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Vehicle Level EMC Performance Prediction from Component Test Results
WENDA LI & SHINUO FANG
Department of Electrical Engineering
Chalmers University of Technology

Abstract
This thesis investigates the feasibility of predicting vehicle-level Electromagnetic
Compatibility (EMC) performance from component-level testing and simulation.
Using an automotive wiper drive system as the case study, the work aims to re-
duce dependence on costly and time-consuming whole-vehicle EMC tests by es-
tablishing an integrated methodology combining empirical measurement and nu-
merical modeling. Component-level conducted and radiated emission tests were
performed in accordance with Comité International Spécial des Perturbations Ra-
dioélectriques (CISPR) 25, and the measured common-mode currents were used as
excitation sources in Computer Simulation Technology (CST) Studio Suite simula-
tions. The correlation between measured and simulated electric fields in the 150
kHz–30 MHz range showed close agreement, confirming that measurement-driven
source modeling can accurately reproduce radiated emission behavior. The validated
component model was then extended to a full-vehicle electromagnetic simulation,
where near-field coupling and grounding effects were analyzed. Results indicate that
component-based models can qualitatively predict vehicle-level trends, offering en-
gineers an early-stage diagnostic tool for identifying potential EMC risks. Although
full substitution of physical vehicle testing remains challenging due to modeling and
computational limitations, the proposed hybrid workflow demonstrates a practical
pathway toward simulation-supported EMC development, aligning with the auto-
motive industry’s goals for faster, more efficient, and cost-effective design validation.

Keywords: Electromagnetic Compatibility (EMC), Electric Vehicles (EV), Numeri-
cal Modelling, Simulation, Component-level Testing, CAE Modelling, CST.
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1
Introduction

1.1 Background

In contemporary society, the automotive industry is experiencing a profound trans-
formation, driven by a combination of policy and regulatory forces, rapid tech-
nological advancements, and sustained market demands. This transformation is
characterized by the integration of advanced electronic systems and the adoption of
electri�cation technologies. This transformation reshaped the development process
of modern vehicles and places increasing emphasis on electromagnetic compatibility
(EMC) fundamentally. Ensuring EMC has become a critical requirement due to the
introduction of complex electromagnetic environments and new sources of interfer-
ence from high-voltage powertrains, digital control modules, and connected com-
munication technologies[1]. Conventional EMC veri�cation is primarily executed
through late-stage vehicle-level testing. While such testing ensures compliance, it
is expensive, time-consuming, and may require signi�cant design modi�cations if
defects are identi�ed at a late stage. Current international standards, including
the International Special Committee on Radio Interference (CISPR)[2], the Inter-
national Organization for Standardization (ISO)[2], and the Chinese National Stan-
dards (Guobiao, GB)[3], provide harmonized procedures for emissions and immunity
testing. However, these standards are often insu�ciently adaptable to new technolo-
gies and cannot fully capture realistic operating conditions. Furthermore, it should
be noted that compliance at the component level does not necessarily guarantee
compliance at the vehicle level. This is due to the fact that interactions with vehicle
body structures, wiring harnesses, and grounding schemes may signi�cantly elec-
tromagnetic behavior[4]. These challenges underscore the necessity for predictive
methodologies that facilitate early-stage EMC evaluation.

1.2 Aim

The objective of this thesis is to explore the potential of utilizing component-level
EMC test results to enhance the prediction of vehicle-level EMC performance. The
wiper drive system is selected as a case study due to its relevance as a common
source of radiated and conducted emissions. The primary aim of this research is to
develop and re�ne a numerical modeling methodology that strengthens the correla-
tion between component- and vehicle-level performance. The present study proposes
a framework for early-stage EMC prediction, with the objective of reducing reliance
on late-stage full-vehicle testing, enhancing design e�ciency, and supporting com-
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1. Introduction

pliance with CISPR 25 standards. This framework integrates experimental testing
with electromagnetic simulation.

