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Abstract

To address an electric vehicle’s magnetic emission problem, a model-based improvement strategy is proposed to avoid resource-intensive

experimental diagnosis processes, thus achieving higher efficiency. Considering the electrical and structural characteristics of electric vehicles,

a network model is developed to predict magnetic emissions. It decomposes the electronic power system into a global network and external

circuit nodes according to electrical size. The Z-parameter is used to characterize the global network for the decomposition of impedance

coupling so that the model parameters can be obtained separately using different methods. With this network model, an evaluation index

is designed to measure the influence of technical factors on magnetic emissions by comprehensively considering their contributions and

rooms for improvement. Engineers can directly determine the main interference source according to this evaluation score, and select a

proper filter to attenuate the interference.
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1. INTRODUCTION

Electrification and intelligence are major technical trends in
the vehicle industry because of their contributions to traffic safety,
travel convenience, energy conservation, and emission reduction
[1-3]. However, from the point of view of electromagnetic
compatibility (EMC), the electromagnetic environment both
inside and outside electric vehicles (EVs) deteriorates dramatically
because of the increase in potential interferences, sensitive
equipment, and coupling paths [4, 5]. To ensure that other
equipment operates smoothly and correctly, the electromagnetic
interference (EMI) generated by onboard electronic/electrical
components is limited by regulations for both components and
vehicles, such as SAE J551-5 and CISPR 12 [6]. However, the
relevant tests can be conducted only when all components are

ready and the vehicle layout has been established. At this stage,
considerable financial and human resources may be expended to
identify and solve an EMC problem. Numerical simulation is
an effective way of designing and analyzing vehicle EMC and
can be performed throughout the product development process
[7-9]. For example, improvement measures such as using special
wires or filters, changing the vehicle layout, and shielding com-
ponents can be evaluated by simulation at an early stage [10, 11].

At the component level, many studies have attempted to reduce
EV emissions by controlling the EMI generated by power compo-
nents. For example, Chun et al. [12] proposed suppression methods
for a high-power DC/DC converter based on an analysis of the
interference transmission path. In another study, a new active
filter for the high-frequency common mode (CM) currents of the

motor driver was designed to reduce radiation [13]. Nevertheless,
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vehicle EMC is associated with not only components but also
such factors as the vehicle layout, body structure, and cable routing.
Moreover, vehicle EMC problems may exist even if all components
satisfy EMC requirements. Thus, it is necessary to model and
simulate vehicle EMC from an early development stage. However,
the effectiveness of a simulation depends greatly on model accuracy.
The key to vehicle EMC modeling is to characterize the equivalent
interference sources and sensitive equipment and map the propaga-
tion paths of the interferences. The modeling process for the
numerical prediction of vehicle EMI is even more complicated
because of the variety of electrical/electronic components, sophis-
ticated body structures (large electrical structures coexisting with
small electrical structures), and diverse radiation and conduction
paths [14].

The aforementioned modeling challenges can be addressed in
two main ways. One is to use an equivalent circuit to describe
the distributed parasitic effect. This is further combined with
the equivalent circuit model of interference sources and sensitive
equipment to describe the EMC problem. Its advantage is that
the mature circuit theory can be used. However, this approach is
normally adopted to predict conduction emissions, not radiation,
because of the difficulty of abstracting the equivalent circuit to
fit high-frequency characteristics [15]. Some numerical methods
that solve the three-dimensional (3D) electromagnetic equations,
such as the finite element method, can be used to calculate the
parasitic parameters [16]. For example, to study the motor’s influ-
ence on vehicle radiation, Jeschke et al. [17] considered the motor
to be a passive load modeled according to an equivalent circuit.

Another vehicle EMC simulation strategy called the transfer
function method can be used to calculate both radiation and
conduction emissions [18]. The transmission path is described
using a transfer function, and its input is the equivalent excitation
signal measured from the interference sources. Based on this
idea, a four-step EMI evaluation procedure was presented to
predict vehicle-level radiation in [19]. The application of this
strategy was further extended to the immunity analysis of an
electronic module in [20]. To reduce the complexity of EMC
modeling, Funato et al. [21] developed a vehicle-level analysis
technology by splitting the model into three parts. This approach
assumes that the interference is the current propagating along
the wirings, which also act as a radiation antenna. Consequently,
vehicle EMC can be predicted if the interference currents are
known. The disadvantage is that the transfer function varies
with the port impedance. Thus, to obtain a correct transfer function,
all relevant parts must be interconnected.

