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ABSTRACT

This paper aims to propose a generic black-box model for converters connected to an electric vehicle. The methodology for identifying
the model parameters will be presented, as well as the validation of this model. In fact, the control of electromagnetic interference
(EMI) in power converters for electric vehicles relies on several approaches, including soft switching and pseudo-random modulation,
which aim to reduce voltage variations and spread EMI energy across a wide frequency band, respectively. However, filtering remains
the most effective solution to mitigate common-mode and differential-mode noise while ensuring EMC compliance without
compromising performance. Moreover, a black-box behavioural modelling approach in the frequency domain enables precise
representation of EMI sources and the optimization of EMC filter design, focusing on common-mode and differential-mode impedances
without requiring internal circuit details. Finally, a network-based modelling approach has been employed to define and compare
theoretical impedances with experimental measurements, validating the EMC model by reconstructing the measured voltages and
confirming its ability to accurately represent electromagnetic disturbances.
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1. INTRODUCTION

Power converters play a central role in the operation of
electric vehicles (EVs) by ensuring efficient energy management
and conversion between the various parts of the vehicle. EVs are
equipped with propulsion systems powered by a high-voltage
battery, but the various electronic and auxiliary components
require different voltage levels to function properly. Converters,
such as DC-DC converters and inverters, transform the energy
from the main battery into the appropriate voltage for these
components, including powering engine management systems,
safety devices, lighting, and air conditioning. Additionally, power
converters optimize the charging process for both the high-
voltage battery and the auxiliary battery, thereby ensuring the
vehicle's energy efficiency. Without these devices, it would be
impossible to regulate energy distribution reliably and safely in
an EV. Figure 1 provides a macroscopic overview of the range
of power electronic converters used in electric vehicles (EVs),
highlighting the critical functions of an onboard battery charger.

These include interfacing with the three-phase AC power grid to
enable AC/DC conversion, adapting the rectified voltage to
match the onboard battery's voltage level via DC/DC
conversion, ensuring high-quality current draw through Power
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Figure 1. Example of an automotive electrical network and its main power
electronic converters.
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Factor Correction (PFC), and meeting Electromagnetic
Compatibility (EMC) standards to prevent interference with
other grid-connected devices and ensure user safety, which may
involve EMC filtering and galvanic isolation depending on the
chosen topologies. Our work in this article will be focused on the
last function: EMC.

The integration of power electronic converters in electric
vehicles requires strict management of RF emissions to ensure
reliable operation. Electromagnetic compatibility (EMC) enables
electronic systems to function effectively without generating or
being affected by unwanted electromagnetic interference (EMI)
[1], [2], [3]. This is crucial in electric vehicles, where the proximity
of sensitive components and the need for high efficiency demand
strict control of EML

Advancements in power electronics and the aim to reduce the
mass and improve the efficiency of electrical energy distribution
have led EV manufacturers to adopt high-voltage distribution
systems, often operating at several hundred volts. As these
operating voltages increase, the impact of the rate of voltage
change (dV/dt) on conducted emissions becomes more
significant. Higher dV/dt rates result from the fast-switching
actions of power electronic devices[4], such as insulated gate
bipolar transistors (IGBTs) or silicon carbide (SiC) MOSFETS,
commonly used in onboard chargers, inverters, and DC-DC
converters. These rapid transitions can induce high-frequency
noise, leading to EMI issues that can affect the performance of
both the vehicle's own systems and external devices. The
environment of conducted EMI [5] in the onboard charging
system of electric vehicles is illustrated in Figure 2.

Among the solutions considered for controlling EMI in
electric vehicle power converters, several approaches stand out.
Soft switching [6], [7], [8], [9] is one of them: it aims to reduce
the rates of voltage and current variation during switching
transitions, which significantly limits EMI generation. Another
strategy is the use of pseudo-random modulation [10], [11],
which spreads EMI energy across a wide frequency band,
reducing emission peaks in specific ranges and minimizing
interference risks. However, filtering remains the most effective
solution. By incorporating EMC filters composed of inductors
and capacitors, it is possible to attenuate common-mode and
differential-mode noise [12], [13], ensuring EMC compliance
without compromising system performance. Together, these
strategies effectively reduce EMI while meeting the specific
design requirements of electric vehicles.

