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Abstract

Effective management of Electromagnetic Interference (EMI) is crucial in
Electric Vehicle (EV) charging systems, particularly for On-Board Chargers
(OBCs) interfacing with high-voltage lithium-ion (Li-ion) batteries and the grid.
EMI filters play an essential role in suppressing electromagnetic noise generated
by switching-mode power supplies (SMPS). Key components of these filters
include resistors, common mode chokes (CMCs) and film capacitors, which
contribute to achieving low pass filtering behavior. Compliance with original
equipment manufacturer (OEM) standards is of paramount importance, as
striccter OEM requirements often impose more challenging limits than
international norms such as CISPR25 and CISPR16. This necessitates a robust
approach during the design and testing phases, to ensure effective
electromagnetic noise mitigation. This study presents an overview of a typical
OBC structure, detailing the regulations and standards that must be complied
with. The focus then shifts to CMC, where a complex broadband model of this
component has been developed. This model integrates various impedances:

common mode impedance (Zcm), differential mode impedance (Zpwm), inter-



winding impedance (Ziw), and phase impedance (Zpu). Data obtained from
Vector Network Analyzer (VNA) and impedance analyzer measurements enable
a comprehensive evaluation of CMC behavior and their models. The performance
of an HVDC filter designed for a 22kW/800V OBC mounted in a high-end vehicle
is investigated using 3D simulation tools Ansys HFSS. The study emphasizes the
necessity of full 3D simulation over SPICE, proposing a step-by-step approach to
component modeling. Additionally, the influence of the chassis enclosure on
filter performance is highlighted, addressing challenges related to
electromagnetic shielding and thermal management. Ultimately, the study
demonstrates applicability as a predictive tool for engineers, improving high-
quality simulations of EMI filter insertion losses. This research aims to enhance
reliability and performance in EV sub-systems while ensuring compliance with

imposed standards.
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1. Introduction

Electromagnetic compatibility definition

Electromagnetic compatibility (EMC) is a critical field of study and engineering
practice that addresses the interaction of electromagnetic fields with electronic
devices and systems. It encompasses both the emission of EMI from devices and
their immunity to such interference. The term emission refers to the
unintentional radiation or conduction of electromagnetic energy from a device,
addressed as aggressor; such energy emitted by a device can interfere with the
operation of nearby equipment, addressed as victim. Much more the victim is
surrounded by aggressors, higher immunity level is required to guarantee
functionalities. Therefore, with immunity is described the ability of a device to
withstand external electromagnetic interference without significant degradation
of its performance. The role of an EMC engineer is to ensure that electronic
systems can coexist without degradation of performance due to electromagnetic
disturbances. From a design perspective, the EMC engineer faces a scenario
composed by an aggressor, two possible electromagnetic noise propagation

mechanism and a victim, as depicted in Figure 1.
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Radiative coupling

Aggressor ) Victim
AAA
YYY Inductive coupling : : Capacitive coupling

= —

Conductive coupling

Figure 1: Aggressor/victim concept with electromagnetic noise coupling mechanism.

All electronic components are electromagnetic noise emitters and the knowledge
on the physical mechanism behind the generation and propagation of the
electromagnetic noise allows the design of effective countermeasures. Good
design rules ensure that devices function harmoniously within their
electromagnetic environments enhancing safety, reliability, and performance
across various applications. Indeed, in some critical application like aerospace,
medical, automotive... EMC play an important role to ensure minimal reliability
and the safety of end-users. EMI are defined in terms of their propagation
characteristics as common mode (CM) or differential mode (DM). CM EMI
occurs whenever electromagnetic noise appears in phase on all input lines with
respect to earth. Instead, DM EMI occurs when noise appears in opposite phase
with respect to input lines and their returns. As a matter of fact, DM EMI
propagates as a useful signal. Depending on the amount of CM and DM
electromagnetic noise, different strategies can be adopted to mitigate their

effects.
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Problem background

To achieve EMC compliance, regulatory bodies such as the International
Electrotechnical Commission (IEC), the International Organization for
Standardization (ISO), and the Institute of Electrical and Electronics Engineers
(IEEE) establish standards that define permissible emission and immunity levels
for components installed in residential, industrial, and medical environments.
Non-compliance with standards can result in product recalls, legal actions, and
financial losses. Indeed, non-compliant devices could be classified as potentially
harmful for end-users. To be compliant with standards systems should be
accurately designed minimizing the emissions and increasing the immunity
level. To fulfil those requirements, EMI filter design is crucial. EMI filter could
be passive or active and specifically designed against conducted and radiated
emissions at a specific frequency band as well as conducted and radiated

immunity.