1.3 Scope

The scope of this research includes both experimental and modeling activities. At
the component level, EMC testing of the wiper motor and controller will be con-
ducted in a semi-anechoic chamber (SAC) to characterize conducted and radiated
emissions. The resulting data will serve as the basis for developing numerical mod-
els in Computer Simulation Technology (CST) Studio Suite, which will be re�ned
through iterative adjustments of material properties, boundary conditions, and exci-
tation methods. Later a comparative analysis will be performed between simulation
and measurement results to evaluate the predictive reliability of the model. At the
system level, the employment of simulation models will facilitate the consideration
of vehicle-speci�c factors, including body shielding, wiring harness coupling, and
grounding e�ects.
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2
Theory

2.1 Fundamentals of EMC

Electromagnetic compatibility (EMC) is de�ned as the capability of an electrical
or electronic system to function satisfactorily within its intended electromagnetic
environment without generating intolerable electromagnetic disturbances to other
equipment[1]. This de�nition underscores the dual nature of EMC: on the one
hand, a system must not emit excessive electromagnetic energy that interferes with
other devices; on the other hand, it must maintain stable performance when exposed
to external interference[5].

In the automotive industry, EMC issues are particularly evident due to the inte-
gration of high-voltage and low-voltage systems within a con�ned space. The most
common sources of interference include electric drive systems(inverters and elec-
tric machines), DC�DC converters, as well as in-vehicle devices such as windshield
wipers and window actuators. Coupling paths exist in two domains: the conducted
domain and the radiated domain. The conducted domain includes wiring harnesses
and common grounding, while the radiated domain includes antenna-like structures
formed by cables and metallic body panels[6]. Systems that are particularly vul-
nerable to interference frequently encompass safety-related subsystems, such as the
electronic control unit (ECU), sensor networks, in-vehicle entertainment modules,
and wireless communication interfaces. This can be depicted in Fig. 2.1.

Figure 2.1: Relationship Between Interference Source, Coupling Paths, and Sus-
ceptible Victim.
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2.2 Automotive EMC Testing and Standards