Although many efforts have been made to model and predict
vehicle EMI, for such complex systems as EVs, the key coupling
paths, interference sources, and sensitive equipment—let alone
the possible solutions—are difficult to determine directly. Moreover,
vehicle radiation is a system problem. Reducing the source inter-
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terence, weakening the transfer path, and enhancing the vehicle’s
anti-interference ability are all beneficial to EMC. However,
determining the main technical factor to be systematically im-
proved remains challenging [11]. To overcome these difficulties,
this study uses multi-port network theory to model the low-
frequency magnetic emissions of an EV. To reduce modeling
complexity, the system is decomposed into separate parts according
to electrical size and shielding level. The transmission path of
interference is described by the Z-parameter to eliminate the
coupling effect of impedance. Based on this network model, an
evaluation index is designed to measure the importance of technical
factors using the entropy weight method (EWM) according to
the contribution and sensitivity analysis results. Radiation is
successfully attenuated to the required level by adding a filter to
the component with the highest evaluation index.

The rest of this paper is organized as follows: The vehicle
magnetic radiation problem is introduced in Section II. The
network model developed to predict an EV’s magnetic emissions
considering its electrical and structural characteristics is presented
in Section III. The evaluation index designed to determine the
main interference source and tackle the emission problem based
on the network model is detailed in Section IV. Section V con-
cludes the paper.

II. PROBLEM DESCRIPTION

The studied EV is a four-seat sedan, whose low-frequency
radiation is measured according to SAE ]J551-5 [22]. The test
system layout is shown in Fig. 1(a). The magnetic field on the
left side with x polarization exceeds the limit by 10 dBuA/m at
about 15 MHz, as shown in Fig. 1(b). The excess magnetic field
is broadband and is always generated by turning the inductive
modules ON and OFF-.

Since the vehicle layout is fixed, it is almost impossible to
change the component arrangement or the electrical system. A
feasible way is to identify and improve the main magnetic inter-
ference source. A traditional method of identifying the interference
source is to compare the emissions in different combinational
running states by switching different components on and off.
However, this is resource-intensive and cannot provide an effi-
cient improvement scheme.
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Fig. 1. Radiation emission test: (a) test site and (b) magnetic emission.
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To identify the main interference source without combinational
tests, and thus more efficiently, a network model is developed to
predict the magnetic field in a frequency range of 150 kHz-30
MHz (see Section III), and then an index is designed to calculate
the importance of each factor using the network model (see
Section IV). Factors with greater contributions to emissions
have higher values. Using this evaluation index, engineers can
more easily determine the preferred component to be improved.

III. MODELING THE VEHICLE’S MAGNETIC EMISSIONS

Normally, low-frequency radiation is generated by an EV’s
high-voltage system. Therefore, before modeling its magnetic
emissions, the vehicle’s high-voltage system is analyzed to identify
what to model and how.

1. Analysis of the Vehicles High-Voltage System

The high-voltage system of an EV is shown in Fig. 2.

When modeling a vehicle’s low-frequency radiation, the fol-

lowing should be considered:

« Under the test conditions required by SAE J551-5, com-
ponents such as the positive temperature coefficient heater
(PTC), onboard charger (OBC), and compressor are inactive
so that radiation is caused only by DC/DC and the traction
system due to their internal electronic power devices with
high-frequency switching.

« Since the positive and negative high-voltage cables are routed
parallel and close to each other with fine shielding, the ve-
hicle’s emissions are mainly generated by CM interference.

« Most interferences are radiated by the high-voltage cables
[23, 24] because (1) the power components are packed in
metal shells with fine shielding and (2) their size is much
smaller than the wavelength of the EMI in question and
the length of the high-voltage cables.

