of the VSI model as it was built in the Simulink envi-
ronment. The presented approach omits a physical representation of the inverters power
semiconductor devices and parasitics and instead generates the phase-to-ground output
voltages with respect to the DC-link midpoint directly within the signal domain by scaling
the PWM signals with half of the DC-link voltage Upc and adjusting the rise and fall
slopes with a rate-limiter block [11]. For a design—specific comparison of the CM and
circulating bearing currents among the considered electric machines independent of the
inverter operating conditions, the DC-link voltage was set to 400V for all simulations.
The slew rate ‘fi—‘t‘ of rise and fall slopes was set to 2.5V /ns. This relatively low value
was deliberately chosen to enable a validation of the presented simulation results with
test bench measurements without the availability of a fast switching inverter based on
wide-bandgap semiconductor devices. Sinusoidal PWM was implemented by generating
sinusoidal reference signals with a constant modulation index of 0.9 and comparing them to
a triangular carrier signal with a switching frequency of 8 kHz. The fundamental electrical
frequency of the sinusoidal reference signals was set to 40 Hz, corresponding to a rotational
speed of 600 rpm and 800 rpm for the designs with eight and six poles, respectively. The
reason for this is that circulating bearing currents tend to occur at low rotational speeds,
where the bearing lubricant is not fully distributed between the races and rolling elements.

T2 A0 o—=

/
PWM Gain Rate limiter

Figure 3. Schematic of the inverter model implementation in Simulink.

Figure 4 shows the resulting plot of the CM voltage ucy over two periods, obtained
from the arithmetic average of the phase-to—ground voltages. It transitions between
+Upc/2 = 200V and £Upc/6 ~ 66.7V with steps of £Upc/3 ~ 133.3V. The limited
% of the voltage transitions is not visible in Figure 4. Since the modeling of AC cables
interconnecting the inverter and electric machine was omitted due to the structure of
electric vehicle drive units, where the latter two components are kept in close proximity to

each other, no voltage overshoots or oscillations are present in the CM voltage.
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Figure 4. Simulated common mode (CM) voltage.

2.3.2. Electric Machine Model

The equivalent circuit diagram of the electric machine for the simulation of the CM
and HF circulating bearing current is shown in Figure 5. The input of this circuit is the
CM voltage ¢y, which is the output of the inverter model. The loop formed by the stator
winding resistance Rs, the stator leakage inductance Ls, winding—to—stator capacitance
Cws, grounding resistance Rg and stator—to—-ground impedance Zg s determines the CM
current icy. The CM current usually oscillates with frequencies between 100 kHz and
1MHz [2], leading to a pronounced skin effect, which increases resistance and decreases
inductance [12]. Thus, Rs was calculated analytically with the equations given in [13] at
a constant temperature of 100 °C for all designs while considering the increase through
the skin effect factor. The skin effect is more pronounced within the slots than in the
endwindings, which is why at high frequencies, the endwinding leakage inductance
becomes the dominant component of the total stator leakage inductance Ls [13,14]. This
parameter was calculated with the equation given in [15]. The grounding resistance Rg
is the resistance that the CM current experiences on its path towards ground through the
electric machine housing and the grounding cable. A constant value of 1 Q independent of
the respective electric machine design was chosen for this parameter.

iy R L Cws iy  Zbgs

S S

Figure 5. Equivalent circuit diagram of the electric machine for circulating bearing current simulation.

The frequency for the calculation of the skin depth was set to the oscillation frequency
of the respective design’s CM current, which results from the following equation:

1

= — 1
fres = 5T M)
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For the circulating bearing current iy, the current transformer circuit on the right loop
of Figure 5 is based on [3] by neglecting the small bearing resistances. The stator—to—ground
impedance Zg s, mutual to both current loops, was calculated with Equations (2) and (3):

) ~ Wres - NFe - Mo - -6 D
Zg,s = Rg,s +]Wres . Lg,s = (]. +]) Rt Fe ' 10 ' MFe * OFe . ln( 50 ) (2)

47'[ DS,i + 2 : hS

1
B \/n'fres'VO'ﬂFe'UFe

®)

) Fe

where g, is the skin depth of the CM current in the lamination sheets, 1o the magnetic
constant, yipe and o, the relative permeability and electrical conductivity of the lamination
sheet material, respectively, wres = 277 - fres the angular oscillation frequency of the CM
current, Ng, the number of lamination sheets which can be calculated from the stack length
and sheet thickness, Dg; and D; , the stator inner and outer diameter, respectively, and hs
the slot height.