Current international automotive EMC standards are mainly composed of four sys-
tems: CISPR, ISO, the Society of Automotive Engineers (SAE), and GB. CISPR,
under the International Electrotechnical Commission (IEC), focuses on radio-frequency
interference (RFI) limits and measurement methods, particularly emission control.
ISO Technical Committee 22/Subcommittee 3/Working Group 3 (ISO/TC 22/SC
3/WG 3) speci�es electromagnetic immunity test methods for vehicles[7], with the
ISO 11451 and ISO 11452 series widely adopted for whole-vehicle and component-
level immunity evaluations. CISPR 12 and CISPR 25 regulate emission limits for
complete vehicles and components to protect both the external radio environment
and on-board receivers. SAE standards, though mainly applied in North America,
have gradually been replaced or integrated with equivalent CISPR and ISO stan-
dards as global harmonization progresses[8]. Meanwhile, GB standards in China
align closely with CISPR and ISO frameworks while incorporating domestic reg-
ulatory requirements, ensuring compatibility with international practices but also
addressing local compliance needs[3].
Together, these standards form the foundation of global automotive EMC assess-
ment. Many national regulations, such as the United Nations Economic Commis-
sion for Europe Regulation No. 10 (ECE R10), also CISPR and ISO[9], reinforc-
ing harmonization across regions. However, despite their wide application, these
standards remain limited in adapting to emerging technologies and do not always
re�ect realistic operational conditions. Moreover, compliance at the component
level does not necessarily ensure compliance at the vehicle level, as interactions with
body structures, wiring harnesses, and grounding schemes may alter electromagnetic
performance[4].
Regarding test implementation, there are notable di�erences between vehicle-level
and component-level methods. For radiated emissions, vehicle-level testing (CISPR
12) typically measures broadband disturbances in the 30�1000 MHz range at a
speci�ed distance in an open �eld environment[7]. In contrast, component-level
testing (CISPR 25) is carried out in a shielded dark room over a wider frequency
range[10], and focuses on evaluating interference to on-board receiving equipment[7].
CISPR 25 also de�nes a vehicle self-compatibility test, which measures noise using
the vehicle antenna and links the EMC performance of components to that of the
complete vehicle through multiple levels of limits.
In terms of immunity, the ISO 11452 series speci�es various component-level test
methods[11][12], each with its own frequency range and size constraints, while ISO
11451 provides vehicle-level immunity test procedures that more closely represent the
real operating environment. Component-level compliance establishes the foundation
for vehicle-level performance, whereas vehicle-level testing validates the overall e�ect
of actual installation. In practice, both levels of testing are indispensable.
However, the current EMC test system still has limitations in practical applications.
Firstly, the standards are not su�ciently adaptable. Automotive electronics evolve
rapidly, while standard updates lag behind[13], and many test assumptions are too
idealized to fully re�ect real operating conditions. For example, the transient pulse
de�ned by ISO 7637-2 is considered too simplistic: although no abnormalities are
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observed under the standard pulse, real transient interference in the vehicle may
still cause the ECU to malfunction. Conversely, problems measured in the labo-
ratory may not be reproduced in the actual vehicle[14]. Secondly, it is di�cult to
derive vehicle-level performance directly from component-level test results. Pass-
ing component-level tests does not necessarily imply full-vehicle compliance with
EMC requirements. In some cases, the shielding provided by the vehicle structure
may make independent component requirements overly conservative, while the cou-
pling of components within the vehicle may generate unexpected interference not
observed at the bench level. Therefore, vehicle-level testing remains necessary to
con�rm compliance; however, this leads to duplicated processes and extended de-
velopment cycles. Moreover, vehicle testing is costly, and expenses and schedule
pressure increase signi�cantly if retesting is required in the later stages.
Facing the trends of electri�cation and intelligentization, the adaptability of exist-
ing standards is increasingly challenged. High-voltage electric drives and intelligent
connected technologies are reshaping the electromagnetic environment of vehicles
and expanding the noise spectrum beyond the range covered by current standards.
The slow pace of standard updates compared with technological development means
that traditional methods can no longer fully ensure the electromagnetic robustness
of future vehicles[13]. As a result, simulation technology has emerged as an essential
development direction. Numerical analysis can be used to analyze �eld distributions
and compensate for blind spots in physical measurements, while simulation methods
such as cable harness current prediction can assist in evaluating EMC performance
during the design stage[15]. These approaches are expected to improve testing e�-
ciency and accelerate the evolution of standards to address the challenges posed by
electri�cation and intelligence.

2.3 Automotive EMC Simulation Technology

The increasing complexity and electri�cation of automotive electronic systems have
brought electromagnetic compatibility (EMC) issues into greater prominence[16].
Traditional EMC tests are usually conducted at the late stage of product develop-
ment, often during vehicle prototyping, when any problems discovered may lead to
costly modi�cations and signi�cant delays in product schedules[17]. To improve
development e�ciency, manufacturers and researchers are increasingly introduc-
ing simulation into the early design phase to predict and analyze potential EMC
problems[16][18]. Simulation enables engineers to evaluate the impact of design
choices�such as adjusting wiring layouts, adding shielding, or implementing �l-
ters�within a virtual environment, thereby reducing the number of costly iterations
in prototyping and physical testing[19].
Current automotive EMC simulation approaches include circuit simulation, 3D full-
wave electromagnetic simulation, and circuit�electromagnetic joint simulation. Full-
wave electromagnetic simulation is based on solving Maxwell's equations and can
accurately model the radiation of high-frequency electronic components using al-
gorithms such as the Finite Di�erence Time Domain (FDTD) method, the Finite
Element Method (FEM), and the Method of Moments (MoM). For instance, Wang
et al. used 3D full-wave modeling to analyze the radiation disturbances of a digital
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instrument display module and proposed an optimized signal integrity design that
e�ectively reduced electromagnetic emissions[20]. Jobava et al. developed an e�-
cient integral equation algorithm for low-frequency magnetic �eld analysis, which
signi�cantly improved the e�ciency of analyzing high-voltage cables and inductive
charging devices in electric vehicles[21]. Meanwhile, high-performance computing
(HPC) techniques have also been introduced into EMC simulation; for example,
Hänninen et al. applied domain decomposition, GPU acceleration, and model seg-
mentation to improve the e�ciency of 3D full-wave simulation, making it possible
to include complex printed circuit boards (PCBs) and long wiring harnesses in the
simulation[18].