Objectives and scope of the thesis

The scope of this thesis is focused on passive EMI filter design from a SPICE to
full 3D simulation, investigating the reason behind the necessities of FEM
solutions applied on OBC. In particular, the objectives of this thesis can be

splitted in two branches.

Scientific objectives: show how to build a SPICE model for Common Mode Choke

(CMC) able to represent the real behavior of the electronic component in a

14



broadband way; showing how the full 3D simulation of a complete EMI filter is

the best solution to represent and predict the CM and DM insertion losses.

Company objectives: optimization of the EMI filter design, building up a reliable

approach to achieve system level compliance.

The study deals with the use of ANSYS platform for 3D simulation and schematic
simulations. Component and filter characterization have been performed
through VNA and LCR meter of a High Voltage DC EMI filter for an 800 V 22
kW OBC. Emphasis is put on dealing with chassis enclosure, necessary for
cooling purposes as well as mechanical stresses, which might alter filter

performances.
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2. Company presentation

This thesis was developed during PhD high apprenticeship period in
collaboration with Meta System. Meta System, founded in Reggio Emilia in 1973,
has emerged as a leader in advanced electronic systems for the automotive
sector. With over 50 years of experience, the company is defined by its
commitment to innovation and technological advancement. Currently, Meta
System holds more than 250 registered patents and employs over 300
professionals in Research and Development, collaborating with some of the
world’s foremost automobile manufacturers. In the automotive sector, E-
Mobility represents a critical paradigm that encompasses the technical aspects
of electric propulsion. The integration of in-vehicle communication, information
technologies, and necessary infrastructure is essential for the optimal
functioning of vehicles and fleets. Electric propulsion technologies, including
hybrid vehicles, plug-in hybrids, and fully electric vehicles, have gained traction
due to several key factors. The significant rise in emissions over recent decades
has created an urgent need for cleaner alternatives. The rising costs associated

with traditional fuel sources are becoming increasingly prohibitive. The finite
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nature of natural fuel resources necessitates a strategic transition toward
sustainable energy solutions. Meta System has been instrumental in advancing
the E-Mobility movement, employing state-of-the-art methodologies to provide
tailored assistance to global Original Equipment Manufacturers (OEMs). A
major focus of Meta System is OBC, with several innovations designed to
enhance electric vehicle (EV) performance: This compact unit, integrated into
EVs, dynamically converting alternating current (AC) from public grids into
variable direct current (DC) to efficiently charge the high voltage battery pack.
Combining the functionalities of the OBC and the DC/DC converter is possible
to enhance performance and efficiency, thereby reducing weight and costs. Meta
System is also a pioneer in the application of advanced semiconductor
technologies, in particular Silicon Carbide (SiC) Technology. Meta System, in
fact, introduced the world's first 22kW SiC OBC. This technology enhances
efficiency and performance compared to traditional silicon devices. As well as
SiC technology, other wide bandgap technologies, like GaN, devices are under
evaluation. Coupled with proprietary magnetic designs, this advancement
positions Meta System at the forefront of technological innovation in E-Mobility.
Safety remains a fundamental component of Meta System's product
development. All offerings comply with rigorous automotive safety
requirements, adhering to high voltage safety standards (ISO17409, ISO6469-3)
and functional safety standards for road vehicles (ISO26262). Additionally, the
Meta System Battery Charger is engineered to ensure the complete separation of
electrical and cooling systems, while maintaining optimal thermal connections

for electrical components. This design approach achieves high power density
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within minimal volume, reinforcing Meta System's commitment to efficiency and

reliability in E-Mobility solutions.
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3. On Board Charger an overview

The OBC s a device integrated inside the vehicle that allows, by connecting to an
alternating current (AC) power supply outlet, to convert energy to direct current
(DC) and perform charging of a high-voltage HVDC battery while the vehicle is
stationary. The OBC can be found in both BEVs (Battery Electric Vehicle - 100%
Full Electric) and PHEVs (Plug-in Hybrid Electric Vehicle). An OBC must meet
mainly two important requirements: high efficiency and scalability. An
important requirement that on-board charging systems must meet is to have
high energy efficiency (usually greater than 94%). The more efficient the
conversion, the less heat is generated in the system, simplifying thermal
management, increasing power density, and reducing the volume and weight of
the solution. To achieve this, liquid cooling is used, which can keep the OBC in
the optimal temperature range and minimize losses, maximizing efficiency.
Another important requirement that any on-board charging system must meet
is scalability, that is, the ability to handle the different power classes and different
types of charging methods found in different countries [1]. The OBC

communicates continuously with the vehicle's Battery Management System
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(BMS) and other Electronic Control Units (ECUs) mounted on the vehicle

through different standards.