7y, s is the impedance of the circulating bearing current through the stator lamination
stack, where it flows along the surface of each lamination sheet and proceeds axially
through the housing. 7, s is equal to twice the stator-to—ground impedance Zg s [4]. Ly, air is
the airgap and endwinding cavity inductance, calculated according to Equation (4), where I, is
the lamination stack length, [, the distance between the housing and stack (see Tables 1 and 2),
and D;; and D, the rotor inner and outer diameter, respectively.

Dy D
Lo = 42 [l 522 )+~ 1) 32 @

1,0

Schuster et al. [6] performed bearing current measurements on two PMSMs with
the same power rating of 90 kW but different dimensions. They displayed lower values
compared to the induction machines of previous studies [3,4]. This is likely due to the lack
of an electrically conducting rotor cage in PMSMSs, which alters the flow path through the
rotor lamination stack, leading the current to flow through each lamination sheet as is the
case in the stator. This is considered in the rotor impedance 7, , in Figure 5, which is not
assumed to be equal to the stator impedance Zj, ; as assumed in [7], but instead calculated
with Equation (5), which is based on Equation (2) by replacing the stator diameters and the
slot height within the logarithm with the rotor diameters. Since the ratio between the rotor
outer and inner diameter is larger than that between the stator outer diameter and the yoke
diameter, Z}, , becomes the largest impedance in the bearing current flow path.

©)

. . - NEe - Ho - ) D
Zb,r = Rb,r +]wres . Lb,r = (1 +]) . res Fe ' 10" MFe ' OFe . 1n(r,o>

27T Dr,i

Table 4 lists the parameters of the right loop in Figure 5 that were calculated with
Equations (1)—(5), where the stator-to-ground impedance Zgs and the rotor impedance
7y, were divided into their resistance and inductance components. The very small values
of Ly ,ir for the H4 designs result from the lack of distance between the lamination stack
and housing (see Table 1), leading to a zero endwinding cavity inductance (the second term
in Equation (4)) which is the dominant component of Ly, ,jy.
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Table 4. Analytically calculated parameters of the circulating bearing current loop for all designs.

Design Rgs/Q Ry :/Q Lgs/nH Ly air/mH Ly,/nH
H2 0.441 6.613 81.38 97.57 1221
H4F 0.262 2.875 184.6 0.489 2024
H4 R 0.398 4.397 37.94 0.489 4188
He6 0.281 3.93 200.6 57.02 2808
H8F 0.342 3.57 99.85 67.53 1044
H8 R 0.43 4.5 2329 45.37 2435
S1 0.218 2.592 315.6 46.46 1877
52 0.412 3.686 106.3 59.52 952.4

3. Results and Discussion
3.1. Finite Element Analysis Results

Figure 6 illustrates the lumped spice capacitance matrices of all analyzed designs,
simulated in AEDT Q2D extractor by assigning a signal line property to each wire and
the reference ground property to the stator core. They are N x N matrices each, with N
being the number of wires per slot. The wire index begins with the wires closest to the slot
opening (bottom layer) and ends with those closest to the slot top (top layer). The values of
capacitive couplings are displayed by the colorbar in pF, with brighter colors indicating
larger capacitance. The diagonal matrix entries represent the capacitance of each respective
wire to the stator core, whereas the off-diagonal entries represent the capacitances between
wires [16]. Hereafter, these individual capacitances will be referred to as cws and cyw,
respectively.

For the hairpin winding designs, the general trend is that the top layer has the largest
cws due to the large overlap area with the stator core not only at the slot sides but at the
top as well. The second largest cys is between the bottom layer and the stator core. The
inter—wire coupling cyw is only significant for the hairpins adjacent to each other. The
designs where the conductor width is much larger than the conductor height, i.e., H6
and HS8, display larger cyw than cys with the exception of the top and bottom layers (see
Figure 6d-f). This is because wide and short hairpins have more overlap area with adjacent
wires than they have with the stator core. This is particularly pronounced for the H6
design, with the conductor width being more than four times larger than the height, thus
resulting in inter-wire couplings that even exceed the ¢y, between the bottom layer and
the stator core. With an increasing number of layers, the cys of each layer decreases due to
the decreasing conductor height. This is particularly evident when comparing Figure 6a,
displaying values close to 160 pF, with Figure 6e, where the largest capacitance barely
exceeds 30 pF.