Circuit�electromagnetic joint simulation, which considers the coupling between non-
linear circuits and electromagnetic �elds, is particularly suitable for power electronic
systems such as automotive motor drives and high-voltage inverters. In the Elec-
tromagnetic Interference(EMI) analysis of high-voltage inverters, for instance, it is
necessary to simulate both the interference caused by high di/dt switching currents
of insulated gate bipolar transistors (IGBTs) and the radiative coupling of these cur-
rents through wiring and structures[22]. Murugan et al. successfully predicted the
conducted and radiated emissions of an automotive DC-DC converter through multi-
scale modeling, with results that closely matched laboratory measurements[23].
Ahmed et al. employed a hybrid solution approach that combined frequency-domain
full-wave electromagnetic simulation with circuit simulation to model electromag-
netic pulse (EMP) interference[24]. This method signi�cantly reduced computation
time while still achieving high accuracy in calculating induced voltages and currents
on sensitive components.

More recently, multi-port network modeling has been introduced for system-level
EMC analysis. Wu et al. established a whole-vehicle electromagnetic disturbance
prediction model based on the electromagnetic topology (EMT) method[16]. By
dividing the complex system into multiple subsystems and modeling them sepa-
rately, they were able to quickly evaluate the radiation disturbance level of the
entire vehicle through extracted network parameters. This method demonstrated
strong consistency with experimental measurements in low-frequency radiation pre-
diction, proving its e�ectiveness for rapid system-level analysis. Gao et al. further
applied this approach to optimize the low-frequency radiated emission problem of
an electric vehicle. They modeled the whole vehicle as several interconnected mod-
ules and, after extracting parameters through testing and simulation, found that
the predicted interference peaks di�ered from the actual measurements by less than
3 dB[17]. Multi-port modeling is particularly well-suited for topologically complex
systems such as wiring harnesses, and when combined with circuit simulation, it
provides an e�cient tool for rapid and accurate system-level EMC evaluation.

2.4 EMC Simulation Case Study

The following is an example of several typical vehicle electronic systems to summa-
rize the e�ect and experience of EMC simulation technology in practical applications.
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2.4.1 EMC Simulation of Motor Drive System

The three-phase drive motor and its inverter in an electric vehicle are among the
main sources of EMI, as the fast switching of high voltage and high current produces
disturbances across a wide frequency band. Ming et al. (2024) conducted an EMC
simulation study for the electric drive system of an electric construction machine[25].
They established an equivalent circuit model that included the power battery, the
inverter (comprising IGBT power devices and control circuits), the motor, and the
test harness, and focused on simulating and analyzing the conducted interference
on the DC bus of the inverter. A low-pass �lter consisting of an inductor and a
capacitor was introduced into the simulation. The results showed that, compared
to the case without a �lter, the amplitude of the conducted disturbances in the
drive system was signi�cantly reduced. In addition, the DC bus current ripple and
the high-frequency noise of the output voltage were e�ectively suppressed, and the
low-frequency o�set of the signal was also improved[25]. This study demonstrates
that through reasonable equivalent model construction and circuit simulation, the
e�ectiveness of EMC improvement measures such as �lters can be veri�ed already
at the design stage, thereby reducing the costs associated with repeated prototype
debugging.

