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ABSTRACT

To study the electromagnetic compatibility of energy vehicles, the conducted electromagnetic interference (EMI) prediction model of a motor drive system under 
no-load state is established. The occurrence of EMI in each component of an electric vehicle is discussed along with some mitigation techniques. Further, an EMI filter 
topology using an LC filter is demonstrated, and the procedure has been verified in two switching power supply control applications. The simulation value of the 
differential mode interference voltage prediction model is essentially the same as the measured value in the transmitted interference frequency band. Except for a 
few frequency points, the error is small in most frequency bands, which is about 15%. The values of common mode current simulation and the measured values of the 
predicted model are essentially the same in the frequency range studied, and the error is about 8% within the allowable range. The horizontal and vertical components 
of the 10-m electric field on the right side of the car body were modeled in the high-frequency structure simulator program and compared with the results measured 
in a half-wave anecogenic chamber. The electric field amplitude is basically consistent and can reach approximately 80%, which confirms the accuracy of the vehicle 
radiation EMI simulation hypothesis.
Index Terms—Electromagnetic interference, motor drive system, new energy vehicles, prediction model.
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I. INTRODUCTION

In order to overcome the conflict between fuel supply, demand, and environmental pollution, the 
world’s major automakers have made the development of new energy vehicles (NEVs) a national 
strategy [1]. To this end, in 2001, our country launched the “863 National Program of the Tenth 
Five-Year Plan, a major project of electric vehicles.” The implementation of the NEV production 
access management rules in 2007 marks that China has officially encouraged the development of 
NEVs and promoted their industrialization [2]. In March 2012, the “Twelfth Five-Year Plan for the 
Development of Electric Vehicle Technology” established “clean electricity” as the main technical 
road, and then in July, the State Council adopted the “Energy Saving and New Energy Vehicle” 
Industrial Development Plan (2012). By 2020, the total production and sales of pure electric cars 
and plug-in hybrid electric vehicles are expected to exceed 5 million [3].

With the continuous advancement of science and technology and the continuous development 
of the automotive industry, people’s demands for car economy, safety, and comfort are increas-
ing. Electric vehicle is the fusion product of “electrification” and “automobile.” Compared with 
ordinary vehicles, the increase of its electrical and electronic equipment leads to the centralized 
layout of various types of electrical and electromagnetic equipment. Vehicle control, communi-
cation, and navigation equipment are connected together through electrical equipment. The fre-
quency of electromagnetic wave ranges from tens of hertz to megahertz, forming an extremely 
complex electromagnetic environment. Therefore, the electromagnetic compatibility of electric 
vehicles cannot be ignored [4].

GB/T4365-2003 defines the term electromagnetic compatibility as “the ability of a device or sys-
tem to function normally in its own electromagnetic environment without interfering with the 
electromagnetic interference of anything in the environment” [5]. In terms of vehicle electro-
magnetic compatibility, this means that the entire vehicle, parts, or individual technical parts 
can operate normally in an electromagnetic environment without excessive electromagnetic 
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interference (EMI) with anything in the environment [6]. That is, in 
the car and its surrounding space, under the condition of available 
spectrum resources, the car itself and the surrounding equipment 
can coexist without degradation. The harsh electromagnetic envi-
ronment inside the narrow space of electric vehicle leads to the 
increasingly serious EMI between the electronic equipment in the 
vehicle, resulting in the problem of EMI. The result may weaken the 
function of the interfered electrical equipment or seriously reduce 
the function of the equipment, resulting in unimaginable vehicle 
operation accidents. In the face of such a harsh electromagnetic 
environment inside the electric vehicle, how to reduce the mutual 
interference of a variety of electronic and electrical equipment in 
the car, improve the anti-interference of electrical equipment, and 
ensure the safe operation of equipment has become an important 
topic in the research of electric vehicle technology [7].

Another crucial component of NEVs is the electric powertrain sys-
tems, which combine traction motors and motor controllers with 
gears, clutches, and other mechanical components. The e-pow-
ertrain drastically simplifies the structure and propulsion of the vehi-
cle, and its topologies have a significant impact on the performance 
of NEVs [8].