The same holds true for the designs with stranded windings (Figure 6g,h). Here,
mainly the wires closest to the slot boundaries or the stator core contribute to the winding—
to—stator capacitance, whereas those in between the outermost wires do not. Since there
are more wires adjacent to each other than in the case of hairpin windings, the significant
inter—wire coupling capacitances cyy are higher in number. Between the two stranded
wire designs, S1 has slightly larger ¢y than S2 because of the shorter distance between the
wires and the stator core.
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Figure 6. Spice capacitance matrices for the analyzed designs: (a) H2, (b) H4 F, (c) H4 R, (d) H6,
(e) H8F (f) H8 R, (g) S1, (h) S2.
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Table 5 further lists the total winding—to-stator capacitance Cyys in nF for all analyzed
designs, equal to the sum of the individual cys for one stator slot multiplied by the number
of slots. Also given in the table is the difference between the numerical calculation and
an analytical procedure given in references [2,17] for the hairpin winding and stranded
winding designs, respectively. Among the hairpin winding designs, H8 F has the smallest
Cws by far, and the difference to H8 R originates from the difference in lamination stack
length, which scales the capacitance linearly. H2 and H6 have similar capacitance due to
the identical stack length, same slot number and similar slot fill factor. However, referring
to Figure 2a, the Cy of design H2 is likely to increase if the uppermost wire were to be
positioned closer to the slot top. The designs with four layers display the largest Cys
mainly due to the higher number of slots, with 72 compared to the 48 slots of other designs.
Comparing the numerical results with the analytical values obtained from the equations
in [17], it can be seen that the absolute error remains below 10% with the exception of H6,
although there is no clear indication as to whether this equation tends to overestimate or
underestimate the capacitance value. The identical difference for both H8 designs results
from the fact that in the FEA, the wires are positioned identically within the slot.

Table 5. Analytically and numerically calculated winding-to—stator capacitance values.

Design Numerical Cys/nF Analytical Cys/nF Difference/%
H2 154 16.02 4.04
H4F 23.51 25.71 9.36
H4 R 28.8 27.26 —5.33
Hé6 15.03 13.16 —12.42
H8 F 9.1 8.55 —6.04
H8 R 15.6 14.66 —6.04
S1 10.05 11.1 10.41
S2 7.74 8 3.38

On the other hand, with values around or below 10nF, the designs with stranded
wires exhibit much lower winding—to—stator capacitance Cy than the hairpin winding
counterparts (with the exception of H8 F) because of the shorter stack length of 135 mm
and less overlap area between the wires and the stator core due to the smaller slot fill factor.
Because of the larger fill factor, S1 shows considerably higher C,s than 52 despite having a
lower number of stator slots. It should be noted that here, the randomization described in
Section 2.2 was only applied to a single slot, and the resulting capacitance was multiplied
with the number of slots. To represent a real stranded wire distribution more accurately,
the randomization could be applied to every slot individually, but this would also result
in a drastic increase in the computational effort. The analytical equation provided in [2]
includes form factors to consider that not all of the area around the slot is filled with wires,
and the difference to the numerical calculation is similar compared to the hairpin winding
cases, with maximum deviations slightly above 10%.

It can be concluded that although there are significant variations in the distribution of
individual winding—to—stator and inter—wire couplings, the total Cys is mainly determined
by the stack length, slot number and slot fill factor. Among hairpin designs, the number of
winding layers is less significant as long as the slot fill factor is similar. Stranded winding
designs display lower capacitance values than their hairpin counterparts because of the
lower fill factor, even if the stack length was to be the same. Therefore, from a parasitic
capacitance standpoint, stranded winding is preferable to hairpin winding.