2.4.2 EMC simulation of digital display module

With the shift from mechanical pointers to fully digital displays for in-vehicle instru-
mentation and central control, the high-speed digital interfaces of display modules
have become one of the key challenges in EMC design. Wang et al.(2018) conducted
an EMC performance study of an automotive digital instrument cluster display
module using 3D full-wave electromagnetic simulation (i.e, CST)[20]. Their �ndings
showed that in the original design, the pixel clock line (30 MHz clock driving parallel
Red, Green, and Blue (RGB) data) of the Thin-Film Transistor Liquid Crystal Dis-
play (TFT-LCD) display lacked a proper return path on the �exible printed cable
(FPC). As a result, high-frequency currents were forced to bypass, forming a large
loop that generated signi�cant electromagnetic radiation[20].
Through simulation, the current distribution of the clock line at 90 MHz resonance
was visualized, revealing the underlying problem. Based on this analysis, several
improvement schemes were proposed: adding ground returns to the adjacent layers
of the clock line in the FPC, introducing ground vias, and optimizing the integrity of
the power�ground planes. The optimized layout was then simulated, con�rming that
the high-frequency current loop was signi�cantly reduced and the far-�eld radiation
in the 100�400 MHz band was greatly suppressed[20].
Ultimately, the researchers were able to evaluate multiple design options rapidly
through virtual prototyping and apply targeted modi�cations to the PCB routing
of the display module, thereby addressing potential EMC hazards without increasing
the number of hardware trials. This case demonstrates that full-wave simulation,
combined with signal and power integrity analysis, can e�ectively guide the EMC
design of high-speed digital systems, o�ering a cost-e�cient approach to the opti-
mization of complex modules such as thin automotive displays.
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2.4.3 EMC Simulation of Automotive Ethernet Interface

Automotive Ethernet is increasingly becoming the backbone of in-vehicle commu-
nication due to its high speed and reliability. However, if the di�erential signals
of the Ethernet Physical Layer (PHY) interface are not properly routed, they can
generate common-mode noise that radiates and interferes with other electronic de-
vices. Andrei-Marius Silaghi et al. (2020) conducted an EMC simulation analysis
of an in-vehicle Ethernet control module[26]. Using CST, they performed 3D elec-
tromagnetic modeling of the di�erential pairs in the PHY chip and their associated
PCB traces, calculated the S-parameters of the di�erential ports, and evaluated key
indicators such as mode conversion loss (di�erential to common mode) and return
loss.
The simulation revealed that in the original PCB design, the mode conversion loss
exceeded the threshold de�ned by the Open Alliance Automotive Ethernet standard
in the frequency range above 300 MHz, indicating that design improvements were
necessary[26]. To address this, the researchers proposed two optimization measures:
(1) partitioning and isolating the PCB ground according to functional blocks to
reduce coupling between di�erent modules; and (2) optimizing the routing of high-
speed di�erential lines to ensure they consistently return to symmetric reference
planes above and below. After implementing these measures, the improved structure
was simulated again, and both the mode conversion loss and return loss curves met
the standard requirements[26]. Notably, at the frequencies where the original design
exceeded the limit, common-mode noise radiation decreased signi�cantly, con�rming
the e�ectiveness of the split-grounding and di�erential-line equalization strategies.
This case illustrates how simulation can help identify potential EMC problems of
high-speed digital interfaces at an early stage and guide PCB design modi�cations,
thereby avoiding repeated trial-and-error in later hardware experiments.

2.4.4 EMC Simulation of Integrated Circuit Modules

For critical integrated circuit (IC) devices in automotive electronics, internal para-
sitic coupling and package lead distribution can directly in�uence the EMC perfor-
mance of the entire module. Tsukioka et al. (2017) proposed a joint chip�package�system
EMC simulation methodology for automotive ICs[27]. In this approach, they intro-
duced the concept of the Extended Chip Power Model (ECPM), which represents
the power network, substrate coupling, and isolation structures inside the chip as a
passive multiport network in the form of a netlist. This netlist is then connected to
the package and PCB models for comprehensive analysis.
To validate the methodology, the authors simulated and tested the direct power
injection (DPI) immunity of a Local Interconnect Network (LIN) bus transceiver
chip implemented in a 0.13� m Bipolar-CMOS-DMOS (BiCD) process, following the
IEC 62132-4 standard. The simulation successfully predicted the path of high-power
RF interference entering the internal circuits through package leads and substrate
coupling, and it identi�ed the weak points in the LIN transceiver that were most
susceptible to interference[27]. More importantly, the simulated responses of the
chip's critical nodes showed strong consistency with silicon measurements, verifying
both the accuracy of the ECPM model and the practical value of the joint simulation
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approach[27].

