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ABSTRACT: An electric drive system is a core component of electric vehicles, and its electromagnetic compatibility (EMC) is critical
to vehicle safety. Addressing the difficulty of locating electromagnetic interference (EMI) coupling paths via testing alone, this paper
presents a simulation study of conducted EMI in motor drive systems. Parasitic parameters of key components are extracted through
impedance testing and 3D electromagnetic simulation. Based on transmission line theory and impedance fitting, high-frequency equiva-
lent models of each unit are developed and integrated into a system-level EMI simulation model. Validation shows that the model predicts
conducted interference below 30 MHz accurately, with errors within 6 dB below 1 MHz and less than 10 dB in the 1 MHz—30 MHz band.
This model enables rapid EMC troubleshooting and provides reliable simulation support for the forward design of electric vehicle drive

systems.

1. INTRODUCTION

This paper focuses on high-voltage (HV) components, which
are typical electromagnetic emission sources in electric
drive systems and are the main cause of electromagnetic com-
patibility (EMC) problems on the low-voltage (LV) side. The
electrical structure of the drive system is illustrated in Fig. 1.
In the HV circuit, the power battery supplies high-voltage DC
power to the motor drive system through HV DC buses and
connectors. The DC power is then converted into three-phase
AC power by a three-phase full-bridge inverter composed of
six insulated-gate bipolar transistors (IGBTs) to drive the per-
manent magnet synchronous motor [1].

Relevant research has been widely conducted. Pareschi
et al. analyzed mainstream technologies of spread-spectrum
clock generators and theoretically verified that specific tri-
angular driving frequencies can maximally suppress spectral
peaks, while no simulation or experimental verification was
performed [2]. Zare proposed a high-frequency motor model-
ing method to predict leakage current and shaft voltage. How-
ever, the adopted model was overly simplified without con-
sidering stray capacitances, leading to discrepancies between
simulation and measurement results [3]. Jia et al. investigated
common-mode and differential-mode interference paths of ve-
hicle drive systems and established Simulation Program with
Integrated Circuit Emphasis (SPICE) and Simulink models for
key components. Nevertheless, their method fails to accurately
predict conducted interference below 30 MHz [4].

To address the above limitations, this paper establishes a
complete electromagnetic simulation model for electric drive
systems. The EMI coupling paths and effects of parasitic pa-
rameters, loop areas, and other key factors are analyzed. This
work integrates EMC design into the early development stage
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to select optimal schemes and realize the forward EMC design
in electric drive systems.

2. ANALYSIS OF ELECTROMAGNETIC INTERFER-
ENCE IN MOTOR DRIVE SYSTEM

Conducted interference is a typical electromagnetic interfer-
ence problem in a motor drive system, which can be divided
into two parts: common mode interference and differential
mode interference, shown in Figure 2 and Figure 3.

Differential mode interference is caused by parasitic induc-
tance, which makes the interference signal form a loop between
the positive and negative poles of the power supply.

Therefore, the main characteristic of differential-mode inter-
ference is that the currents in the two conductors of the loop
are equal in magnitude but opposite in direction relative to
each other — one conductor carries the forward current while
the other carries the return current. The capacitance is in a
low-impedance state at high frequency, and the inductance is
in a low-impedance state at low frequency. Therefore, the
common-mode interference is mainly reflected in the relatively
high frequency, while the differential-mode interference is to
the contrary. The frequency limit is usually about 1 MHz. The
whole conducted interference is most easily reflected below
30 MHz [5, 6].

3. SIMULATION MODELING OF ELECTRIC DRIVE
SYSTEM

The simulation models for different components, such as mo-
tor controller, cable, motor, and Line Impedance Stabilization
Network, are constructed, respectively. The common-mode
impedance and differential-mode impedance are measured by a
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FIGURE 1. Electrical structure of motor drive system.
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FIGURE 2. Path of common-mode interference.
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FIGURE 3. Path of differential-mode interference.

vector network analyzer. Then, according to the physical struc-
ture of each component, the high-frequency equivalent circuit
model is established, and the common-mode and differential-
mode impedances are calculated. According to the resonance

point value of the measured impedance, the inductance, ca-
pacitance, and resistance values of the high-frequency equiv-
alent circuit components are calculated, so that the calculated
impedance is consistent with the measured impedance in the
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full frequency band, and the common-mode and differential-
mode effects of each component are covered by the model. The
model to be built mainly includes a high-voltage connection
system, an IGBT module, and a motor. As an example, the
method of motor modeling is described in this paper.

