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Abstract—As electric vehicles (EVs) evolve, there is a notable
shift in battery voltage levels from the conventional 400V to
an elevated 800V. This transition offers advantages such as
faster charging times, reduced energy losses, and the potential
for more compact motor designs. However, this comes with a
trade-off: an increased rate of voltage change (dv/dt), which
can exacerbate Electromagnetic Interference (EMI) issues. The
presence of cables connecting the motor to the motor drive
and battery packs can further amplify these EMI challenges.
Therefore, this paper initially conducts a comparative analysis
of EMI performance between 400 V and 800 V EV systems. Sub-
sequently, we introduce a filter design methodology specifically
tailored to mitigate EMI in 800V bus systems. The efficacy of the
proposed filter design is substantiated through both simulations
and experimental results, confirming its role in effective EMI
reduction with 20 dB reduction.

Index Terms—EMI, EV, filters, cable effects

I. INTRODUCTION

A. Prior Arts and Identified Challenges

EVs face two primary obstacles: extended charging dura-
tions and limited driving ranges. Compared to traditional 400-
V systems, 800-V EV architectures offer distinct advantages,
including accelerated charging rates, reduced energy losses,
and the potential for high power density motors [1]. Conse-
quently, 800-V systems are emerging as a promising alterna-
tive and likely future trend. While EMI has been recognized as
a significant concern in EVs, existing research predominantly
concentrates on subcomponent-level issues. These include
the EMI characteristics of on-board chargers, inverters, and
motors. However, the comprehensive EMI performance of an
EV system, spanning from the battery to the inverter and motor
drive, has received limited attention. Furthermore, specific EV
designs, such as the Tesla Model Y, employ long cables to
connect the battery to the motor drive. These extended cables
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effectively function as LC networks, potentially inducing res-
onance phenomena that can exacerbate existing EMI issues
[2]-{4].

In electric vehicle (EV) powertrains, inverters are critical
components that control motor operation through pulse width
modulation (PWM). This modulation results in alternating
current (AC) terminal voltages that oscillate between the high
and low extremes of the DC bus voltage, creating steep
common-mode (CM) voltage transitions with significant dv/dt
levels. These rapid voltage changes, in turn, induce leakage
currents due to parasitic capacitances within the powertrain
components, including the battery, inverter, cables, and motor.
Such leakage currents can lead to electromagnetic interfer-
ence (EMI), potentially disrupting the operation of electronic
devices within the vehicle. The arrangement of the system’s
components plays a crucial role in defining parasitic elements
and the paths of EMI noise, ultimately affecting the level of
CM EMI noise within the system [5]-[7].

Prior research in this field has primarily focused on three
areas concerning SiC-based powertrains for EVs. The first area
delves into the noise source characteristics of SiC inverters.
Compared to their IGBT counterparts, SiC inverters exhibit
higher EMI noise due to their increased switching frequencies.
They also possess significantly higher dv/dt ratios, leading to
amplified EMI within the powertrain. Additionally, the switch-
ing processes of SiC MOSFETSs, particularly during turn-
off, contribute additional EMI noise [8]—[11]. The alternative
method explores the pathways of EMI noise transmission,
including components like cables and motors. Models for
permanent magnet synchronous motors (PMSM) have been
developed through direct measurement or analytical methods
grounded in electric machine theory. Measurement-based mod-
els offer practical insights for simulating motor drive EMI but
often lack transparent physical interpretations. Conversely, an-
alytical models provide clear physical rationale and utilize nu-
merical methods or electromagnetic field analysis to estimate

Authorized licensed use limited to: University of York. Downloaded on April 29,2024 at 13:12:08 UTC from IEEE Xplore. Restrictions apply.



circuit parameters. The layout of cables in an EV’s powertrain
can significantly influence EMI noise distribution and the
overall conducted emissions. Research has shown that factors
such as cable length and shielding can greatly affect EMI,
with various studies examining the distribution of CM noise
currents and the effectiveness of different shielding approaches
[12]-[14]. Another investigation concerns the mitigation of
system EMI noise. Techniques for reducing conducted EMI
noise have been reported and include filtering, cancelling, and
balancing methods. The filtering approach involves integrating
passive filters into the converter system to obstruct or redirect
EMI noise. Active filters represent the cancelling technique,
where they generate a counteractive signal to neutralize EMI
noise. Lastly, the balancing technique employs a Wheatstone
bridge configuration using passive components to minimize
noise within the system [15]-[17].