This research provides a new perspective on collaboration between chip suppliers and
Original Equipment Manufacturers(OEMs) in the design of automotive electronics.
By introducing EMC simulation at the IC design stage, potential radiation and
susceptibility issues can be identi�ed early, and EMC performance can be enhanced
by optimizing the chip's internal layout and package structure. This reduces the
burden of costly system-level recti�cations for OEMs at later development stages.

2.5 Feasibility and Challenges of Component-Based
EMC Simulation on the Vehicle-level

Utilizing the simulation results of local systems or components installed within the
vehicle to replace vehicle-level EMC testing is a forward-looking topic in current
automotive EMC engineering. The core idea is that through detailed modeling and
calculation, the electromagnetic behavior of a component in its installed state can
be reproduced in a virtual environment, so that the simulation results closely match
those of real vehicle tests. The wiper motor provides a useful example for discussing
both feasibility and challenges.

2.5.1 Feasibility Analysis

Wiper motors are typically brushed DC motors, whose commutators generate strong
spark interference during operation, making them one of the major sources of RF
disturbances in vehicles. Traditionally, OEMs and component suppliers perform
bench tests of stand-alone wiper motors in the laboratory�for example, connecting
the motor to a standard wiring harness length and placing it on a grounded reference
plate to measure radiated and conducted noise in accordance with CISPR 25. This
method simulates the motor's electromagnetic environment under standardized con-
ditions. If a simulation model can reproduce the bench test conditions and results,
it is further expected that the model could also be adapted to predict in-vehicle
performance. The multi-port network approach of Gao et al. (2019) represents one
such exploration: they modeled the vehicle's body and ground as large structures,
while treating interference sources such as wiper motors as small components, and
coupled them through network theory to calculate the whole-vehicle EMC[17]. In
a scaled-down validation model (using reduced-size structures and antennas), the
method successfully predicted the interference voltage spectrum received by the an-
tenna with a deviation of less than 3 dB at the main resonance peak[17]. They
later applied the method to an actual electric vehicle, accurately locating the major
sources of interference and guiding corrective measures. This shows that component
modeling combined with system-level network methods can, to some extent, predict
the EMC performance of a whole vehicle, providing proof of concept for replacing
part of the test with simulation.
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2.5.2 Challenges

Di�culty in modeling interference sources. The EMI mechanisms inside components
such as wiper motors are highly complex, especially the transient broadband interfer-
ence from commutation sparks. Accurately characterizing these disturbance sources
in simulation is a primary challenge. For example, Pan et al. (2015) attempted to
extract the internal impedance and noise source voltage of motors using Thevenin
equivalent circuit measurements[28], while Idir et al. (2009) developed a broadband
equivalent model by combining time-domain and frequency-domain approaches[29].
These methods provide parameters for simulation but are often cumbersome and un-
certain. If the source model lacks accuracy, the predictions will inevitably deviate
from real measurements.

Complex vehicle environment. Even with a reliable source model, simulating the
propagation of interference throughout an entire vehicle is di�cult. Vehicle bodies
include large metal structures, extensive glass areas, and numerous wiring harnesses,
all of which create highly complex resonances and coupling paths[30]. For example,
wiper motors are grounded via their supply harnesses, and variations in wiring
routes or grounding points a�ect the radiated �eld strength received by antennas.
Furthermore, many other metallic components and electronic devices may interact
with or superimpose on the frequency components generated by the wiper motor.
Fully modeling all vehicle details is currently computationally impractical, requiring
simpli�cations. However, oversimpli�cation risks omitting critical coupling paths
and undermining credibility.

Simulation tools and calibration. For simulation results to be accepted by industry
and regulators, a complete calibration framework is needed[15]. This involves select-
ing appropriate simulation tools and algorithms with controllable errors, validating
accuracy through standardized experiments (such as harness radiation calibration or
standard interference source veri�cation), and de�ning uni�ed evaluation metrics to
quantify deviations between simulations and real measurements. While aerospace
engineering has already begun discussing �simulation-based certi�cation,� similar
initiatives in the automotive sector are only just emerging. Thus, both technically
and organizationally, replacing testing with simulation requires a gradual process of
validation and acceptance.