Black-box [14] behavioural modelling in the frequency
domain is a powerful method for accurately representing
electromagnetic interference (EMI) sources in the design of
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Figure 2. EMI environment in the onboard charging system.

electromagnetic compatibility (EMC) filters. It involves
developing equivalent circuit models based on the system’s
common mode (CM) and differential mode (DM) impedance
characteristics, as well as associated noise sources [15], [16].
Unlike analytical models, which require detailed knowledge of
each system component, black-box modelling focuses on
reproducing the overall behaviour of EMI sources without
focusing on internal circuit details. CM and DM impedances are
measured or simulated as a function of frequency to create a
model that captures noise characteristics over a broad frequency
range. This approach allows precise simulation and prediction of
conducted EMI levels, facilitating the design and optimization of
EMC filters that can reduce EMI emissions while preserving
converter performance [17], [18]. It thus meets EMC regulatory
requirements and minimizes the need for costly prototypes and
testing in the final phase. It is in this context that we developed
a "black box" model [19] to study EMI and assess the impact of
the previously mentioned methods on emissions. Behavioural or
"black box" modelling in the frequency domain allows precise
representation of EMI sources in the design of EMC filters for
electric vehicles. This approach relies on equivalent circuit
models that enable the simulation and prediction of conducted
EMI levels, thus facilitating emission reduction without
compromising converter performance. By applying this method
to a buck converter, it becomes possible to optimize filter
components and their placement while adhering to the strict
EMC standards of the automotive industry.

In this work, a network modelling of the equipment under
test was performed to define an impedance matrix [20]. The
theoretical impedances were calculated and compared to
experimental measurements. The measured currents were
corrected in MATLAB to improve accuracy, and the spectra of
common-mode and differential-mode sources were calculated.
Finally, the EMC model was validated by reconstructing and
measuring the voltages across the LISN resistors, thus
confirming its ability to accurately represent the electromagnetic
disturbances.

2. ELECTROMAGNETIC MODELING OF A BUCK CONVERTER
USED IN ELECTRIC VEHICLES

In this study, the choice was made to use a buck DC-DC
converter [21], which is used to convert the 24 V battery voltage
to a 12V voltage to power the vehicle's auxiliaty systems, such
as lighting, the audio system, electric windows, etc. The converter
under analysis includes an IRLZ44N MOSFET and a 1N5819
diode, operating in continuous conduction mode. Figure 3
shows the overall diagram of the studied system as implemented
in the Matlab/Simulink environment [22], along with a simplified
internal design of an open-loop Buck converter. The MOSFET
is controlled by a PWM signal with a duty cycle D, which
represents the percentage of time the MOSFET is on.

A low-pass filter, made up of an inductor and a capacitor,
smooths the MOSFET’s switching activity and provides a stable
DC voltage. It is used to minimize the maximum current ripple
in the inductor (AI, = 10 %) and the maximum voltage ripple
across the load (AVy = 4 %). This Buck converter is designed
to meet the requirements indicated in Table 1.

The system explored in this study consists of two access ports
and a ground connection on the network side. Our goal is to
characterize the parasitic behaviour of an existing converter from
the perspective of the direct current (DC) network using an
experimental approach, without any prior knowledge of its
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Figure 3. The entire system architecture with (a) The internal layout of the
Buck converter's block.

Table 1. Simulation parameters.

Parameter Value
Input voltage Vi, 24V
Output voltage V, 12V
Load resistance Ry, 24Q
Switching frequency f, = 1/T; 500 kHz
Inductance Lg 240 pH
Capacitance Cg 27 nF
Duty cycle D 50 %
internal  electrical ~ structure [23]. This electromagnetic

compatibility model incorporates an IDM current source and a
ZDM impedance between the two input lines to represent the
differential mode. The common mode is depicted by two
identical ZCM impedances connected to a VCM voltage source,
placed between each line (a and b) and the ground (Figure 4).