OBC architecture

The typical architecture of an OBC can be synthetized as a logic part and a power
part. Furthermore, the power part can be divided into four blocks, as depicted in
Figure 2. Moreover, the image shows an example of a mechanical structure of an
OBC where the HVAC, HVDC and Signal connector are highlighted nevertheless
also the cooling ports.

HOUSING

SIGNAL CONNECTOR

HVAC CONNECTOR

\
. .. COOLING PORT

HVDC CONNECTOR

A~ ~ —~ ~ N
[-) -] ] (-] o

Figure 2: Block scheme of an OBC with main mechanical parts: cooling port, HVAC/HVDC/SIGNAL

connector.

Logic Part

Focusing on an EV, the OBC often serves as the primary interface between the
vehicle and the electrical grid, or in some cases, another vehicle. To ensure
seamless operation, the OBC must manage various communication protocols
through a central system board. In certain applications, communication between
external sources, such as charging stations, and the EV is handled by a dedicated

unit, known as the Electric Vehicle Charge Controller (EVCC). The EVCC
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functions as an intermediary, gathering information from the grid or external
source and relaying it to the relevant ECUs within the EV, but also OBC can
handle it. This enables efficient data exchange across the vehicle's subsystems
during charging or vehicle-to-grid operations. Various communication
standards are employed, depending on the needs of real-time control, data
exchange and diagnostic. From the slowest to the fastest one there are: Local
Interconnect Network (LIN), Controller Area Network (CAN), Flex Ray, Media
Oriented Systems Transport (MOST) and Automotive Ethernet. LIN, operating
at low speeds (20 kbps), is used for non-critical subsystems like climate control
and window regulation. One of the most adopted protocols is the CAN,
supporting robust, real-time data transfer between ECUs at rates higher than 1
Mbps (CAN 2.0) in CAN FD. CAN is extensively adopted due to its high fault
tolerance and suitability for critical operations, as in the OBCs or motor. A faster
protocol up to 10 Mbps is the Flex Ray. Flex Ray is used in systems requiring
precise synchronization and very high fault tolerance, such as advanced driver
assistance. For multimedia and infotainment systems, MOST support high-
speed data transfer (up to 150 Mbps), for advanced audio and video applications.
Automotive Ethernet, thanks to its scalability and low latency, is increasingly
employed for high-bandwidth applications, like autonomous driving and the
infotainment, with data rates up to 1 Gbps. Operating over CAN or Ethernet
networks, diagnostic protocols like Unified Diagnostic Services (UDS) and On-
Board Diagnostics (OBD-II) are suited for vehicle monitoring and maintenance.
Additionally, ISO 15118 facilitates communication between EVs and charging

stations, enabling features like Plug and Charge and Vehicle-to-Grid (V2G),

21



which are essential for smart grid integration. These communication standards
are designed to ensure real-time, reliable, and efficient data exchange across
various subsystems, optimizing performance, safety, and energy management in

electric vehicles.

Four different charging modes are reported by regulation and described in
literature [2], [3], [4], [5], [6]. According to [6], derived from SAE J1772, there
are Mode 1, Mode 2, Mode 3, and Mode 4, [3], [7]. In Mode 1-2-3 EV is connected
directly or through fixed/portable charging stations to the 1-phase/3-phase grid
to provide energy to the OBC, where the power conversion occurs, then to the
battery. Mode 4 instead describes DC charging mode of the EV battery that is
directly provided by the charging station without AC-DC power conversion. In
Mode 2-3-4, safety is ensured by Proxy Pilot (PP) line that is terminated by
vehicle inlet at socket side through a resistor which resistive value specify the
maximum vehicle harness current capability. Signaling among the vehicle
(typically the OBC) and charging station (fixed or portable, AC or DC) are
managed through Control Pilot (CP) line that could work in Pulse Width
Modulation (PWM) or Power Line Communication (PLC). According to Annex A
of [6], CP wire could carry a PWM signal of 1 kHz. The duty cycle of the PWM
signal defines the maximum current to be drawn from the grid. In Table 1 duty

cycle range and corresponding current value are reported.
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Table 1: Control Pilot Duty Cycle value and correspondent maximum charging current according to [6].

Duty Cycle (DC) [%] Maximum Current [A]

DC<3

7<DC<8 Values not allowed
97<DC<100

3<DC<7 IEC 15118/1IEC 61851 allowed
8<DC<10 6

10<DC<85 DC x 0.6

85<DC<96 (DC-64) x 2.5

96<DC<98 8o

Mode 1 may be prohibited in some areas due to safety lacks; on the contrary,
Mode 2 and Mode 3 are extensively adopted. However, Annex 13 and Annex 19
of the regulation do not specify the use of auxiliary equipment (AE), referred to
Electrical Vehicle Supply Equipment (EVSE) as indicated instead in Annex 4 for

radiated narrowband and broadband electromagnetic emission.