2. Equivalent Multi-port Network Model

Limited by computational capacity, predictions by solving
Maxwell equations in 3D space are suitable only for problems
caused by just one or two main components. On the other hand,

Motor 1| Drnve DC/DC Receiving
[ Iverter Antenna
> 3 \4
)
Battery |9 [Power Distribution Unit Batte
Heater | (PDU) 1 s Y
— 8 7 6
Compresso:l | PTC | OBC
High-voltage cable a\\ Radiation

Fig. 2. Schematic diagram of an EV’s power system including a power
distribution unit (PDU), a compressor, a battery, DC/DC, an
onboard charger (OBC), a positive temperature coefficient
heater (PTC), a battery heater, a drive inverter, and a motor.

the equivalent circuit and transfer function methods have critical
restrictions in terms of obtaining model parameters, applicable
frequency ranges, prior information about the problem. Thus,
multi-port network theory is used to describe the complicated
couplings among components, wirings, and metal structures,
considering the following facts [8, 9, 25]:

o Asdiscussed in Section I, magnetic energy is mainly radiated
from the high-voltage cables, which are a linear component,
so the couplings among different parts can be described by
a network model.

« The nonlinear parts of the power components are packed
in metal shells, and their size is comparatively small, so they
can be characterized by equivalent voltage/current sources
with internal impedances.

o The Z-parameter of the network is independent of the im-
pedance of the parts connected to the network [8], so the
model parameters of the network and components can be
obtained separately using different methods.

To predict the vehicle’s magnetic emissions, the equivalent
multi-port network model is set up as shown in Fig. 3, in which
the port number is the same as in Fig. 2. The radiation process
and couplings among different parts are described by the central
network. The power components with switching circuits are
considered to be the interference sources and modeled by
Thevenin’s equivalent circuits [26], whose equivalent voltage and
internal impedance are V;j and Zjy, k = 1,-+, 3, respectively.
Other components, including the receiving antenna, are regarded
as the sensitive components and characterized by equivalent
impedances Zg, k = 4,---,9.

According to circuit theory, the port voltages U;; and Us; satisty

Uik = Vik — Zixlik
Us,k = _Zs,kls,k'

k=1,-,3,
k=49, @
where [j;, and Ig; are the port currents for the interference
sources and sensitive components, respectively.

According to multi-port network theory, on the other hand,
the port voltages and currents of the central network satisfy [8]:

U = Zyl,
U=[Ux U U3z Usy Usol™,
I=[lix Lz Liz Isa Lso]T, @
Interference Sensitive
sources components
15\4

Central
Network

Fig. 3. Multi-port network model for magnetic emission prediction.
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where Zy is the Z-parameter of the central network. Combining
(1) and (2), we have

I'=0x+Z)™V,
ZC = diag(zi,liZi,ZJZi,SIZsA-' ""Zs,9)a
Ve=[Vix Viz Vis 0 - 0] €))

The interference voltage Us,, measured by the receiving
antenna, is obtained by substituting Eq. (3) with Eq. (2):

US,4- = ZN(4":)I> (4)

where Zy(4,:) denotes the fourth row of Zy. The magnetic
emission can then be obtained by correcting Ug, using the
antenna’s conversion coefficient.

3. Numerical Calculation of the Network’s Z-Parameter

A numerical method is used to calculate the Z-parameter of
the central network for the following reasons:

o It is difficult to measure the high-frequency impedance of a
network directly because the required test condition of an
open/short circuit is impracticable, especially when the fre-
quency is high.

« Alternatively, the Z-parameter can be obtained from the §-
parameter. However, the central network shown in Fig. 3
has nine ports—many more than the measurement ports of
a common vector network analyzer (VNA).

« Even if we have a VNA with more than nine ports, the ad-
ditional connection cables will aggravate the measurement
noise because the components are dispersedly located in
different positions in the EV.

The Z-parameter is calculated from the S-parameter, which is
solved numerically using FEKO [27]. Fig. 4 shows the FEKO
model. For the feasibility and efficiency of the numerical com-
putation, the original model is simplified as follows:

o The nonmetallic components, comparatively small structures

and electrical components, and low-voltage wiring harness
are removed or smoothed.