3.1. LISN Model

Line Impedance Stabilization Network (LISN), shown in Fig-
ure 4 and also known as an artificial mains network, is an essen-
tial device for conducted electromagnetic interference (EMI)
testing of electric vehicle drive systems. Designed in ac-
cordance with the CISPR 25 automotive EMC standard, it
mainly isolates grid noise, provides standardized and stable
impedance, and extracts high-frequency interference signals
from the equipment under test, so as to ensure consistent and
accurate test results. It suppresses noise from the power-supply
side, offers standard test impedance, and also functions as a fil-
ter in the test system.
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FIGURE 4. LISN model.

The LISN is equipped with three ports. The first port is
connected to a high-voltage traction battery; the second port is
linked to the high-voltage wiring of the equipment under test;
the third port serves as the measurement port and is connected
to an EMI test receiver via a coaxial cable. In this simulation,
the LISN model is built with simulation software, following the
CISPR 25 standard. The detailed parameters are presented as
follows:

Ly =5uH, Ry = 1kohm, C; = 0.1 uF, Cy = 0.1 uF.

3.2. High-Voltage Connection System

According to high-frequency circuit theory, when conductors,
such as cables and busbars, operate under high-frequency con-
ditions, the wavelength of the current approaches the geomet-
ric length of the conductors [7-11]. The impacts of parasitic
parameters, including the inherent resistance and inductance of
conductors, as well as the distributed capacitance and conduc-
tance between lines, are significantly intensified. The phase
shift during signal transmission becomes increasingly promi-
nent, and the traditional lumped-parameter circuit model can
no longer accurately characterize their electrical properties.
Therefore, this paper adopts the distributed-parameter trans-
mission line model for modeling and analysis.

A small segment of the cable is selected for analysis. The
high-voltage connecting components are divided into multi-
ple infinitesimal transmission-line units, each consisting of
distributed resistance Rdz, inductance Ldz, conductance Gdz,
and capacitance Cdz [12—15]. The corresponding topology is
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FIGURE 5. Microelement transmission line.

shown in Fig. 5. Based on Kirchhoff’s laws, the partial differ-
ential equations of transmission lines are derived to describe the
relationship among voltage, current, and distributed parameters
at any position along the line, which serves as the theoretical
foundation for the overall modeling.

According to the above transmission line theory and the
actual physical structure and layout of each component, the
equivalent circuit topologies of high-voltage DC cables, high-
voltage connectors, high-voltage DC busbars, and three-phase
AC busbars are established successively, as illustrated in Fig. 6
to Fig. 9. During modeling, structural differences, wiring
spacing, and shielding configurations of various components
are taken into account fully. The parasitic coupling charac-
teristics, including internal impedance, inter-wire capacitance,
and mutual inductance, are accurately reproduced, which com-
pletely reflects the propagation and coupling behaviors of high-
frequency signals in the high-voltage connection system and
lays a solid circuit foundation for subsequent system-level high-
frequency electromagnetic simulation.

9 (2t) a(jt) = —Ri(zt) 2 éj )

Bi(z,t) A(z,t) M
i(z, v(z,
P —Gu(z,t)-C 5t

This paper uses ANSYS Q3D Extractor to extract the par-
asitic parameters of all components. During modeling, rea-
sonable geometric simplification is performed on non-critical
chamfers of conductors and tiny assembly gaps, while retain-
ing core structures, such as conductor bodies, shielding layers,
and electrodes. Mesh refinement is applied to conductor con-
tact surfaces and inter-electrode coupling areas, and adaptive
meshing is adopted for other regions. The solving frequency
band is set from 15kHz to 30 MHz. Physical parameters, in-
cluding electrical conductivity and relative permeability, are
assigned according to the actual material parameters of the de-
vices. Finally, full parasitic parameters per unit length, such as
resistance, inductance, mutual inductance, and distributed ca-
pacitance, are extracted, and the extraction results are presented
in Tables 1 to 4.