From an EMC point of view, increasing the number of communications protocols
means an increasing chance to have electromagnetic emissions nevertheless to
increase the vulnerability of the system in terms of electromagnetic immunity.
Dedicated protection circuitry composed of Common Mode Chokes (CMCs),

capacitors and voltage suppressors (like TVS) are extensively used to limit the
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amount of emission and improve immunity levels. Several standards are applied

to test them, as reported in [8].

High Voltage EMI Filter boards

To be compliant with respect to standards, in the OBC considered, two main filter
parts are designed, one at the HVAC side and one at the HVDC side. Depending
on the volume availability, EMI filters can be placed on a dedicated board or in
the same PCB as for power converter components. Those boards contain all the
electrical components, in order to ensure low electromagnetic emission and high
immunity level for the OBC. Typically, HVAC board present higher complexity
due to the integration of high and low voltage components, like CMC, capacitors,
MOV, relays, voltage detection circuitry... In this thesis passive HVDC filter and

its components are extensively analyzed and described.
Power converter stages

Focusing on power conversion stages, the voltage conversion is managed by two
blocks: Power Factor Correction (PFC) circuit and the resonant converter. The
PFC stage typically adopts a boost converter topology, such as the Totem Pole or
Vienna rectifier, which converts the AC input voltage into a regulated DC voltage.
The specific DC voltage level is determined by the requirements of the high-
voltage (HV) battery in the EV/PHEV. Common HV battery nominal voltages
range from 400 V to 800 V, depending on the traction system of the vehicle.
Thus, the PFC stage serves a dual function: it not only corrects the power factor

to optimize energy efficiency but also boosts and regulates the input AC voltage
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to a stable DC output suitable for the battery. The resonant converter, on the
other hand, is responsible for fine-tuning the OBC’s output voltage according to
the HV battery's specifications, particularly in terms of its current/voltage
profile. Additionally, the resonant converter provides galvanic isolation between
the PFC stage and the battery by means of a transformer, ensuring safety and
preventing direct electrical contact between the AC input and the vehicle’s
electrical system. This isolation is crucial for maintaining safety of power

conversion process in the OBC.

Active Front End

In conventional PFC circuits, the AC input first passes through a diode bridge
rectifier to convert the alternating current (AC) to direct current (DC). However,
the use of diodes in this rectification process introduces significant power losses
due to the forward voltage drop across the diodes, particularly in high-power
applications. The bridgeless PFC topology solves this problem by eliminating the
diode bridge, significantly improving stage efficiency. Instead of relying on
diodes for rectification, the current is controlled by active switching components
such as SiC MOSFETs or GaN FETs, which exhibit much lower conduction losses
compared to conventional diodes,[9]. These active components, exhibiting lower
forward voltage drops, are dynamically switched to perform rectification and
power factor correction. In a PFC the totem-pole topology is commonly
adopted,[10], [11], [12], [13], [14]. During the positive half-cycle of the AC input
waveform, the low-side MOSFET conducts, allowing current to flow from the AC

source to the bus capacitor. Conversely, during the negative half-cycle, the high-
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side MOSFET conducts allowing the current to flow. This alternating switching
ensures that current flows in both directions, providing efficient rectification
without relying on the body diodes of the MOSFETs, thus minimizing losses
associated with diode reverse recovery,[15]. A significant aspect of the totem-
pole bridgeless PFC converter is its operation in continuous conduction mode
(CCM). In CCM, the current through the inductor never falls to zero, ensuring
that energy transfer to the output is continuous,[13]. CCM helps to reduce the
current ripple, improving power quality, and enhances efficiency by reducing the
need for larger filtering components since it reduces EMI. Moreover, it allows
the converter to maintain a high-power factor, usually above 0.9, meaning that
the input current is nearly in phase with the input voltage, which in turn reduces

reactive power consumption and improves the system's energy efficiency,[13].

Whenever target efficiency becomes very high, interleaving technique can be
adopted. The interleaved totem-pole bridgeless PFC converter is an advanced
topology designed to enhance the efficiency and performance of AC/DC power
conversion, particularly in high-power and high-efficiency applications such as
OBCs. This topology addresses the limitations of traditional single stage PFC
circuits by reducing conduction losses, current ripple, improving switching
efficiency, and managing thermal stresses more effectively,[13], [14], [16].
Example of a three-phase totem-pole bridgeless interleaved PFC is reported in

Figure 3.
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Figure 3: Structure of a three-phase Totem-pole bridgeless interleaved PFC

Interleaving involves the use of two or more converter stages operating in
parallel, with each stage operating out of phase with the others. In a typical two-
phase interleaved design, for instance, the switching operations of the two
parallel converters are 180 degrees out of phase. This phase-shifted operation
offers several benefits: the main one is the reduction of input current ripple. In
single-phase PFC designs, the current ripple can be significant, requiring larger
and more expensive filtering components to smooth the waveform. However, by
interleaving the phases, the ripple currents generated by the individual
converters cancel each other out to some extent, resulting in a much lower overall
ripple. This reduces the size and cost of the input filter and enhances the overall
power quality by lowering harmonic distortion. Reduced current ripple also

improves the system's efficiency, as less energy is dissipated.