Because of this, the requirements for the electric drive systems in NEVs 
primarily focus on the following aspects: 1) high torque density and 
good torque control capability for vehicle dynamic performance; 2) 
reliability and durability for the necessary vehicle safety and life; and 
3) excellent performance-to-cost ratio for the energy economy and 
users’ capital investment as well as high efficiency within the opera-
tion spectrum [9]. There is a summary of the technology involved 
with traction motors, their power electronic controllers, and electric 
powertrains. For the benefit of researchers and engineers working 
on NEV powertrain systems, the merits and cons of the current tech-
nology, as well as their future possibilities, are highlighted. The rest 
of article is organized as follows: the most recent work in the field 
of EMI fault analysis and maintenance is presented in Section II. The 
adopted methodology is presented in Section III which is followed 
by the results and discussion in Section IV. At last, the conclusion is 
discussed in Section V.

II. LITERATURE REVIEW

The power system of electric vehicles is different from that of tra-
ditional vehicles. A high-voltage motor drive system is used as the 
power source of vehicles. High dv/dt and di/dt switching character-
istics of power devices in the system, such as changes in traction 
motor speed or torque, create high-amplitude, broadband EMI, 
affecting the safety and intelligence of the system. Systems, control 
systems, and other devices that are vulnerable to EMI pose a hid-
den threat to the safety of electric vehicles [10]. Fig. 1 is the struc-
ture diagram of the motor drive system of a hybrid electric vehicle. 
The system is mainly composed of a high-voltage power battery, 
converter, drive motor, and its corresponding control circuit. The 
rated voltage of the battery is 144 V and the rated power is 18 kW. 
The output power of the power battery is different according to the 
different working conditions of the vehicle. When the converter 
works, the voltage at both ends of insulated-gate bipolar transistor 
(IGBT) can reach 150 V. In the starting state, the current change on 
the power line can be as high as 60 A. Therefore, the motor drive 
system is considered as a high-voltage and high-current system, 
which is easy to affect the normal operation of other surrounding 
electrical systems [11].

Electro Magnetic Compati (EMC) studies of motor drive systems are 
particularly important in solving the EMC problems of electric vehicles:

1) The voltage level of the power battery is high. When the motor 
drive system works normally, the IGBT will form steep pulses 
with large amplitude, which will produce EMI with a wide fre-
quency band and large energy. It is the main interference source 
in the vehicle [12].

2) The EMI generated by the system will propagate to the sur-
rounding through the power line, load connection line, and 
control signal line and be coupled to other electronic devices. 
The coupling process involves conduction and radiation, which 
directly affects the distribution of electromagnetic environment 
inside and outside the vehicle [13].

3) The EMI from the engine’s steering system is strong, which is 
an important factor affecting the safe and reliable operation of 
electric vehicles. It is one of the important reasons why it is dif-
ficult to pass the relevant EMC certification standards [14].

With the large increase of on-board electrical equipment, the prob-
lem of automotive electromagnetic compatibility is becoming more 
and more prominent. Many developed countries and international 
organizations in the world have put forward EMI and EMS standards 
for automotive products and formed a complete set of vehicle EMC 
system, which is mainly reflected in having perfect vehicle EMC stan-
dards, accurate EMC testing system and effective vehicle EMC testing, 
and management and certification institutions. Many countries have 
developed EMC prediction, analysis, and design software for large 
vehicles and have continuously developed new materials, new pro-
cesses, and new products suitable for vehicle EMC control technology 
[15]. China’s automobile electromagnetic compatibility technology 
started late, and the overall capacity of research, development, and 
production is still basically in the primary stage [16]. In recent years, 
with the increasing frequency of China’s automobile foreign trade, 
the state and automobile manufacturers began to pay attention to 
the EMC problem of automobiles, and the electromagnetic compat-
ibility laboratory has sprung up [10]. At present, the research on EMC 
of an electric vehicle motor drive system mainly focuses on three 
aspects: component-level modeling, system-level model estab-
lishment, and interference suppression [17]. The component-level 
modeling of a motor drive system mainly focuses on the research 
of switching devices and passive devices. The modeling of switch-
ing devices is mainly to establish the electronic circuit model based 
on the physical characteristics of semiconductors. For example, some 