Perfect electrical

e conductor

Inverter

Motor

N\

Fig. 4. A FEKO calculation model.
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o The thickness of the body’s steel sheet is ignored, and the
vehicle’s body is reduced to a two-dimensional surface.

o The internal structures of the power components are not
considered because they are packed in metal shells with fine
shielding, and their size is comparatively small.

o Since only CM radiation is considered in this study, the
high-voltage cables with their shield are compressed along
the radial direction and modeled as lines in FEKO.

o The line model of the high-voltage cables is directly generated
from the centerline of the 3D harness model.

With this simplified model, the wire port in FEKO is used as
the exciting source, whose impedance is set at 50 Q. One end of
the wire port is connected to the simplified high-voltage cable,
and the other is connected to the nearest part of the corresponding
component. For the sake of concision, Fig. 5 shows some net-
work parameter results.

4. Measurement of Equivalent Circuit Parameters

As shown in Fig. 3, the equivalent circuit parameters include
Vik> Zix,and Zgy. Since it is challenging to measure the equiv-
alent internal impedance and interference voltage directly under
working conditions, in this study, it is assumed that the imped-
ance is independent of the working state. Zj, and Zg) are
then measured using a VNA with the EV powered off. Some
equivalent internal impedance results are shown in Fig. 6.

The interference sources are modeled by Thevenin’s
equivalent circuits as shown in Fig. 7(a). With the measured
Ziks ZLk, and i, the interference voltage Vjj is estimated
using Eq. (5). Some measurement and estimation results are

S-parameter Amp. [dB]
3

Z-parameter Amp. [dBQ]

-100

1 1 10 30
Frequency [MHz] Frequency [MHz]

(a) (b)

Fig. 5. Network parameters where Sj, and Zj, denote (a) the §-
parameter and (b) Z-parameter of the central network between
ports j and k, respectively.

12, | [4BQ]

015 1 10 30
Frequency [MHz]

Fig. 6. Measured internal impedance.
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Fig. 7. Node circuit and parameters: (a) Thevenin’s equivalent circuit

for interference sources, (b) measured interference current,
and (c) estimated interference voltage.

shown in Fig. 7(b) and 7(c).

Vike = lix(Zig + Zu). ©)

The following are some remarks concerning the measurement

of the equivalent circuit parameters and interference signals:

« Since only CM interferences are considered, the shielding
layer and positive and negative wires of the high-voltage
cables are combined and regarded as one wire.

o The equivalent impedances Zjy, Zsy, and Zp) are
measured using a VNA with the EV powered oft.

« To reduce parasitic effects when measuring the impedance,
the wire is connected to the VINA through a coaxial adapter
that is welded to the wire.

o The interference current [, is measured using a broadband
current clamp in the position closest to the component
connector in the actual vehicle.

« To ensure accuracy when measuring the interference current,
the working condition of the EV is the same as the SAE
J551-5 requirement.

5. Model Accuracy Validation

With the measured parameters detailed in Sections III and
IV, the vehicle’s magnetic emission is predicted by the network
model presented in Section II. To show the model’s accuracy,
the prediction and measurement results are compared in Fig. 8.

As shown in Fig. 8, although the equivalent parameters of
the interference sources are measured in a power-off state and
some simplifications are made when constructing the FEKO
model, the overall trends of the prediction and measurement

1)
S

Noise floor

+ Measured - - - Predicted

Magnetic Field [dBpA/m]

-60
0.15 1 10 30
Frequency [MHz]

Fig. 8. Comparison of the measured and predicted vehicle magnet-

ic emissions.

results are in good agreement with each other, and the peak
point of the magnetic field at around 18.83 MHz, which exceeds
the limit, is predicted accurately. This suggests that the assump-
tions and simplifications are reasonable because the influence of
the unconsidered factors on the model parameters is negligible,
or the contribution of the influenced parts on magnetic emissions
is considerably smaller than that of others. In the frequency
range of about 0.3 kHz to 8 MHz, the predicted magnetic field
is much smaller than the measured one. A comparison of the
measurement value with the noise floor of the EMC laboratory
shows that the receiving antenna measures only the noise, suggest-
ing that the actual emission generated by the EV is too small to
be detected.