By adopting a simplified measurement protocol that focuses
on the separation of propagation modes, the identification of
electromagnetic disturbance (EMC) soutces in a DC/DC
converter is significantly facilitated [24]. This approach
effectively differentiates between differential mode and common
mode disturbances, thereby enabling a more accurate
characterization of the convertet's parasitic effects. Once these
disturbance modes are identified, the model supports the
optimized design of filtering structures, each tailored to mitigate
the respective common mode and differential mode
disturbances.

The study examines a DC/DC converter that utlizes
MOSFETSs to power a resistive load designed to simulate the
behaviour of an electrical lighting system, commonly found in
electric vehicles. This configuration provides a realistic test
environment for evaluating the EMC characteristics of the
converter. The objective is to develop a robust strategy for
mitigating EMC interference by addressing both common mode
and differential mode disturbances, thereby enhancing the
electromagnetic compatibility of the power system in electric
vehicle applications [25].

2*%Zem
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2*Zem

Figure 4. EMC model based on a "black-box" approach.

3. MODELING AND EXAMINING THE NETWORK-SIDE
MODEL'S IMPEDANCE

The modelling of the equipment under test is approached
from the network perspective, which includes two ports and a
ground connection. As a result, the impedance matrix can be
defined as follows:

V
n= =[]l o
vi=tz1n =[] = [z 2[¢ 0
The indices in equation (1) refer to the access letter shown in
Figure 4. The common-mode and differential-mode quantities
can be calculated based on the relations connecting the voltages
and currents within the structure:
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[VCM] _ [ Zem
VDM Zconversion

In our specific context, we measure four impedances directly
using an impedance analyser while the converter is off and
connected to the load. The following steps detail the procedure's
progression:

conversmn] [1 CM] _ ™

ZDM IDM

= Zcwm is measured between the two short-circuited lines on
one side and the ground on the other side.

* Zpwm is measured between line a and line b while isolating
the earth.
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= 7. is measured between line a and earth,

= Zpp is measured between line b and earth.

The resulting curves are then obtained as shown in Figure 5.

From these measurements, it is observed that the impedances
ZcMs Zaa, and Zyy, are identical.

The equality between Z,,, Zpy,, and Zgy is based on the
symmetry of the Buck converter design, ensuring a uniform
distribution of impedances between each line and ground. In
theory, Z,, and Zyy, should be equal, and the common-mode
impedance Zcy should match them, reflecting the convertet's
optimal electromagnetic balance. Impedance measurements
confirm this, showing that Z,,, Zyy, and Z¢y are nearly identical
across the frequency range tested. While real-world factors may
introduce slight variations, they are negligible and do not
significantly affect the model’s performance. Thus, the
assumption Z,, = Zp, = Zcy remains valid for evaluating and
optimizing the converter’s electromagnetic behavior.

This allows us to propose a symmetrical electrical impedance
model as shown in Figure 6. The envisioned model consists of
two parallel RLC circuits, positioned between each line and the
ground. Similarly, the impedance Zpy is represented using two
parallel RLC circuits positioned between lines a and b.

Starting from the diagram in Figure 6, we can calculate the
impedance Zu, , Zpy , Zcm > and Zpy . These theoretical
impedances can be compared to the measured impedances Z',,,
Z'wo Z'em and Z'py in the same configuration. The
comparisons between measured and calculated curves are
presented in Figure 7.
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Figure 6. EMC Impedance Model of the Converter.

4. STABILITY OF ZMC AND ZMD IMPEDANCES AT
OPERATING POINTS

The study of Zgyand Zpy impedance stability in a Buck
converter uses a black-box approach, which is essential for
analyzing the system's behavior without requiring detailed circuit
knowledge. This approach is critical for electromagnetic
compatibility and EMI filter design, as stable impedances at
different operating points help minimize electromagnetic
interference.

However, traditional measurement instruments
challenges under high-power conditions. Specifically, network
and impedance analysers struggle with transients, causing

face

unstable data acquisition. Despite these challenges, Z¢y and
Zpy remain stable across a wide load range (10 % to 80 %), with
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Figure 7. Simulation - measurement comparison.
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Figure 8. Stability of Z¢y and Zpy Impedances as a Function of Applied
Load.

the values measured at rest closely matching those observed
under dynamic conditions.