In addition, to verify the accuracy of the equivalent circuit,
a vector network analyzer is used to measure the amplitude-
frequency and phase-frequency characteristics of the port
impedance of each component. The vector fitting method is
adopted to fit the measured impedance curves. By properly se-
lecting the fitting order and setting the convergence threshold,
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FIGURE 9. High-voltage AC busbar.

the measured impedance is converted into the parameters of
the equivalent RLC network. This ensures that the simulated
impedance is highly consistent with the measured impedance
across the entire frequency band and enables the equivalent
model to accurately reproduce high-frequency impedance
characteristics of the components.

3.3. IGBT Power Module

According to lumped-parameter circuit theory, within a specific
frequency band, the high-frequency impedance characteristics
of each port of the IGBT can be equivalently represented by an
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RLC series circuit. In other words, each port can be equivalent
to an RLC series circuit, and its topological structure is shown
in Fig. 10.

The parasitic parameters in IGBT packaging are one of the
main paths of electromagnetic interference, mainly including
the inductance and resistance of the pins themselves, as well as
the parasitic capacitance between the pins and the heat dissipa-
tion board [16, 17]. As shown in Fig. 11, taking a single bridge
arm as an example, the parasitic parameters between the IGBT
poles and the heat dissipation board are shown in Table 5

The parasitic parameter circuit between collector ¢l and
the ground terminal of the heat sink adopts an RLC series
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FIGURE 10. RLC series circuit.
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FIGURE 11. Model of IGBT.

TABLE 1. Parasitic parameters of DC cable.

Port Name Parameter Value
Rel 231.
Core harness ¢ 31.063 uy
Lel 385.232nH
Cesl 239.451 pF
Core harness — Shielding layer cs P
Mcsl 338.121nH
Rsl 447.746 uQ2
Shielding layer Lsl 336.138 nH
Csgndl 359.135pF
1 24.789 pF
Shielding layer — Shielding layer Css p
Mssl 259.383nH
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TABLE 2. Parasitic parameters of DC connector.

Port Name Parameter | Value
R 23.1 u2
Conductive Pin ¢ S
Lc 20.5nH
C 0.4 pF
Conductive Pin — Connector Housing ceon P
Mccon 4.1nH
Rcon 17.4 uQ2
Connector Housing Lcon 13.1nH
Ccongnd | 0.5pF
C 20.1 pF
Connector Housing — Connector Housing coneon P
Mconcon | 14.1nH
TABLE 3. Parasitic parameters of DC bus.
Port Name Parameter Value
Positive Rp 81.9u2
Lp 63.1nH
PN 3pF
Positive — Negative ¢ >8-3p
MPN 41.1nH
RN 95.1 u2
Negative s
LN 75.1nH
TABLE 4. Parasitic parameters of AC busbar.
Port Name Parameter Value
RU 38.017 uf2
U phase s
LU 38.637nH
Cuv 1.585pF
U phase — V phase p
MUV 13.352nH
RV 36.926 u2
V phase g
LV 36.460 nH
CVw 1.584 pF
V phase — W phase P
MVW 13.351nH
RW 38.017 uf2
W phase s
LW 38.637nH

topology, and its impedance characteristic curves are presented
in Fig. 12. This figure shows the measured high-frequency
impedance curves of the tested component, with the upper plot
depicting amplitude-frequency characteristics and the lower
plot showing phase-frequency characteristics. At frequencies
below 10 MHz, the impedance decreases linearly with increas-
ing frequency, and the phase remains at —90°, indicating a
purely capacitive behavior. A distinct series resonance oc-
curs at approximately 20 MHz, where the impedance reaches
its minimum value, and the phase changes abruptly. Above
20 MHz, the impedance rises gradually as frequency increases,
and the phase approaches 90°, showing inductive characteris-
tics. The curves clearly reveal the dominant effects of parasitic
capacitance and inductance across different frequency bands,
providing measured data for subsequent equivalent circuit mod-
eling and parameter fitting.
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TABLE 5. Parasitic parameters between each electrode of IGBT and 7
heat sink. dm
Uo——
Port Name | Parameter Value Zim
Rel-gnd 1.711Q Vo———
cl-gnd Lcl-gnd | 52.456nH Zam
Ccl-gnd | 767.032pF WOo——
Rel-gnd 1.498 )
el-gnd Lel-gnd | 60.172nH Zom Zom Zom
Cel-gnd | 768.798 pF
Rgl-gnd 0.303Q
gl-gnd Lgl-gnd | 67.075nH = = -
Cgl-gnd | 765.056 pF FIGURE 13. Typical motor structure model.
Rc2-gnd 2.037Q2
c2-gnd | Lc2-gnd | 66.797nH motor, respectively.
Cc2-gnd | 769.444 pF Zam
Re2-gnd 2450 Zem = 3 +3Zem @)
e2-gnd Le2-gnd 53.865nH
3de
Ce2-gnd | 758.458pF Zpm = 5 (3)
Rg2-gnd 1.030Q2
2Zpum
g2-gnd Lg2-gnd | 60.835nH Zem = Zopm — 3 @)
Cg2-gnd | 773.335pF
2Zpm