In summary, using component-based simulation to predict whole-vehicle EMC per-
formance holds great promise[31]. It can help engineers identify potential problems
and optimize designs early in the virtual environment, reducing the number of phys-
ical tests and associated risks. However, fully replacing vehicle-level testing remains
challenging and requires further research and accumulated experience. In the near
term, simulation is better positioned as a complement rather than a substitute: nar-
rowing down problem locations, assisting in design improvements, and ultimately
verifying results with a limited number of vehicle tests. With continuous advances
in simulation methods and computing power, this integrated approach will gradu-
ally shift automotive EMC development from a test-dominated process to one more
reliant on simulation.
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2.6 Future Trends in Automotive EMC Simula-
tion

The research and application of automotive EMC simulation technology are con-
tinuously advancing. From the above overview, it is evident that with the growing
complexity of electronic systems, simulation has become an indispensable tool for
ensuring EMC performance. At present, whether at the level of local PCB traces,
cable connectors, or vehicle-level antenna layouts and system coupling, there are
corresponding simulation methods and case studies available. These technological
developments enable engineers to identify EMC risks earlier and more proactively,
addressing potential issues before bench testing. Numerous studies and practical
applications have already demonstrated the value of simulation in reducing devel-
opment costs and shortening debugging cycles.

2.6.1 Digital Twin and Real-time Simulation

With the development of Internet of Things(IoT) and big data technologies, the
concept of the digital twin for vehicles will expand beyond powertrains and functional
logic to also include EMC characteristics[32]. By integrating a high-�delity EMC
model into the digital twin and continuously updating it with real vehicle test data,
manufacturers will be able to realize real-time monitoring and prediction of EMC
performance. For example, when the con�guration of a vehicle changes�such as the
replacement of an electronic module or modi�cation of a wiring harness�the impact
on EMC can be assessed virtually through the digital twin, allowing appropriate
measures to be taken without requiring complete physical tests. This approach will
greatly improve development e�ciency and may eventually enable simulation results
to be used directly for compliance assessments.

2.6.2 AI-assisted Modeling and Optimization

Arti�cial intelligence(AI) will play an increasingly important role in EMC simulation[33].
On the one hand, machine learning can be applied to quickly establish equivalent
models: by learning from large datasets of simulations and experiments, AI can
automatically extract equivalent electromagnetic characteristics of complex compo-
nents or systems, reducing the need for manual parameter tuning. On the other
hand, AI can also be integrated into design optimization: simulation software can
employ algorithms to automatically adjust factors such as wiring layouts, �lter pa-
rameters, and grounding strategies to achieve optimal EMC performance. Some
studies have already demonstrated AI models capable of simulating the heuristic
rules used by EMC experts, providing targeted recommendations for interference
suppression based on simulation results. This intelligence will enable engineers to
explore the design space more e�ciently, balancing EMC with other design goals
such as weight, cost, and overall performance.
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2.6.3 Broader Spectrum and Multi-�eld Coupling

Future automotive EMC challenges will span an ultra-wide spectrum from kilohertz
to hundreds of gigahertz[34]. For example, wireless charging and power electronics
primarily generate low-frequency high-current interference, while 5G and Vehicle-
to-Everything(V2X) communication introduce electromagnetic environments in the
millimeter-wave band. Simulation tools will therefore need to remain reliable across
wider frequency ranges and support joint simulations of electromagnetic �elds with
other physical domains such as circuits, mechanics, and thermal processes. Further-
more, new interference mechanisms from autonomous driving sensors (radar, lidar,
etc.) and high-voltage powertrains in electric vehicles will require new models and
algorithms. It is foreseeable that EMC simulation software will evolve toward inte-
grated platforms, providing end-to-end solutions from the chip level to the vehicle
level, with the ability to automatically switch between algorithms suited to di�erent
application scenarios in order to balance e�ciency and accuracy.
In short, the development of automotive EMC simulation is driving vehicle EMC
engineering from an experience-driven approach toward a model-driven paradigm.
While complete replacement of physical measurements with simulation will take
time, the role of simulation in the development process will undoubtedly continue
to grow. In the near future, as credibility improves and industry recognition ac-
cumulates, simulation-based compliance certi�cation pilots are expected to emerge.
For OEMs and component suppliers, mastering EMC simulation technology will
become a core competence for enhancing research and development e�ciency and
ensuring EMC compliance of products.
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Methods