IV. MODEL-BASED IMPROVEMENTS

With a precise EMC model, the effectiveness of different solu-
tions can be evaluated without conducting experiments. However,
determining the main interference source to be dealt with depends
on the engineer’s experience or several combinational vehicle
test results. With the deterioration of EVs’ electromagnetic en-
vironments and the increase in the complexity of their electronic
and electrical systems, it becomes increasingly difficult to identify
the main technical factor effectively and efficiently. In this section,
a systematic approach based on the network model described in
Section III is presented to enable a diagnosis and improvements
by analyzing the influence of technical factors on vehicle radiation.

1. Evaluation Index Design

Engineers usually prefer to improve the component that causes
the greatest interference. However, this becomes uneconomic if
the emission reduction achieved by improving this factor is con-
siderably less than other reductions. To determine the solution
to the magnetic radiation problem more reasonably and systemati-
cally, the following two aspects are considered when designing the
evaluation index: (1) contribution, which measures the emission
generated by an influencing factor and (2) sensitivity, which
characterizes the room for improvement.

Normally, the first aspect is easily evaluated by engineers
based on their experience, technical information, and necessary
vehicle/component test results. The second aspect is considerably
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more difficult to analyze quantitatively without an accurate and
concise model, which should characterize all possible factors
related to the vehicle’s magnetic emissions. Considering the
parts included in the vehicle emission model described by Eq. (4),
the technical factors to be evaluated in this study are (1) the inter-
ference voltage of the interference sources and (2) the strength of
the coupling between the interference sources and the measure-
ment antenna. For convenience, all factors are rearranged and
denoted by Fy,k =1,---,6. The relationships between the
symbols and corresponding factors are listed in Table 1.

The contribution of Fj, is measured according to the emission
reduction when its value is set to zero:

]c,k = H — Hy, (6)
where J.j is the contribution of Fy, and H and Hj, are the
original magnetic emissions calculated by (4) with F,, = 0. A
high /., indicates that this factor contributes significantly to
radiation and tends to be technically improved.

For the quantitative evaluation of sensitivity, it is assumed
that the technical level and cost/effort required for improvement
are similar for all components. The sensitivity index Jgj is

calculated by:
Jsk = 0H/ OF. @

Essentially, the sensitivity /g, indicates the room for im-
provement of factor Fy. To comprehensively consider these two
completely different indexes, they are combined using the
EWM to measure the importance of each factor, and the final
evaluation index is designed as [28,29].

Ji = 01X + W5k,

]c,k_mkin Jek

X =
Lk max ]c,k_.mkm ]c,k’
]s,k_mlgn Jsk
x ="k ©
2.k ml?xjs,k_mkin ]s,k’ (8)

where Jj is the evaluation score of factor Fy, and x.; and
Xgx are the minimum-maximum normalized contribution and
sensitivity values, respectively. Using the EWM, the weight
coefficient wj, j = 1,2 is calculated [28, 29] as:

Table 1. Definitions of influencing factors

Symbol Influencing factors
F; Equivalent interference voltage Vi 4
F, Equivalent interference voltage V; ,
F5 Equivalent interference voltage Vi3
F, Coupling between interference source 1 and antenna
Fsg Coupling between interference source 2 and antenna
Fg Coupling between interference source 3 and antenna
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= 1+3%=1(Pj k10810 Pji)/In6
J 212‘=1(1+22:1 PjxlogioPji/In6)’
— 6
Piie = %jje/ Xie=1 %),k )

A higher evaluation score indicates that, technically, the cor-

responding factor is more important to the vehicle emission
problem and should be preferentially improved considering both

the generated emission and the cost/effort required.

2. Importance Analysis

With the designed evaluation index described in Section I,
the importance of the interference voltage and coupling can be
calculated using the vehicle emission model (4). Some results
are shown in Fig. 9.

To facilitate comprehension, the evaluation scores calculated
by Eq. (8) are visualized in a heat map, with each row
corresponding to an influencing factor and the evaluation score
denoted by color. As can be seen in Fig. 10, at frequencies of
about 18 MHz, at which the radiation exceeds the limit, the
equivalent voltage of DC/DC (denoted by F3) and its coupling
path with the measurement antenna (denoted by Fg) lie in the
top two rows. Thus, the interference generated by DC/DC
should preferentially be attenuated.