3.4. Motor Modeling

The EMI model of a permanent magnet synchronous motor is
completed by building a “black box™ equivalent circuit [18—
23]. The impedance characteristic curve of the motor port is ob-
tained through the impedance analyzer test, and the impedance
curve is fitted into an RLC network by the vector match-
ing method. The overall model of the motor is shown in
Fig. 13. Z4,, and Z.,, represent single-phase differential mode
impedance and single-phase common mode impedance of the
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According to the motor common mode impedance test port,
three-phase common mode impedance and single-phase com-
mon mode impedance are shown in Eq. (1), three-phase differ-
ential mode impedance and single differential mode impedance
are shown in Eq. (3), where Z¢ s and Zpjs represent three-
phase common mode impedance and three-phase differential
mode impedance of the motor, respectively. Simplify Egs. (2)
and (3) to obtain the calculation equations of single-phase
common mode impedance and single-phase difference mode
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impedance, as shown in Egs. (4) and (5). Solve the single-
phase common mode impedance and single-phase difference
mode impedance of the motor, as shown in Figs. 14 and 15.

4. SYSTEM-LEVEL EMI SIMULATION VERIFICATION

Based on the built simulation model, connect the sub-
component models to obtain the system-level conducted
emission simulation model, as shown in Fig. 16.
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The results obtained by comparing the conducted emission
simulation results of the motor drive system based on Fig. 16
with the actual test results are shown in Fig. 17.

Figure 17 compares the simulated and measured conducted
electromagnetic interference (EMI) of the electric drive sys-
tem over the frequency range of 9kHz to 30 MHz, where
the blue curve represents the simulation results, and the red
curve denotes the test data. Within the standard EMI test
band of 150 kHz—30 MHz, the simulated and measured curves
show good overall agreement in both trend and key resonance
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peaks, indicating that the proposed system-level electromag-
netic model accurately reproduces the main characteristics of
conducted interference. In the low-frequency range (9 kHz—
150 kHz), some deviations in the amplitudes of switching har-
monic spikes are observed, which are mainly attributed to the
simplified modeling of the IGBT switching transient process
and do not affect the model’s prediction accuracy within the
standard test band.

As shown in Fig. 17, the simulation agrees well with the
test results below 1 MHz, with resonance point errors no
greater than 6 dB, demonstrating high model accuracy. In the
1 MHz-30 MHz range, the simulation follows the measured
trend closely, with an overall error below 10 dB. In summary,
the discrepancies between simulation and measurement are
within acceptable limits, verifying the validity and reliability
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of the model. The proposed model provides solid support for
the analysis and optimization of EMC issues in electric drive
systems.

5. CONCLUSION

This study addresses the conducted electromagnetic interfer-
ence (EMI) problem in electric vehicle motor drive systems
by developing a system-level high-frequency simulation model
based on transmission line theory. Parasitic parameters of key
components, including high-voltage cables, connectors, IGBT
modules, and motors, are extracted to build equivalent circuit
models for each unit, which are then integrated into a system
model. Experimental validation shows that the resonance point
error is no more than 6 dB below 1 MHz, and the overall pre-
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diction error is less than 10dB in the 1 MHz-30 MHz band.
The simulated and measured results follow consistent trends,
enabling the effective prediction of conducted interference be-
low 30 MHz.

The proposed model provides reliable support for the for-
ward design and optimization of electromagnetic compatibility
(EMQO) in electric drive systems. In the future, statistical verifi-
cation will enhance simulation reliability. Uncertainty quantifi-
cation and sensitivity analysis will also be used to study stray
parameters and key coupling paths.
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