As shown in Figure 8, Z¢y and Zpy remain constant within
the 10 % to 80 % load range, which supports the validity of static
modelling for moderate loads. However, beyond 80 % load, a
slight decrease in Zpy is observed, likely due to parasitic
inductances. Therefore, incorporating a dynamic Line
Impedance Stabilization Network would offer a more realistic
assessment of impedance under variable loads.

It is also important to note that impedance measurements
were taken at rest to avoid complications arising from switching
frequency and parasitic effects at high loads, which could distort
results.

In conclusion, the results confirm the stability of Z¢y and
Zpy in the studied ranges, thereby justifying the use of static
models for EMI filter design. Consequently, despite the
challenges inherent in measurement techniques, the study
provides reliable insights for practical applications in EMC and
EMI mitigation.

5. EXTRACTION OF THE Vcm AND /om SOURCES

The EMC model needs to be complemented with equivalent
sources for common mode and differential mode. The mode
conversion phenomena will be limited due to the symmetry of
the impedances, simplifying the extraction of sources. To
identify these sources, the converter is powered through two
identical Line Impedance Stabilization Networks, positioned on
each line between the system under test and the network.
Figure 9 depicts the corresponding equivalent EMC model for
this measurement configuration.

Figure 9. Equivalent Model of the Test Circuit.

Starting from the complete EMC model in Figure 9, we can
calculate the disturbance sources Vgy and Ipy using the
following equations (8), (9):

Ziisn + 2272
L+l = low => Vou = (h+ 1) (T222) - ®)
4'ZCMZDM I
4'ZCM ZDM

L—1, =2
2 Zlisn +

Zin Zin 1
L+L+—>. (10)

Ipm = (I — Iy) (4 Zem - Zpm | 2

After identifying the impedances, the disturbance sources can
be determined by calculating the sum and difference of the
cutrents at the converter input, denoted as "I + I," and "I, —
Ip". Before simulating these cutrents, it is crucial to establish a
comprehensive "black-box" model of the LISNs. This model
enables accurate impedance characterization of the LISNs [26],
[27], which is performed as close as possible to the housing units
to ensure precision. For this characterization, a 50 € termination
is added in parallel with the 1 kQ resistance within the LISN, as
depicted in Figure 10.

The LISN is essential for measuring conducted noise in EMC.
It provides a stable 50 Q impedance between the equipment
under test and the power network, thereby isolating noise for
accurate measurements. Composed of inductors and capacitors,
it acts as a low-pass filter, blocking high frequencies while
allowing the passage of the power current.

Here is the schematic showing the LISN and its output
impedance, which illustrates the stability of the impedance at
50 Q.

The CISPR 16-1-2 standard allows a tolerance of 20 % on
the output impedance due to component variations and parasitic
effects. However, the LISN remains much more accurate than
measurements without it, where the network impedance would
be unknown. Within the 150 kHz to 30 MHz range, the LISN's
impedance is designed to be stable and close to 50 Q, ensuring
reproducible measurements that comply with CISPR standards.

Indeed, the separation of common-mode and differential-
mode noise is essential for analysing conducted electromagnetic
emissions (EMC). In this context, common-mode noise refers to
the noise that is present simultaneously on both conductors
(phase and neutral) with respect to ground, whereas differential-
mode noise represents the noise between the conductors. Thus,
two main methods are used to measure these types of noise:
current probes and isolation transformers.
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Figure 10. Conducted EMI measurement via a) the real LISN and b) its
Equivalent Impedance.

To determine VCM and IDM, simulations were conducted to
obtain I, + I, and I — I, at a specific operating point. These
simulated current values provided the basis for calculating the
spectra of the common-mode and differential-mode sources.

This is a diagram showing a current probe measuring the
phase and neutral currents, depicted in Figure 11. As a result, the
current probe allows for the calculation of CM (the sum of the
currents) and DM (the difference between the currents).
However, this method, while simple, requires high-quality probes
to avoid errors caused by parasitic impedances.