3.1 Study Design and Work�ow

This study follows an integrated work�ow (see Fig. 3.1)that combines experimental
EMC testing and numerical simulation in order to evaluate and predict the electro-
magnetic performance of an automotive wiper drive system. The overall objective
is to establish a reliable methodology for correlating component-level results with
vehicle-level behavior. The research process was divided into the following stages:

1. Component-level EMC testing: Testing of the wiper motor and controller
in a SAC, including conducted and radiated emission measurements in accor-
dance with CISPR 25.

2. Numerical model development: Creation of component-level numerical
models in CST Studio Suite. Simulation parameters such as excitation sources
and boundary conditions were re�ned using measured data.

3. Comparison and correlation analysis: Measured and simulated results
were compared using error metrics such as frequency-domain deviations, Root
Mean Square Error(RMSE), and correlation coe�cients.

4. Vehicle-level EMC simulation: Simpli�ed but representative models of the
motor, wiring harnesses, and vehicle body structures were developed. Refer-
ence was made to ECE R10 requirements for geometry and frequency coverage.

5. Iterative re�nement and optimization: Discrepancies between simulation
and measurement were analyzed, and the models were improved accordingly.

Component-level EMC testing in SAC (CISPR 25)

Numerical model development in CST Studio Suite

Comparison and correlation analysis (RMSE, correlation coe�cients)

Vehicle-level EMC simulation (ECE R10 reference)

Iterative re�nement and optimization

Figure 3.1: Work�ow of EMC testing and simulation methodology.
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This staged methodology is designed to progressively bridge the gap between con-
trolled laboratory testing and full-vehicle EMC performance prediction.
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4
Component-level test

4.1 Device Under Test (DUT): Front Wiper Mo-
tor

The device under test (DUT) is a 12 V DC brushed front wiper motor with an
integrated smart driver. Control is via LIN 2.1 in accordance with ISO 17987.
The motor exposes a four-pin connector carrying battery supply, chassis return, a
LIN data line, and a vendor programming pin. In this study, pin 3 (programming)
was intentionally left unconnected. Two operating states were exercised:Mode ON
(electronics enabled, motor not wiping) andHigh Speed(electronics enabled, motor
wiping at the high-speed setting). Fig. 4.1 shows the DUT connector layout and
the functional assignment of the four pins. Table 4.1 elaborates the functions of
connector pins; pin 3 is unused.

Figure 4.1: Connector and functional pins of the front wiper motor.

Table 4.1: Connector pin functions (four-pin interface).

Pin Name Function / Notes

1 Ubat Battery supply (nominal 12 V).
2 GND Chassis return.
3 PROG Programming / special functions; not

connected in this campaign.
4 LIN LIN 2.1 data line (ISO 17987).

Fig. 4.2 shows the circuit connection diagram used to interface the DUT during the
component-level tests.
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Table 4.2: Operating states exercised in component-level tests.

State Motor Notes

Mode ON Not wiping Electronics enabled; H-bridge idle; LIN active.
High Speed Wiping (high) Electronics enabled; high-speed command via LIN.

Figure 4.2: DUT circuit connection.

A dedicated load �xture was designed to ensure repeatability of testing. The wiring
harness was arranged with a standardized spacing of 5 cm above a grounded refer-
ence plane, in compliance with CISPR 25 requirements. This ensured comparability
with supplier data and allowed the results to be used directly as input for simu-
lation modeling. Fig. 4.3 and Fig. 4.4 present the designed load �xture and its
corresponding physical prototype used to ensure repeatable measurements.

Figure 4.3: Load �xture design model. Figure 4.4: Load �xture prototype.
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