Beyond ripple reduction, interleaving provides critical thermal management

benefits distributing power across multiple converter stages. This reduces the
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thermal stress on individual components. This design allows for more compact,
high-density power supplies, as thermal stress is better distributed, which helps
in meeting the increasing demand for high power density. The parallel operation
of interleaved phases further enables better performance under varying load
conditions by sharing the workload, which also enhances the reliability and life

of the components.

Resonant converter stage (LLC resonant converter)

An LLC resonant converter is a type of soft-switching DC-DC converter that
utilizes a resonant tank composed of an inductor and capacitor to achieve high
efficiency, particularly under varying load and input conditions. The LLC
resonant converter is widely used in applications requiring high efficiency, high
power density, and low EMI, such as in power supplies for servers,
telecommunications, and industrial equipment,[17], [18]. The LLC resonant
converter operates based on the principle of resonance between inductive and
capacitive components, which allows it to switch by achieving zero-voltage
switching (ZVS) turn-on and zero-current switching (ZCS) turn-off. This reduces
switching losses in the power semiconductors and allows for higher-frequency
operation, leading to smaller passive components helping in improve power
density. At its core, the LLC resonant converter topology consists of five main
components: a half-bridge or full bridge switching network, a resonant tank, a
transformer, a rectifier and the output capacitor. An example of an LLC converter

is shown in Figure 4, from [19].
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Figure 4: LLC resonant converter circuit,[19]

The resonant tank includes two inductors and one capacitor: one of the inductors
is the transformer's magnetizing inductance, while the other is typically an
external series inductor. The transformer guarantees the galvanic isolation
between the input part to the output part of the converter, moreover its turn ratio
defines the maximum and minimum voltage that the resonant convert can
manage. The operation of the LLC resonant converter begins with the switching
network, where power MOSFETs (or IGBTs) in a half-bridge or full-bridge
configuration are switched at a variable frequency in order to convert DC to AC
exciting the resonant tank. Variable frequency allows to manage a wide operating
voltage range with high efficiency. Switching frequency is crucial in controlling
the operation of the resonant converter and depending on its value the LLC
converter can operate in different regions of resonance, to achieve various modes
of operation. As depicted in Figure 5, the resonant converter could work at
resonance frequency fz, above and below it exploiting inductive (fs,, > fz) or

capacitive region (fsy < fr)-
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Figure 5: Operative region of LLC resonant converter,[19]
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ZVS is achieved only in the inductive region and is preferred to avoid hard

switching commutation of the body diode when the other MOSFET in the bridge

turns on, reducing voltage spikes (so the EMI noise emitted by the converter)

nevertheless reducing overall losses. At the resonance, the tank exhibits lowest

impedance: this leads to the lowest losses since the energy is balanced between

capacitive and inductive components, the converter operates at its nominal input

and output voltage. When the converter operates, instead, above resonance or

below resonance, it works as a buck and a boost converter respectively.
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Power converter stages: an EMI perspective

EMI presents a critical challenge in power electronics, particularly in Power
Factor Correction (PFC) converters and LLC resonant converters, both of which
are extensively used in modern power conversion systems. These converters are
designed to operate at high switching frequencies, managing significant amounts
of power. While these high frequency switching operations improve power
density and efficiency, they simultaneously introduce unwanted electromagnetic
noise that can degrade system performance, violate standards, and interfere with
nearby electronic devices. Understanding the sources, mechanisms, and
characteristics of EMI in both PFC and LLC converters is essential for effective

suppression techniques ensuring reliable system performance.
EMI in PFC

Power Factor Correction (PFC) circuits are crucial to obtain high efficiency of
power systems by ensuring that the current drawn from the AC mains is in phase
with the voltage. This is achieved by reshaping the input current waveform,
minimizing low order harmonics content, and improving the power factor.
However, the switching behavior in PFC converters introduces EMI due to the
nature of high-frequency switching, which results in rapid changes in current
and voltage. These changes, combined with non-idealities such as parasitic
inductance and capacitance in the circuit, generate both DM and CM
electromagnetic noise. In a boost-type PFC converter operating in Continuous