B. Key Contributions of this Paper

The key contributions of this paper can be summarized as
follows:

o Comprehensive Analysis of EMI Challenges in 800-
V Systems: While 800-V EV systems offer numerous
benefits, this study reveals that the elevated DC voltage
levels introduce substantially greater EMI complications
compared to conventional 400-V systems.

o Innovative Filter Design Methodology with Cable
Considerations: In response to the heightened EMI
issues in 800-V systems, this paper introduces a tar-
geted EMI filter design methodology. The design not
only optimizes EMI performance but also considers the
physical constraints of the filter, all while accounting for
the effects of cable lengths.

« Validation of EMI Mitigation: Utilizing both simulation
models and real-world experiments, this study confirms
that the proposed EMI filter yields a 20 dB reduction in
EMI levels, thereby achieving compliance with prevailing
EMI standards.

II. WORSENING EMI ISSUES IN 800 V EV SYSTEMS

Inverters operating at high frequencies are a fundamental
requirement for traction motor control in electric vehicles, but
this comes with the drawback of creating significant electro-
magnetic interference (EMI) due to swift switching operations
coupled with inherent parasitic elements. EMI problems arise
in both conducted and radiated forms, predominantly dispers-
ing through the system’s wiring. Voltage spikes at the inverter’s
output have the potential to shorten motor life by harming
windings, insulation, and bearings. Additionally, the rapid
change in voltage levels, or dv/dt, contributes to increased
eddy currents and the skin effect, which impacts the motor
cores and windings.

The adoption of more advanced semiconductor technolo-
gies, like IGBTs and MOSFETSs, in modern inverters intro-
duces even faster switching speeds, which may intensify these

complications. As battery voltages rise, there is a correspond-
ing increase in dv/dt values, presenting greater challenges, par-
ticularly with the emerging adoption of wide bandgap (WBG)
semiconductors in power electronics, known for their quick
switching capabilities. Employing dv/dt filters can mitigate
some of the adverse effects on the motor; however, other
components in the electronic environment, such as gate drivers,
may still be vulnerable to the effects of these rapid transitions.

The common-mode current pathway of the EV systems
is depicted in Fig. 1. In this setup, a Permanent Magnet
Synchronous Machine (PMSM) serves as the motor drive,
receiving power from both the battery and the inverter. The
common-mode pathway to the ground is formed by the junc-
tion capacitance of the heatsink in the inverter, as well as
the enclosure of the PMSM. Elevated DC-link voltage levels
result in an increased rate of voltage change (dv/dt), thereby
exacerbating EMI issues. This phenomenon is corroborated by
our simulation results. Figs. 2 and 3 collectively demonstrate
an escalation in current spikes within 800 V systems in the
time domain. Further validation is provided in the frequency
domain, where the EMI levels surpass the CISPR 25 Class B
standard, commencing at 100 kHz. This violation is evident in
Fig. 4.

The common-mode (CM) noise voltage source Veopro as
depicted in Fig. 1 can be described by the following equation:

Van +Ven + Vi
Viono = AN+ VBN + VoN )

3
In terms of circuit theory, the voltage Vi, = at the
common-mode Line Impedance Stabilization Network (LISN)

can be presented as:
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Here, Vi, ... and Voo represent the Laplace transforms
of vr,,.... and vcaro, respectively. The alternating current
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III. PRINCIPLE OF EMI FILTER DESIGN BY
INCORPORATING CABLE EFFECTS

This section is dedicated to offering a comprehensive, step-
by-step guide for designing an EMI filter tailored for 800V
EV systems by considering the cable effects. The design of
a Common-Mode (CM) filter for motor drives is a critical
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Fig. 1: Common mode current pathway in the 800 V EV systems
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Fig. 2: Current waveforms for phase a current waveform under
800 V (blue line) and 400 V (red line).

aspect to mitigate the CM voltage generated by the Pulse
Width Modulated (PWM) rectifiers. This section delves into
the configuration and selection of capacitors, their objectives,
and the practical considerations for efficient CM filter design.