Fig. 1. Structure diagram of a motor drive system.
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researchers have established the piecewise linear behavior model of 
IGBT. This method does not require one to know the specific physical 
structure of IGBT. The model parameters can be obtained by measur-
ing and consulting the IGBT data table [18]. On the whole, a lot of 
research has been carried out in the field of automotive EMC, some 
results have been achieved, and a series of industry standards have 
been formulated. The research idea is basically to solve practical 
problems through simulation modeling and experimental verifica-
tion of specific research objects or using experiments to guide the 
establishment of simulation models [19]. In China, this aspect started 
late, and there are few studies, especially in the research of EMC of 
an electric vehicle motor drive system. At present, there are some 
problems in the research on EMC of an electric vehicle motor drive 
system at home and abroad, such as how to establish high-precision 
and broadband motor model. The modeling of converter switching 
devices is too complex to study the conducted interference under 
various working conditions and establish its interference prediction 
simulation model. It is also difficult to build the body model, deal 
with the electrical size, and model the interference source [20].

The two separate EMI filtering techniques utilized to address the con-
ducted interference caused by the high-voltage power supply of the 
DC–DC converter have been examined by Singh  et al. [21]. The design 
of a wideband EMI filter for high-voltage ports is followed by the design 
of an EMI filter at the Printed Circuit Board (PCB) level to reduce the 
resonance frequency. Effective filter was selected and put into place to 
lessen the conducted interference after the findings were compared. 
In their study of the EMI in power converter design, Zhang  et al. [22] 
also showed the Metal-Oxide-Semiconductor Field-Effect Transistor 
(MOSFET) and diode’s frequency domain characteristics expressed 
in the time domain. In Khamitov et al.’s [23] study, interference sup-
pression techniques for electric car motor driving systems, charging 
systems, and low voltage systems are discussed. Shielding techniques 
are presented along with the primary EMI sources that were observed. 
In order to demonstrate how EMI is induced in the wireless charging 
port and to address the occurrence of transients and EMI concerns in 
the system, Emori  et al. [24] have examined the switching transients 
in the EV charging system. Xiong et al. [25] presented a methodology 
in which an impedance balance is used as a filtering unit as opposed 
to the traditional way, which uses an active and passive filter and 
decreases the system’s efficiency through heat loss.

III. RESEARCH METHODS

A. Conducted Electromagnetic Interference Experimental Platform 
of a Motor Drive System Under Different Working Conditions
In order to build an experimental platform that can simulate vari-
ous working conditions of the system, two key equipment need 

to be used: power cabinet and electric dynamometer [26]. The 
experimental layout diagram of a pure electric vehicle motor drive 
system is shown in Fig. 2, which mainly includes power battery test 
and simulation equipment, Line Impedance Stabilization Network 
(LISN), connecting cable, DC/AC converter, three-phase cable, per-
manent magnet synchronous motor, electric dynamometer, and 
supporting equipment.

B. Introduction to Conductor Electromagnetic Radiation
Each module of the motor drive system uses wires for physical con-
nection. The higher the electromagnetic energy or signal frequency 
transmitted by the wires, the more obvious the wire antenna effect. 
Therefore, the radiation EMI problem of the whole system can be 
attributed to the electromagnetic radiation problem of the wires, 
which can usually be regarded as the radiation emission of the wire 
antenna. The wire antenna can be regarded as composed of count-
less electric dipoles. As long as the correct current distribution on 
the wire antenna can be obtained, the electromagnetic field around 
the wire can be obtained by using the integral of the electromag-
netic field generated by the unit electric dipole in the surrounding 
space [27].

The spherical coordinate system should be used to discuss the 
antenna radiation. According to the electromagnetic radiation the-
ory, when the electric dipole is placed at the origin of the spherical 
coordinate, the spherical coordinate component of the electromag-
netic field at any point in space is as shown in (1), (2), and (3).
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where k f� 2 0 0� � �  is the phase constant (f is the frequency, ε0  is 
the dielectric constant of free space, and µ0  is the permeability) and 
r is the radial distance from the observation point to the origin [28].

The following model is based on the electromagnetic radiation EMI 
model of current-carrying conductor. Assuming that the conductor 
is oriented along the z-axis, the length is L, and the cross-section 
is ignored, the conductor is divided into electric dipole composed 

Fig. 2. Schematic diagram of a motor drive system.
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of an infinite number of element current segments. The element 
field strength generated by the electric dipole I zd ’  at z ’  at the 
observation point P can be directly obtained from (1)–(3) and from 
(4) and (5).
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In the formula, R r z ez� � �  is the radial distance from the electric 

dipole I zd ’  to the observation point P, and er , eθ , and eφ  are the 
unit vectors in the directions of r, θ, and ϕ, respectively [29].

