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Abstract— The motor of an electric vehicle is connected to
the inverter either by cables or busbars if the inverter and
motor are integrated in the same housing. Instead of a motor, an
equivalent lumped load may be used during EMC pre-compliance
testing. Utilizing a SPICE-based simulation model, the conducted
emissions of an electric vehicle powertrain are investigated with
different AC-load configurations. Shielded AC-cables lead to
increased parasitic inductance and capacitance on the AC side of
the powertrain. On the HV-DC side of the inverter, EMC filters
are required to comply with conducted emissions limits. The
filter components, especially those filtering the common mode, are
exposed to power loss due to the noise currents on the powertrain.
Simulation results for AC-cable lengths 0-3 m show that the power
loss in the EMC filter components shows a strong dependency
on cable length.
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I. INTRODUCTION

Fast switching, high currents as well as weight and space
requirements in modern electric vehicles (EVs) are challenging
for electromagnetic compatibility (EMC) compliant design.
The inherent high-frequency harmonics, excited due to the
switching of the inverter, lead to noise currents on the
high-voltage (HV) powertrain. To stay below standardized or
system required limits, EMC filters have to be used. Otherwise,
on the DC side of the inverter, the emissions may interfere with
other electronic systems like the battery management system or
radiate off the cables. Regarding the emissions, especially the
common mode (CM) emissions, the AC-load plays a crucial
role [1]. Any capacitance from the three-phase system to the
chassis will lead to CM currents. In an EV the AC-load is
the e-motor. During development, motor equivalents, built up
from a minimal set of lumped parts may be used instead of
a motor for pre-compliance measurements [2], [3], e.g. if the
motor is not available. Such an equivalent load may be made
up from off-the-shelf components and aims to represent the
low frequency behavior of the e-motor.

The second component on the AC domain of the powertrain
are AC-cables. Cables in the EV powertrain may be shielded or
unshielded. To conform with radiated emissions requirements
as well as to limit human exposure to non-ionizing radiation,
often shielded cables are used. Depending on the specific
vehicle, the length of the AC-cables may vary significantly.
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Fig. 1. AC-load configurations of an electric vehicle with shielded AC-cables
above a reference ground plane. a) configuration with a lumped capacitive and
inductive equivalent load for pre-compliance testing. b) configuration with an
€-motor.

AC-cables may be completely omitted by using an electric
axle, where motor and inverter are integrated in the same
housing. In EVs where inverter and motor have to be spaced far
apart, long AC-cables have to be used. Examples are industrial
vehicles or buses, where the inverter may be placed on the roof.
Furthermore, during testing of prototypes or early samples in
development, cables may be used for individual testing of an
inverter or e-motor before the final integration, e.g., to test
a next generation motor with a previous generation inverter.
AC-cables that are longer than intended in the final system
may also be used for convenience of placement of components
on the test bench or limited availability of shorter cables.

The HV-DC EMC filter is located within the inverter
housing on the DC-side. The filter components are exposed
to stress due to power loss and subsequent self-heating [4],
[5]. The AC-load plays an important role regarding the
conducted emissions [6] and therefore the loss in the EMC
filter components. To study this effect in the context of an EV
powertrain, variations of the AC-powertrain are investigated
herein. The variations are indicated in Fig. 1. Figure 2 shows
the influence of two different AC-load configurations on the
conducted emissions in measurements.

The remainder of this paper is organized as follows:
Section II introduces the EV powertrain components with a
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Fig. 2. Measured conducted emissions of an EV powertrain at the HV-DC
LISN. The configuration with the motor is in an electric-axle configuration,
where the inverter and motor are integrated in the same housing and no
AC-cable is used. AC-cable length for the measurements with equivalent load
~ 0.75m.

focus on the AC components. Section III describes the HV-DC
EMC filter. Section IV shows the results of a parametric
study of the AC-cable length with two different AC-loads.
The effects are evaluated in terms of power loss in the EMC
filter components and conducted emissions. Section V provides
conclusions regarding the investigated configurations.

II. ELECTRIC VEHICLE POWERTRAIN

The EV powertrain under investigation has a nominal
DC-Voltage of 350V and a 10kHz pulse width modulation
(PWM) switching frequency of the inverter. All three
half-bridges are switched at the same time and to the same
voltage, which superimposes the CM noise currents. This
operation mode corresponds to the maximum EMC filter CM
power loss [5].