Conduction Mode (CCM), a semiconductor switch turns on and off at high
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frequencies, typically between 20 kHz and 150 kHz. These rapid di/dt (current
change) transitions generate high-frequency current ripples, which manifest as
EMI across the input lines which is mainly DM one, [20], [21], [22]. In Figure 6
L1, L2, L3 and N current waveforms collected from a 22 kW OBC with a Totem-

pole bridgeless PFC converter are shown.
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Figure 6: Typical current waveform of a three-phase with neutral Totem-pole bridgeless PFC converter

In addition to DM noise, CM EMI is also present in PFC converters. This form of
electromagnetic noise is often generated by high-speed switching transients at
the switching node, where rapid dv/dt (voltage change) transitions occur. These
high-voltage spikes are coupled to the ground through parasitic capacitances
between the switching node and the chassis or ground plane, creating a common-
mode current,[23], [24]. Parasitic capacitance value depends heavily on the
surrounding system and is also strictly correlated to MOSFET cooling
technology. Indeed, if the MOSFET is dissipated through an Insulated Metal
Substrate (IMS) or through a dedicated Thermal Interface Material (TIM), both
of them in contact to cooling system, the total parasitic capacitance to ground

change according to the dielectric permittivity of the interface in between the two
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conductive parts reaching hundreds of pF. In Figure 7, electromagnetic noise
collected at L1 has been numerically decomposed in CM and DM showing how,
for the PFC, DM electromagnetic noise is predominant at lower frequencies

reaching values above 140 dBuV.
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Figure 7: Electromagnetic noise collected from the LISN at L1 numerically splitted in CM and DM

contribution

Also, reverse recovery behavior of diodes used in the PFC converter’s rectification
stage can also contribute to EMI. During switching transitions, particularly when
the diodes switch off, the charge stored in the diodes causes a reverse recovery
current. This reverse recovery current introduces sharp transients, increasing the

generation of high-frequency electromagnetic noise.

EMI in LLC Resonant Converters

As reported before, LLC achieve soft-switching, which reduces switching losses
and electromagnetic emission compared to hard-switching topologies. LLC
converters typically operate at higher frequencies, often in the range of hundreds
of kilohertz, and they achieve zero-voltage switching (ZVS) or zero-current

switching (ZCS), particularly at or near the resonant frequency. This leads to a

33



reduced EMI generation whenever the soft-switching behavior is achieved but is
not completely quiet. As for all the power converters, EMI in LLC converters
primarily arises from dV/dt transition that excites the non-linearities of the
system, depending again on parasitic elements in the circuit and on the high-
frequency oscillations within the resonant tank. This high-frequency
electromagnetic noise contributes to both DM and CM EMI, although DM noise
tends to be less severe compared to the noise emitted by PFC stage. Since the
EMI noise is prevalently common mode, it propagates throughout parasitic both
at the input and output side of the converter. The electromagnetic noise resulting
from high switching frequency of the primary side can capacitively couple to the
secondary side through the parasitic capacitances between the transformer’s
windings [25], [26], [27], [28]. The magnitude of the EMI propagated by the
transformer increases with switching frequency and is boosted by the parasitic
capacitances. Additionally, rectifier stages in LLC converters can also generate
significant EMI, particularly if fast-recovery diodes or synchronous rectifiers are
employed. As reported previously, fast recovery diodes, which are often used for
their efficiency in high-frequency converters, exhibit a sharp reverse recovery
current when switching off, causing high-frequency oscillations. These
oscillations are a source of both DM and CM electromagnetic noise, which can
propagate through the converter and into the surrounding environment.
Synchronous rectification, while more efficient than diode-based rectification,
introduces its own switching electromagnetic noise due to the fast transitions in

MOSFETs used for synchronous rectification.
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EMI Mitigation Techniques

Mitigating EMI in PFC and LLC converters requires a combination of circuit
design, filtering, layout optimization and control strategies leading on a strict
collaboration between different departments (Power dept., Mechanical dept.,
PCB dept. and FW dept.) in order to fulfil all different requirements.

Primally, the best control strategy and electromagnetic noise mitigation
techniques must be adopted. Acting at FW level is the most flexible and cost
impacting solution to reduce the electromagnetic noise emitted by the device.
Techniques like spread spectrum modulation are effective in terms of EMI noise
reduction. This technique aims to distribute the electromagnetic noise applying
a variable switching frequency to converter stages like PFC. Varying the
frequency the harmonic content spreads on a bandwidth, that depends on the
frequency span adopted, thus reducing the amplitude of the electromagnetic
noise. Several different modulating waveforms can be adopted like sinusoidal,
triangular, Hershey-Kiss and pseudorandom. Adopting pseudorandom
sequences is possible to obtain the lower EMI but at cost of high computational
complexity that is not always available. The best compromise in terms of
complexity and effectiveness is the usage of triangular waveform that can helps
to achieve from 10 to 12 dB of reduction of the electromagnetic noise, depending
on adopted modulation index [29], [30], [31].