According to the trigonometric function expression, sin sin� �� �
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conductor current I at point P is the superposition of the electromag-
netic field generated by all electric dipoles on the conductor at point 
P, that is, (6) and (7).
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It can be seen from (6) and (7) that the electromagnetic field gener-
ated by the conductor can be calculated when the current distribu-
tion on the conductor is known.

C. Finite Element Model of Electric Vehicle Body
The structure of electric vehicle is complex, the number of compo-
nents or parts is huge, the geometric characteristics of various com-
ponents are complex, the size difference is great, and the spatial 
distribution is uneven. Therefore, it is not enough to use only one 
software to establish the finite element model of vehicle body [30, 
31]. In this paper, CATIA, HyperMesh, HFSS, and other software are 
jointly used to establish the HFSS finite element analysis model for 
the car body. The modeling process is shown in Fig. 3.

IV. RESULT ANALYSIS

A. Simulation Analysis of Conducted Electromagnetic 
Interference of a Motor Drive System
An EMI hypothesis model based on the experimental platform, 
as well as a common mode and differential mode interference 
hypothesis model, was developed in accordance with the proposed 

method for creating an EMI simulation circuit model for a motor 
steering system, which uses a circuit model based on the method 
of adjusting the permission vector. Two operating conditions for 
the drive system were selected as the object of study. These two 
operating conditions are simulated and alternated. The spectra 
of the common mode external current on the three-phase cable 
at the end of the DC/AC output are also compared with the test 
results.

Fig. 4 is a comparative diagram of the common mode external volt-
age simulation and the actual measurement on the LISN under two 
operating conditions. This shows that the modeled and measured 
values of the common mode external voltage spectrum on the LISN 
in the two operating conditions as a whole in the intermittent fre-
quency band (100 kHz–30 MHz) are well matched, especially in the 
range of 400 kHz–30 MHz. The fact that the amplitude error of the 
mode voltage is less than 5 dB indicates that the predicted model 
has high-frequency characteristics. For the no-load and 45 states, the 
simulation and measurement errors are large in the low-frequency 
range of 100 kHz–400 kHz, especially at the initial frequency; the 
error is up to 10 dB. On a few frequency points (2 MHz), the error 
reaches 20 dB. For the reverse charging state, the error between the 
simulation and measured values of the whole frequency band is less 
than 5 dB.

Fig. 3. Finite element model modeling process of a car body.
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Comparing the measured common mode interference voltage spec-
trum in Fig. 4(a) and (b), it can be found that the change trend of the 
common mode interference voltage spectrum tested on the drive 
system LISN is basically the same under the two states. On the whole, 
the spectrum amplitude of the common mode interference voltage 
in 45 and reverse charging states is greater than that in the no-load 
state. The voltage spectrum amplitude in the 45 state is slightly 
higher than that in no-load state in most frequency bands, while 
that in reverse charging state is about 10 dB higher than that in the 
no-load state in almost the whole frequency band. This is because 
under different working conditions of the motor drive system, the 
amplitude of the common mode interference source is different, and 
the common mode conducted interference current flowing through 
each module in the system is different: the larger the amplitude of 
the interference source is, the larger the interference current flow-
ing through each module when the common mode impedance of 

each part remains unchanged. 45 and reverse charging conditions, 
the amplitude of system interference source is larger than that in no-
load state, and the common mode interference current is also larger. 
Therefore, the spectrum amplitude of common mode interference 
voltage coupled to LISN is also larger.

B. Electromagnetic Radiation Model Simulation Experiment of a 
Motor Drive System
In the experiment of electromagnetic radiation EMI driven by a 
motor, the vehicle is fixed on the turntable, the front wheel of the 
vehicle is located on the hub, and the vehicle speed is stabilized at 
40 km/h to ensure that the power conversion system is in the non-
working state. The radiated EMI of the electric vehicle is measured. 

Fig. 4. Comparison between LISN common mode voltage 
simulation and measurement.

Fig. 5. Test results and simulation results of the horizontal 
component of electric field intensity.