3. Improvement of Vehicle Magnetic Emission

Based on the analysis results presented in Section 1I, a single-
phase DC power supply filter (Shanghai Sai Ji Electronics Co.
Ltd., Shanghai, China) is selected considering the frequency
range in which the magnetic emission exceeds the limit. The
filter and its equivalent circuit model, which includes parasitic
effects, are shown in Fig. 11.

--=DC/DC 20

——Drive inverter 2

— Drive inyerter |
i !

---"DC/DC
—— Drive inverter 2
— Drive inverter 1

Contribution [dBpzA/m]
Sensitivity [dB]
S
3

1
Frequency [MHz] Frequency [MHz]

(a) (b)

Fig. 9. Importance analysis results: (a) contribution and (b) sensitivity.
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degree

AL AT O
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11 AT A
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LA LTS

10 3

Frequency (MHz)

Fig. 10. Importance analysis results.
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Fig. 11. Single-phase DC power supply filter: (a) photograph of
the product, (b) schematic diagram, and (c) insertion loss.

10 30

The filter’s circuit parameters provided by the manufacturer
are listed in Table 2.

Fig. 12 shows a comparison of the magnetic field generated
using the selected filter with the standard limit and the original
emission. With the filter, the peak at about 18 MHz is obviously
reduced, and the vehicle’s magnetic emission satisfies the SAE
J551-5 requirement. This application result shows that the pro-

Table 2. Parameters of the single-phase DC power filter

Parameter Value
LC (mH) 0.45
CY (nF) 4.7
CX (uF) 470
R (MQ) 0.47
EPC (nF) 67
ESL (nH) 7
ESR (mQ) 0.05
EPR (kQ) 16.8

The definition of parameters can be seen in Fig. 11(b).

Original
-=Improved
- -Standard limit

S
S

o

AN
N .

N~ oo

™ *"‘““"“"NM

10 30
Freq uency [MHz]

Magnclic Field [dB pA/m]

)
O

4;

w

Fig. 12. Reduction of vehicle magnetic emission by the single-phase
DC power filter.

posed evaluation index can be used to effectively determine the
main interference source. Although in this study, the proposed
modeling and diagnosis methods are used to solve the EMC
problem of an already developed EV, they can also be used at an
early stage, when there is only a digital vehicle prototype.

V. CONCLUSION AND FUTURE WORK

In this study, to improve EMC development efficiency, a
model-based diagnosis and improvement method is proposed to
address the magnetic emission problems of EVs. The analysis
and application results can be summarized as follows:

o The proposed network model can accurately predict a vehicles
low-frequency magnetic emissions. The impedance of the
global network and the port node can be decoupled using
the Z-parameter, and different methods can be used to obtain
the parameters of the network model separately.

o The designed evaluation index can measure the influence of
technical factors on a vehicle’s magnetic emissions by com-
prehensively considering their contributions and sensitivity.
Engineers can directly determine the main interference
source according to the evaluation score without resource-
intensive experimental diagnosis and evaluation processes.

o The proposed EMI suppression approach can sufficiently
attenuate the interference generated by DC/DC so that a
vehicle’s low-frequency emission meets the SAE J551-5
requirement.

Certain questions about the problem details are worthy of

further consideration:

o In this study, it is assumed that the equivalent impedance
of the circuit node is independent of its working state. This
assumption does not hold true if the circuit has high non-
linearities.

o The equivalent impedance of the circuit node is measured
in a power-off state. Measuring the equivalent impedance
when the circuit is activated remains a problem, especially
for high-power switching circuits.

o During the improvement process, it is still a problem that
how to use the proposed network model to quantitatively
assess the effectiveness of the possible solutions.

In this study, the proposed method is used to address a low-
frequency emission problem. The problems about application to
the prediction of high-frequency emission need to be further
studied.

This work was supported by the State Key Laboratory
of Automotive Safety and Energy (No. KFY2209), the
Chongqing Automotive Collaborative Innovation Center
(No. 2022CDJDX-004), and the Chongging Technology
Innovation and Application Development Project (No.

CSTB2022TIAD-KPX0139).
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