This is a diagram illustrating an isolation transformer with its
inputs and outputs, as shown in Figure 12. In contrast, isolation
transformers use broadband transformers to add or subtract the
phase and neutral signals. Modern versions, such as
transmission-line transformers, offer excellent performance up
to 30 MHz while minimizing parasitic effects.

Figure 11. Measurement of CM and DM with a Current Probe.
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Figure 12. Isolation Transformer for CM and DM Modes.

Furthermore, the spectral components of the CM and DM
currents were then derived using equations (8) and (9), as
illustrated in Figure 13. This approach enables a detailed analysis
of the CM and DM behaviour in the system under the defined
operating conditions.

The representation of the common-mode voltage and the
differential-mode current provides a better understanding of
conducted disturbances. VCM is particularly sensitive to parasitic
voltages between the lines and ground, as well as capacitive and
inductive couplings, leading to a higher background noise. This
phenomenon is further amplified by system asymmetries, which
make the common mode more vulnerable to external
disturbances. In contrast, IDM, associated with the circulating
currents between the lines and more effectively controlled by the
converter’s design, is less impacted by such interferences. This
distinction confirms the validity of the black-box model, which
integrates these equivalent sources for accurate modelling and
optimal EMC filtering.

Vem
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Figure 13. Calculated spectrum of CM and DM sources.
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6. VALIDATION OF THE MODEL

The studied system is a Buck converter designed to minimize
parasitic effects and ensure wiring symmetry. The common-
mode and differential-mode impedances were accurately
modelled, incorporating parasitic inductances and distributed
capacitances of the PCB, valid up to 30 MHz The LISN was also
modelled in detail, including parasitic effects and non-linearities,
validated through measurements. The method, adaptable to real-
world systems, allows for parameter adjustments in complex
witing configurations. A sensitivity analysis confirms the model's
robustness against minor variations, enhancing its practical
applicability for precise EMC measurements.

To verify that the proposed EMC model can accurately
represent the levels of generated electromagnetic disturbances,
we reconstructed the voltages across the resistances (50 ) of the
LISNSs using the model presented in Figure 14. At the same time,
these voltages were directly measured across the resistances of
each LISN.

This EMC model integrates the disturbance sources and
characteristic impedances of the system, thereby enabling precise
simulation and prediction of the electromagnetic behaviour of
the converter. Based on this modelling, it is possible to optimally
design two distinct filtering structures: a common mode filter
and a differential mode filter.

The validation of this model relies on the comparison
between the measured noise spectra and the simulated spectra,
as shown in Figure 14. This comparison reveals a good match in
the VLISN voltage values between the experimental results and
the calculated ones. This agreement confirms the accuracy of the
EMC model and validates the methodology used to predict
conducted emissions in the system.

7. CONCLUSION

The systematic approach presented for characterizing the
DC-DC converter (buck converter) employed in the energy
management and charging systems of electric vehicles facilitates
the construction of an accurate behavioural model in the
frequency domain, specifically adapted to the typical DC network
configuration within these vehicles. This model captures the
intricate interactions between various vehicle components, such
as the battery, electric motors, and electronic control systems,
with a particular emphasis on minimizing electromagnetic
emissions to ensure optimal system performance and compliance
with EMC standards. In contrast to other works that focus on

100 T

- _V"sncalculated

measered

50 -
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o
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-100
10* 10% 108 107 108
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Figure 14. Measured and calculated spectra of voltage across the resistance
of each LISN.

the challenges associated with the size of EMI filters or
automotive application optimization, this study concentrates on
the identification of an equivalent circuit model, which functions
as a black-box representation of the system under test. This
methodology significantly reduces the computational time
required for simulations without compromising model accuracy,
thereby enabling the efficient optimization of EMC filter design.
The application of model compression techniques is of
paramount importance in complex simulations, particularly
within the context of automotive applications, where both
simulation speed and accuracy are critical for the effective
optimization of system designs and the reduction of
electromagnetic interference.
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