Whenever FW countermeasures are adopted, electromagnetic noise usually
persists at an unacceptable level. This is the main reason why the use of EMI

filters is mandatory. EMI filter is designed to tremendously reduce the
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electromagnetic noise exploiting low-pass filter topologies. Both DM and CM
filters are employed to attenuate high-frequency electromagnetic noise before it
can propagate through the power lines. These filters typically consist of passive
components such as resistors, inductors and capacitors. EMI Filter can also be
active. In these years several active EMI filter solutions has been studied and
analyzed, [32], [33], [34], [35], [36], [37], [38],[39] and some solutions to
mitigate CM electromagnetic noise are available on the market [40]. Snubber
circuits are another technique commonly used to reduce high-frequency
oscillations and voltage spikes caused by parasitic inductances and capacitances
close to power stages. Snubbers, typically consisting of a series of resistors and
capacitors, are placed across switching devices to dampen ringing and reduce the
amplitude of high-frequency transients. Minimizing parasitic inductances and
capacitances in the circuit, particularly at the switching nodes, reduces the
generation of electromagnetic noise. Indeed, whenever proper layout is no more
effective to limit the parasitic inductance, ringing appears, due to the interaction
between inductance and parasitic capacitance of the MOSFETs, and dampening
technique become crucial to manage it [41], [42], [43],[44], [45], [46].

Shielding, especially around component like power inductor, transformers and
other high-frequency components, can prevent radiated EMI from interfering
with nearby systems or components, filters included,[25], [28], [47], [48], [49],
[50], [51]. An example of an application of a shielding technique against
uncontrolled electromagnetic coupling due to high power density is described in
[52]. In [52] to reach compliance, in terms of conducted emission on the main

lines, a particular shield composed by stainless steel and a nickel coating has

36



been placed to reduce the coupling between a LV board and power stages. In the
last section of this thesis, more results on the case studied by Camarda et. Al. are
reported, showing how to reduce the electromagnetic noise collected at the main

lines studying its coupling path.
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4. EMI compliance of an OBC

In the automotive field, EMC plays a key role in terms of safety and reliability,
being a blocking point for the release of the Type Approval (TA). TA is a critical
step in the automotive manufacturing process, ensuring that vehicles (or
component) meet necessary safety, environmental, and performance standards
before they reach end-users. TA is typically mandated by regulatory bodies or
government authorities and can differs by country or regions. For EMC
compliance, several tests must be performed according to regulations and
technical standards characterizing the behavior in terms of emission and
immunity. Nevertheless, car maker typically asks to their supplier to satisfy
customized requirements based on technical standards. With the transition from
combustion engine to electric one, aimed supporting the green transition,
Electric Vehicles (EV) represent some of the most complex systems to manage
EMI. Various electronic components, including the Engine Control Unit (ECU),
Battery Management System, radio and OBC, must operate in harmony to ensure

the proper functioning of the vehicle. In [2], the OBC shall pass up to ten different
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tests divided into immunity related tests and emission related tests to obtain the

TA.

UNECE R10 Revision 6

One of the harmonized standards for automotive sector is the United Nations
Economic Commission for Europe (UNECE) R10 Revision 6. Revision 6,
published by United Nations Economic Commission for Europe (UNECE) is a
regulation for automotive industry that address EMC issues in motor vehicles,
divided into seven different classes (L, M, N, O, T, R, S) that includes also EV.
The regulation is part of a series of regulations that harmonize vehicle standards
across different countries and regions. Its purpose is to ensure safety and
reliability of vehicles, testing the conducted and radiated emissions of all
electronic and electrical equipment nevertheless the conducted and radiated
immunity to different disturbances that could cause harmful situation for road
users (passengers, pedestrians, other vehicles, ...). Test methods and pass/fail
criteria at which EV and Electrical Sub-Assemblies (ESA), like OBC, must comply
are described from Annex 4 to Annex 22. Main goal of carmaker and their
Original Equipment Manufacturers (OEMs) is to guarantee compliance with
respect to all regulation parts, obtaining vehicle or ESA TA. All the tests regard
EV and ESA in configuration “REESS charging mode couple to the power grid”,
the normal charging mode operation. The acronym REESS stands for

REchargeable Energy Storage System and refers to the powertrain part of the EV,

[2].
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The test that must be comply with to obtain the TA are summarized in Table 2.

Table 2: Summary of the applicable test divided into immunity and emission test according to [2].