A. Simulation Model

A SPICE-based circuit simulation is utilized to acquire
the time domain conducted emissions voltages at the line
impedance stabilization network (LISN). The model has
been verified and shown good agreement with measurements
[7]. The model includes all relevant components of an EV
powertrain in an EMC test setup. Those are: the LISN, shielded
DC-cables, inverter, shielded AC-cables, and three-phase load.

B. Shielded AC-Cables

As indicated in Fig. 1 three individually shielded cables
are investigated. Individually shielded cables are common in
EVs because of advantages in mechanical integration and
handling. The shielded cable parameters and geometry are
taken from [8]. The cable model is based on [9] which
has been implemented in a powertrain simulation in [10].
The circuit model for a Az-long section of a single-phase
shielded AC-cable is shown in Fig. 3. Each AC-cable is
modeled as a three conductor system consisting of the inner
conductor, the shield, and the reference ground, which is
the conductive ground table. Path resistances are induced for
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Fig. 3. Equivalent circuit for a Az-long section of a single shielded AC

cable. For the three-phase circuit mutual inductance between all shields and
conductors are considered.
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each conductor. The inner conductor and shield inductance are
calculated in reference to the ground table. The component
values are calculated by multiplication of the per-unit-length
(p.u.l.) values and the Ax segment length. To ensure electrical
short behavior at the maximum frequency of investigation,
Az is set to be a maximum of 0.75 m. Multiple sections are
cascaded to model longer cable lengths. The p.u.l. inductance
of the cable L/ is given by [11]
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where 1o denotes the free space permeability, hr the height of
the cable over the ground plate. . and r; denote the radius of
the center conductor and outside of the shield, respectively. The
p.u.l. mutual inductance L, of shield and cable is equal to the
shield inductance L, = L. The p.u.l. mutual inductance L/,
between each conductor or shield u to any other conductor or
shield v is calculated from the assumption of two wires above
ground by [11]
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where s denotes the distance between the center point of the

conductors. In the three-phase system, coupling between all

conductors and shields is considered.

The p.u.l. capacitance Cj; between the inner conductor
and shield can be calculated [11] or taken from the data
sheet [8]. Capacitances between the shield and ground as
well as shield-shield are not included. All shields are shorted
at their ends towards ground. This significantly diminishes
the effect of the shield-shield and shield-ground capacitance.
Simulation runs including the full capacitance matrix show no
notable change regarding filter loss or conducted emissions in
the frequency range of interest (<30 MHz). In order to keep
model complexity low, they are omitted. The p.u.l. resistances
R, R, Ry can be estimated analytically [11] or extracted from
measurements [9].
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Fig. 4. Equivalent circuit for a single phase of the motor proposed in [12].
For the three-phase circuit, the mutual inductance between the windings L
of all phases are considered.

C. Electric Motor

In literature, multiple equivalent circuits are proposed
to model the electrical behavior of an electric motor [12],
[13], [14]. Therein, extraction procedures are discussed to
acquire the values of equivalent circuit components. Following
the proposed model and parameter extraction procedure in
[12], the model in Fig. 4 is used to acquire the simulation
model from a measured permanent-magnet synchronous motor
(PMSM).

The parameters used in the model possess a physical
meaning. As argued in [12], L represents the stator winding
inductance. R. expresses the high-frequency eddy current
losses inside the magnetic core and frame. Cy; represents the
parasitic capacitance between the phase winding and the stator
frame. Cy, represents the parasitic capacitance between the
neutral and the stator frame. R, and R, are the equivalent
resistances for the copper skin effect. The parallel RL.C;
branch accounts for stator winding inter-turn effects.

The resulting fit of measurement and simulation regarding
the CM and differential mode (DM) impedance is shown in
Fig. 5. Measurement and simulation show good agreement
regarding the CM impedance up to 30 MHz. The DM shows
minor deviations. As the filter components under investigation
are predominantly exposed to CM noise, the model to
measurement correlation is deemed sufficient. Fig. 5 shows
the impedance of the equivalent load for the three-phase
CM and phase-to-phase DM. The low-frequency inductive
and capacitive behavior are comparable between motor and
equivalent load. The first anti-resonance of the CM impedance
is at a higher frequency in the equivalent load. All resonances
of the equivalent load are of high quality factor, as the
equivalent load lumped components have very little damping.

IIT. HV-DC EMC FILTER

The HV-DC EMC filter is made up of a single stage of Cy
and Cy capacitors as well as a choke. The filter is positioned
in the DC domain of the powertrain. It is integrated into the
inverter-housing and aims to minimize noise on the DC-cables.
A circuit diagram of the EMC filter is shown in Fig. 6. The
electrical behavior of the filter components as well as the loss
calculation procedure for the filter components is presented.
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Fig. 5. CM impedance (three-phase) and DM impedance (phase-to-phase) of
the measured PMSM motor, the motor model and the equivalent load.
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Fig. 6. Single stage HV-DC EMC filter.