3.2. Time-Domain Simulation Results

With the numerically determined winding-to—stator capacitance Cyys and the analytical
calculation of the other model parameters from Figure 5 described in Section 2.3.2, the
time-domain simulations were performed in Simulink. The results of the CM current icy
and HF circulating bearing current i, are displayed in Figures 7 and 8, respectively, over
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a time span of 0.25 ms which are two periods of the CM voltage ucy; due to the selected
switching frequency of 8 kHz (see Figure 4). Each CM voltage transition with positive
% leads to a current pulse with positive amplitude and subsequent oscillation, where
the oscillation frequency is determined by the resonance frequency fres (see Equation (1))
and its damping by the resistances in the network. This occurs three times each for the
transitions with positive and negative ‘é—’; per period of the CM voltage. The respective
current amplitudes and the peak—to—peak value of i, are given in Table 6. Also listed is
the ratio between the amplitudes of the circulating bearing current and the CM current,
which is termed the bearing current ratio (BCR) in the literature [3]. This ratio can also be
calculated analytically via the parameters listed in Table 4 by applying the equation of a
current divider.

Table 6. Simulated amplitudes of the CM current, bearing current and bearing current ratio (BCR).

\ \ \ i |
Design icm/A ip/A 1p,pp/ A . 1%
CcM
H2 8.49 0.46 0.733 541
H4F 3.64 0.261 0.428 7.16
H4R 3.53 0.251 0.421 7.12
Heé 2.42 0.141 0.245 5.84
H8F 2.22 0.161 0.186 7.27
H8 R 2.56 0.189 0.258 7.39
S1 1.81 0.121 0.212 6.66
S2 3.54 0.29 0.525 8.21

Despite not having the largest capacitance Cys, design H2 displays the largest CM
current amplitude by far with roughly 8.5 A, which is a factor 2.33 larger than the second
largest amplitude shown by design H4 F. This can be attributed to a low number of series—
connected winding turns, leading to a much lower stator endwinding leakage inductance
compared to the other designs. This leads to a much larger oscillation frequency, visible in
Figure 7a, and a smaller impedance at the resonance.
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Figure 7. Simulated CM current for the analyzed designs: (a) H2, (b) H4 F, (c) H4 R, (d) H6, (e) H8 F,

(f)H8 R, (g) S1, (h) S2.
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Figure 8. Simulated circulating bearing current for the analyzed designs: (a) H2, (b) H4 F, (c) H4 R,
(d) H6, (e) H8 F, (f) H8 R, (g) S1, (h) S2.

This indicates that while not influencing the winding—to—stator capacitance in a sig-
nificant manner, the number of winding layers still plays a major role in the formation
of the CM current. However, design H2 also has the lowest BCR of approximately 5.4%,
resulting in a bearing current amplitude of 0.46 A. Despite similar values of the BCR and
the capacitance Cys, resulting from the same stack length, same slot number and similar fill
factor, the H6 design displays more than three times lower CM and bearing currents. The
designs with four hairpin layers display the highest winding—to—stator capacitance by far
mainly because of the larger slot number, leading to considerable CM current amplitudes
above 3.5 A and bearing current amplitudes above 0.25 A. H4 R has a roughly 22% larger
Cws than H4 F, but the 1.5 times larger endwinding leakage inductance leads to slightly
smaller values of the CM and bearing currents. The BCR is very similar with values slightly
above 7%. The same applies for the designs with eight hairpin layers, where H8 R has a 71%
longer stack length and therefore larger Cys but an endwinding leakage inductance that is
more than two times larger, altogether leading to similar current amplitudes. Characteristic
for these two designs is the much larger damping compared to the other designs, which
results from a larger stator winding resistance R since the skin effect resistance factor
has a quadratic relation to the number of winding layers [13]. This also leads to a lower
difference between the bearing current amplitude and its peak—to—peak value.

The stranded winding design S1 has the lowest CM current and bearing current
amplitudes, but the relatively weak damping leads to a significant difference between the
bearing current amplitude and its peak-to—peak value. Despite having the smallest value
of Cys, design S2 displays relatively large current values, which is also due to the smaller
value of the endwinding leakage inductance.