1) Filter Configuration: Capacitors Cy; and Cyy are de-
ployed across the DC bus rails to prevent CM voltage escala-
tion. The midpoint capacitor C';4, bridging the midpoint ‘M’
and ground, ensures that ‘M’ remains proximal to the ground
potential.

2) Objective of Capacitors: The capacitors Cy; and Clya
constrain the flow of switching and lower-order frequency
currents within the rectifier. Meanwhile, C'y, lowers the reso-
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Fig. 3: Zoomed-in view of the phase a current waveform.

nance frequency to below the switching frequency, enhancing
the stability and efficiency of advanced PWM techniques. The
target is to maintain the third harmonic circulating current
under 3% of the rated inductor current.

3) Selection of Cprq: The capacitor Cyyq is chosen based
on its role to attenuate high-frequency resonance and maintain
low ground currents. The desired attenuation level is typically
95% to prevent significant voltage increase at point ‘M’. The
relationship governing C'y4 is given by:

Cpo
= 6
Cpl + CMg + CpZ ( )

Vg

VMotor

where V), is the voltage at point ‘M’, and Visepor is the
average voltage of the Active Front End (AFE).
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Fig. 4: EMI performance of common mode current against the
CISPR 25 standard.
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Fig. 5: EMI performance comparison between the 800 V case
without filters and with added filters.

4) Design Criteria: The design process includes maintain-
ing the resonance frequency below the switching frequency of
the PWM rectifier, leading to the condition:

wS’LU W«SU)

21 2

fres < (N
where f..s is the resonance frequency and wy,, is the switching
angular frequency.

5) Impedance Matching at High Frequencies: To ensure
proper operation at high frequencies, the inductive reactance
of L, and L, become significantly high, effectively behaving
as open circuits. The capacitive reactance hence dominates,
necessitating precise selection of C,; and C,o for optimal
impedance matching, as shown by:

( L1 )1

Cyl Cy? CMg

o =

®)

6) Validation and Testing: The theoretical designs are sub-
stantiated through simulations and empirical testing to confirm
the CM filter’s performance under operational stresses.

This comprehensive design strategy ensures the CM filter’s
effectiveness in reducing noise and improving the electromag-
netic compatibility of motor drives.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Figure 5 showcases the efficacy of the implemented filter,
represented by the green line. The filter achieves a substantial
reduction in EMI noise, specifically by 20 dB above 100 kHz,
which is the threshold frequency for CISPR standards. Conse-
quently, the proposed filter enables the 800V system to comply
with existing EMI regulations.

Parameter Description Default Value
Lg g-axis inductance 3.2mH
Rs Stator resistance 0.636$2
Rcomm Common mode resistance 0.24 Q
Zy Bearing impedance 2.25M Q
Moment of Inertia Moment of inertia 2e-4
Lg d-axis inductance 0.66mH
Initial Rotor Angle Initial rotor angle 0
Vok/kepm Peak line-to-line back EMF constant 453
Master/Slave Flag Master-slave flag 1
Cs Phase winding stray capacitance 1.1nF
No. of Poles P Number of poles 4
Ry Bearing resistance 10 Q
Shaft Time Constant ~ Shaft time constant 5
Lcomm Common mode inductance 0.95mH
Cy Bearing capacitance 185pF
Ceomm Common mode capacitance 7.3nF
Csa d-axis differential mode capacitance 2.1nF
Csq g-axis differential mode capacitance 1.7nF

TABLE I: Table of Parameters with Subscript Notation

V. CONCLUSIONS AND FUTURE DIRECTIONS

This study serves as a preliminary investigation into EMI
mitigation for 800V electric vehicle systems. While the pro-
posed filter design has demonstrated promising results, future
research will focus on providing a more nuanced analysis
and conducting additional experimental validations to further
optimize the system’s EMI performance.
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