Fig. 6. Test results and simulation results of the vertical component 
of electric field intensity.
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The receiving antenna is located 10 m to the right of the vehicle 
body and the electric field is 3 m in the horizontal direction (posi-
tive direction of the x-axis) and 3 m in the vertical direction (positive 
direction of the z-axis). The frequency range of the test is 30–200 
MHz. Take a point every 0.05 MHz, say a total of 3401 frequency 
points. The simulation and test results of the horizontal and ver-
tical components of the electric field are shown in Figs. 5 and 6, 
respectively.

It can be seen from Figs. 5 and 6 that the electric field amplitude of 
the motor drive system in the horizontal and vertical directions of 
the test point 10 m away is basically consistent with the variation 
law with the frequency in the range of 30–200 MHz. The amplitude 
of the actual measured value is larger than that of the simulation 
as a whole, and the amplitude difference can reach 20 dB at some 
frequency points. In addition, the common mode radiated current 

is not only included in the actual radiated current measurement of 
the electric power supply but also the EMI generated by the com-
mon mode radiated current is excluded in the actual measurement 
process.

When the EMI filter is added to the circuit, the results of the circuit 
model demonstrate unequivocally that harmonics are totally elimi-
nated, as seen in Fig. 7. When the EMI filter is not incorporated into 
the circuit, the results produced for the circuit model clearly dem-
onstrate the presence of harmonics, as seen in Fig. 8. The findings 
of the study make it abundantly evident that the main sources of 
EMI are the motor windings and the switching of power switches. 
Additionally, it has been found that EMI signals can quickly propa-
gate via cables or space via radiation, having an impact on both the 
electromagnetic environment and the conditions in which electric 
vehicles operate.

Fig. 7. Outcomes of the proposed model with electromagnetic interference filter topology.

Fig. 8. Outcomes of the proposed model without electromagnetic interference filter topology.
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V. CONCLUSION

The research work of this paper studies the electromagnetic com-
patibility of the electric vehicle motor drive system. To sum up 
the full text, the work and main achievements of this paper are 
as follows:

1) The EMI in the engine system identifies the source and distribu-
tion path. Based on the principle of operation of the engine sys-
tem, it is analyzed that the rapid rise/fall of the terminal voltage 
of the main circuit switching device will produce a great impact, 
which is the main reason for the EMI of the system. When the fre-
quency and duty cycle of trapezoidal wave remain unchanged, 
the spectrum characteristics of trapezoidal wave are studied 
when the voltage amplitude and rise/fall time change. It is con-
cluded that the greater the voltage amplitude and the shorter 
the rise/fall time, the greater the spectrum amplitude. The EMI 
generated during the operation of the DC/AC converter was 
identified as the main source of interference in the motor drive 
system, and the distribution path of EMI in the motor drive sys-
tem was analyzed.

2) The use of the EMI prediction model of the engine steering 
system under various operating conditions was analyzed. This 
document builds a test platform for a pure electric vehicle 
engine steering system that can meet a variety of actual operat-
ing conditions to test the predictability of a predictive model. 
Grounded EMI data (voltage and current). Simultaneously, an 
EMI prediction model of the three operating conditions of the 
motor drive system was installed in the Saber software to calcu-
late the common mode interference voltage, differential mode 
interference voltage, and three-phase cable. The results show 
that the EMI prediction model of the engine steering system is 
effective. The modeling method in this article is very versatile 
and portable.

3) The EMI model of vehicle radiation in the engine steering sys-
tem is being studied. In accordance with the requirements of 
GB18655 national standard, electromagnetic radiation test was 
performed on the motor drive system, and the 30–200 MHz fre-
quency range was defined as the radiation interference study 
frequency band of the motor drive system. The electromagnetic 
radiation mechanism of the telephone is analyzed, and the radi-
ated electromagnetic interference model of the steering system 
is established. Various software connection processing tech-
nologies use the CATIA model of the electric vehicle body as a 
simplified and limited element model horizontal and vertical 
component. The intensity of the 10-m electric field on the right 
side of the vehicle body was modeled by the HFSS software and 
compared with the results measured in a half-wave anecogenic 
chamber.

In future work, the radiation EMI model of a vehicle’s engine system 
can be used to accurately predict the electromagnetic compatibility 
of an electric vehicle’s radiation.
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