Generally, the bearing current waveform closely follows the CM current with relatively
low amplitudes ranging from 0.121 A to 0.46 A, which can be attributed to the low BCR
ranging from 5.4% to 8.2% for the analyzed PMSMs. This is much lower than previously
established for induction machines, where BCRs up to 0.9 have been reported in some
cases [3]. Since PMSMs lack a rotor cage, the circulating bearing current is expected to
flow through every lamination sheet individually, resulting in a high rotor impedance
Zy,r. Whether these bearing current values could potentially endanger the bearings of
such electric vehicle traction machines has to be investigated by determining the apparent
bearing current density, a well-established damage indicator that is the ratio between the
peak-to—peak bearing current amplitude and the Hertzian contact area [6]. The latter tends
to decrease with smaller bearing size but is also significantly influenced by the applied
loads. Since the radial bearing loads are generally larger in automotive applications than
the axial loads, this would yield a lower Hertzian contact area and thus larger bearing
current density and worse bearing lifetime impairment if a critical value of the bearing
current density were to be exceeded.
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Considering the relatively similar BCR in the analyzed electric traction machines, a
further decrease of the circulating bearing current could be achieved by reducing the CM
current. Based on this study, the measures to achieve this could be either a reduction of the
winding—to-stator capacitance Cys or an increase of the endwinding leakage inductance L.
Cws can be reduced by decreasing the lamination stack length or the number of slots. Since
the number of slots is fixed by the slot—pole ratio, the remaining possibility would be to
shorten the lamination stack at the cost of lower power rating, as was done in the case of
the H8 designs. Ls increases with the number of series—connected winding turns. The latter
increases with the number of hairpin winding layers and decreases with an increasing
number of parallel paths [18].

Finally, it should be noted that the voltage slew rate % of 2.5V /ns chosen in this
study is fairly low, even for inverters with silicon insulated gate bipolar transistors. Some
of the analyzed electric traction machines are driven by inverters with wide-bandgap
semiconductor devices, capable of much higher switching speeds. Accordingly, the result-
ing CM current and bearing current amplitudes under such conditions would increase
proportionally.

4. Conclusions

Bearing currents are becoming more relevant as a failure cause of electric traction
machines in the automotive industry due to the trends towards higher DC-link voltages
and faster switching power electronics inverters. However, this phenomenon is still largely
unexplored, particularly in this industry. This work employed electrostatic FEA as well
as time-domain simulations to study the influence of different stator designs based on the
PMSM traction machines of commercial electric vehicles on the HF circulating bearing
currents with the aim of finding out the current amplitudes occurring in such designs and
their differences in developing these amplitudes.

The analysis yielded that the ratio between the amplitudes of the circulating bearing
current and CM current in such PMSMs is much lower than common in induction machines,
which have been the focus of bearing current research so far. Moreover, the difference in
this ratio between the analyzed designs remains below 3%. Thus, if a further decrease in
the circulating bearing currents in PMSMs were to be necessary, for example, due to faster
switching inverters, a reduction in the CM current amplitude could be a mitigation strategy.
This can be achieved by decreasing the parasitic capacitance between the windings and the
stator core or by increasing the stator endwinding leakage inductance.

Future research could focus on increasing the simulation accuracy by including three—
dimensional time-harmonic FEA for the endwinding leakage inductance and building a
distributed parameter model for the high—frequency behavior of stator windings, as well as
experimentally validating the presented results via test bench measurements of the bearing
currents on one of the electric traction machines that this study was based on.
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Abbreviations

The following abbreviations are used in this manuscript:

AEDT  Ansys Electronics Desktop

BCR Bearing current ratio

CM Common mode

FEA Finite element analysis

HF High—frequency

PMSM  Permanent magnet synchronous machine
PWM  Pulse-width modulation

VSI Voltage source inverter

List of Symbols

Cws Winding-to—stator capacitance.
Dy Rotor inner diameter.

Do Rotor outer diameter.

D Stator inner diameter.

Ds o Stator outer diameter.

Lyaie  Airgap and endwinding cavity inductance.
Ls Stator leakage inductance.

Nre Number of lamination sheets.

Rg Grounding resistance.

Rs Stator winding resistance.

Upc DC-link voltage.

Zpy Rotor circulating iron impedance.
Zps Stator circulating iron impedance.
Zgs Stator-to—ground impedance.

OFe Skin depth in lamination sheets.
%‘t‘ Voltage slew rate.

Ho Magnetic constant.

UFe Lamination relative permeability.
Wres Angular resonance frequency.
$cm Common mode flux.

OFe Lamination conductivity.

fres Resonance frequency.

hg Slot height.

icM Common mode current.

it, Circulating bearing current.

Ire Lamination stack length.

Iy Stack-to-housing distance.

Ucm Common mode voltage.

Ugh Shaft end—to—end voltage.
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