A. Capacitors

In the EMC filter, a single stage of Cy and Cy capacitors
is used. The capacitors are film capacitors. An emphasis is
set on the Cy capacitors in this section as they filter the CM
which is the dominant part of the emissions in the herein
investigated frequency range and the C, capacitors have higher
power loss than the C capacitors [5]. The Cy capacitance is
220nF. The capacitors are modeled as a series connection
of an ideal capacitance, an equivalent series resistance (ESR)
and an equivalent series inductance (ESL) [15]. The measured
frequency-dependent impedance and ESR are shown in Fig. 7.

To accurately calculate the loss in the C, capacitors,
the frequency-dependent ESR has to be considered [4], [5].
Therefore, time-dependent current through the capacitor is
transformed to the frequency domain and multiplied by the
frequency-dependent ESR. The power is calculated from
the frequency domain integral over the current through the
capacitor squared and scaled with the ESR [5].

B. Choke

The choke is made from a nano-crystalline material. The
busbar runs through two slots in the choke which leads to
a CM inductance. Figure 8 shows the measured impedance
of the choke over frequency. Additionally, the real part of
the impedance, which corresponds to the frequency-dependent
resistance and therefore the loss-behavior is shown.
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Fig. 7. Measured impedance and ESR of a 220nF Cy capacitor.
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Fig. 8. Measured CM impedance of the choke and its real and imaginary
components. The frequency-dependent real part of the impedance is related
to the loss in the choke.

The simulation model of the choke consists of cascaded
sets of parallel inductance and resistance elements. Their
values are fitted to the measurement data [16]. Thereby, the
frequency-dependent inductance and resistance of the choke
are represented in the time domain simulation. Saturation
effects are not represented. The loss in the choke is calculated
in the time domain [5].

IV. PARAMETRIC STUDY OF THE AC-CABLE LENGTH

The configurations shown in Fig. 1 are simulated and the
results are evaluated regarding the power loss in the EMC filter
components as well as the conducted emissions at the HV-DC
LISN.

A. Power Loss in the HV-DC Filter

The EMC filter stress is investigated by the power loss in
the filter components. The loss in the choke and a Cy capacitor
is shown in Fig. 9 for different AC-cable lengths. For both filter
components, the loss increases when increasing the AC-cable
length. An increase from 32 mW to 135 mW in terms of power
loss in the Cy can be observed in the configuration with a
motor, when increasing the length from Om to 3 m. With an
equivalent load, the increase is from 0.646 W to 1.5 W.
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Fig. 9. Losses in filter components with equivalent load and motor over
AC-cable length.

The loss in the choke increases by 0.58 W in case of a
motor and by 0.62W in case of an equivalent load when
the cable length is increased from O to 3m. The loss in the
choke diverges less than the loss in Cy when exchanging the
equivalent load for a motor.

1) Frequency-dependent Loss of the C, Capacitor

To further analyze the effect of the AC-cable on the
loss in the Cy capacitors, Fig. 10a and Fig. 10b depict the
frequency-domain cumulative loss (which is the cumulative
integration of the frequency dependent loss) in the Cy
capacitor. The cumulative loss shows the effect of the
frequency-dependence of the current through the capacitor and
the frequency-dependence of the ESR. For all configurations,
no increase in loss above 6 MHz is observed. The resonance
around 3MHz leads to the majority of loss. For longer
AC-cables the loss increases while the resonance frequency
decreases. The ESR shown in Fig. 7 shows a reduction of
ESR for a reduction in frequency within the frequency range
of interest. This implies a reduction of loss in the C,. The
additional capacitance to ground introduced by the AC-cable
leads to an increase in loss. This effect is dominant over the
change in resonance frequency and ESR.

2) Frequency-dependent Loss of the Choke

In contrast to the loss in the C, capacitor, the choke has
only 20% less loss when comparing the motor to the equivalent
load. Figure 11 shows the cumulative loss in the choke for the
configuration with equivalent load and motor. The cumulative
loss is equal for both configurations up to 2MHz. With
the equivalent load, 0.28 W of loss can be attributed to the
resonance around 3MHz. In the case with a motor this is
0.02W. The majority of loss in the choke is due to loss in
the frequency range 10kHz to 200 kHz. The discrete steps in
the power loss stem from the fundamental switching frequency
of the inverter, which is 10kHz. The superposition of the
switching waveforms on the three-phase system leads to only
odd multiples of the switching frequency being excited.
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Fig. 10. Cumulative loss over frequency in Cy for different AC-cable lengths
(0-3m). a) with an equivalent load. b) with a motor.

The real impedance of the choke in Fig. 8 indicates that a
higher frequency of the noise currents (up to 8 MHz) relates to
higher loss. But for the calculation of the loss with broadband
signals, the frequency-dependence of the noise currents has
to be considered. The CM currents though the choke decay
for higher frequencies. Therefore, the loss is dominated by
low-frequency currents.

B. Conducted Emissions

The conducted emissions at the LISN are calculated from
the time domain with a software-based EMI receiver (SEMI)
[17]. The SEMI receiver applies the frequency-dependent
bandwidths and signal post-processing according to regulations
[18].

Fig. 12 depicts the conducted emissions at the LISN with
the equivalent load and with a motor. The AC-cable length is
0.6 m for both configurations. While the behavior below 1 MHz
is similar, the resonance at 2.8 MHz, which has a high quality
factor with the equivalent load, is spread out and damped
when a motor is used. Furthermore, it is shifted to higher
frequencies with a peak at 4 MHz. This follows the effects seen
in measurements of a similar powertrain as shown in Fig. 2.

The effect of different AC-cable lengths is shown in
Fig. 13a for the equivalent load and in Fig. 13b for the
motor configuration. In the frequency range below 1 MHz an
increase of up to 3dB can be observed between Om and
3m. This is similar for both load configurations. With the
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Fig. 11. Cumulative loss in the choke over frequency for a motor and an

equivalent load as an AC-load. The AC-cable length is 0.6 m in both cases.
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Fig. 12. SEMI receiver and peak algorithm conducted emissions at the LISN
with motor and equivalent load. AC-cable length set to 0.6 m in both cases.

equivalent load, a shift in resonance frequency from 4 MHz to
2.3 MHz can be observed, while the resonance peak amplitude
increases by 5dB. The shift in resonance can be explained by
the additionally introduced CM inductance and capacitance of
the cable, which both reduce the resonance frequency of this
resonance. The increase in amplitude is due to the additional
capacitance to ground introduced by the AC-cable. With the
motor as the load, shown in Fig. 13b, a similar shift in
resonance frequency is observed. The amplitude changes up
to 14 dB over the lengths of cable investigated.

V. CONCLUSION

A validated numerical simulation model is utilized to
investigate different AC-load configurations for an electric
vehicle powertrain. The EMC filter component power loss
and conducted emissions are investigated and analyzed. The
effects of a lumped equivalent load used in pre-compliance
tests are compared to a motor. With knowledge of the influence
of the equivalent load, an equivalent load can be used in
pre-compliance testing and quantification of emissions below
2MHz. An equivalent load that better represents the motor



120 . .

110} ]
- ' =
2100} - 13m ©
/M 1h o
) ' &
o J0F 1 o
2 o
= 80F 1 0m &
> =5
70 ]
60 I I L
10* 10° 106 107
Frequency (Hz)
(a)
110 . .
100 | 1
~ >
%. 3m ((.?
S %) 1-E
o ¢
50 i ] o
% 80 Om 03
=
- 70} .
60 I I
10* 10° 106 107
Frequency (Hz)
(b)

Fig. 13. SEMI receiver and peak algorithm conducted emissions at the LISN
as the load for different AC-cable length (0-3 m). a) with an equivalent load.
b) with a motor.

model should be used if representative conducted emissions
measurements for higher frequencies are required.

Regarding the loss in the EMC filter components due to
variation of the load, the following can be concluded: The C,
capacitor loss is strongly influenced by how much resonances
in frequency ranges close to the capacitor self resonance are
damped. The loss in the choke on the other hand is dominated
by the fundamentals of the PWM switching signals. Loss
management techniques can take this into account.

Variation of the AC-cable length has a strong impact on
the loss in the filter components. This should be kept in
mind when designing the filter. Additionally, in component
testing AC-cables should be kept to a minimum. When, e.g. for
convenience a long cable is chosen for motor or subcomponent
testing, overheating and destruction of the filter may occur.

While the variation of the AC-cable length has a similar
trend on the conducted emissions for both loads investigated,
the strength of the impact differs. A deeper investigation
of the relation of load and cable, especially regarding the
capacitance to ground, should be performed in future work in
order to quantify in what configurations the AC-cable length
is a relevant design variable regarding EMC.
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