Immunity Tests

Emission Tests

Immunity against Transient

disturbances (Annex 10)

Immunity against Electromagnetic

Radiation (Annex 9)

Immunity against Electrical Fast

Transient/Burst events (Annex 21)

Immunity against Surge events (Annex

22)

Broadband Radiated Emission

(Annex 7)

Narrowband Radiated Emission

(Annex 8)

Conducted Emission on AC or DC

power lines (Annex 19)

Conducted Emission on network
and telecommunication access

(Annex 20)

Transient Emission (Annex 10)

Harmonic Emission (Annex 17)

Voltage Changes, Voltage
fluctuations and Flicker Emission

(Annex 18)
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Customer compliance

To be compliant at vehicle level, carmakers ask suppliers to fulfil customized
requirements based on technical standards. Those requirements change from
carmaker to carmaker, depending on type of vehicle and collecting past issues
experienced by engineers (that creates constraints in the design and the severity
of the test) and the type of units that shall be integrated into vehicles. Moreover,
requirements reported by carmakers are typically more stringent with respect to
legal ones. The idea behind this request is simple: if a system shall be integrated
into a more complex system, it is better to have most stringent requirements to
easily reach system type approval. This is especially true for OBCs that are the
first interface between the vehicle and grid, vehicle, loads, .... OBCs are mostly
critical in terms of conducted emissions and radiated emissions due to their high-
power density. An example of customized requirement base on CISPR 25 classes

is reported in Figure 8.
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Figure 8: Example of customized limits applied on HV lines. For each band diffrent CISPR25 class are

applied from 150 kHz to 108 MHz.
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Conducted Emission characterization of an On-

Board Charger

From a conducted emission point of view an OBC can be represented as a 3-port
system composed of a low voltage part, high voltage DC part and high voltage AC
part. Focusing on the content of this thesis, conducted emission on HVDC lines
are considered. Customer requirements regarding emission on HVDC lines are

based on CISPR25 standard.

Measuring set-up for Conducted Emission on HV lines:

CISPR overview

The Comité International Spécial des Perturbations Radioélectriques (CISPR), is
a part of the International Electrotechnical Commission (IEC) and is responsible
for developing international standards to control and measure radio frequency
interference (RFI). CISPR ensures electromagnetic compatibility (EMC) of
electrical and electronic equipment. The organization plays a crucial role in
maintaining the reliability and functionality of devices in environments where
electromagnetic interference is a concern. CISPR is structured into seven
subcommittees, each focused on specific aspects of electromagnetic interference
and immunity. The first subcommittee is concerned with the protection of radio
reception from interference caused by electrical and electronic devices operating
in the frequency range of 9 kHz to 400 GHz. Its primary goal is to ensure that

devices do not interfere with radio communication in their surrounding
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environment. Another subcommittee focuses on the development of
measurement instrumentation, facilities, methods, and analysis techniques to
ensure the accuracy of EMI assessments. Another subcommittee establishes
limits for radio disturbances emitted by electrical and electronic systems to
protect communication systems and ensure electromagnetic compatibility.
Additionally, CISPR addresses the immunity of electrical appliances, multimedia
equipment, information technology devices, and broadcasting systems from
external electromagnetic interference. This guarantees the reliable operation of
such systems despite the presence of electromagnetic disturbances. CISPR
collaborates with other IEC technical committees to apply standardized methods
for immunity measurement and set appropriate test levels in product standards.
Furthermore, it works jointly with other IEC and ISO committees to ensure that
the EMC requirements in their respective standards align with those established
by CISPR. CISPR also considers the impact of safety on disturbance suppression
and the immunity of electrical equipment. This ensures that safety issues are
integrated with the electromagnetic compatibility requirements of devices.
CISPR includes not only Participating National Committees of the IEC, but also
several international organizations such as the International Council on Large
Electric Systems (CIGRE), the European Broadcasting Union (EBU), the
European Telecommunications Standards Institute (ETSI), the International
Amateur Radio Union (IARU), and the International Telecommunication
Union's Radiocommunication (ITU-R) and Telecommunication Standardization

(ITU-T) sectors.
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CISPR 25 is particularly relevant to this thesis. CISPR 25 defines limits and
measurement methods for radio disturbances in automotive environments,
ensuring that vehicles onboard and external systems are protected from
electromagnetic interference caused by electronic components within the
vehicle. In the latest release of the CISPR25 Plug-in electric vehicle and electric
vehicle are explicitly reported as device under test as well as their single units.
Several test set-ups are reported to evaluate conducted and radiated emissions
that are divided into several sub bands from 0.15 kHz up to 6 GHz. Limits are
also reported in five different classes; Class 5 is the less restrictive one up to Class
1 that is more restrictive (in some bands the difference between limits could
reach 40 dBuV). CISPR25 proposes test methods and requirements for LV
components as well as HV components and depending on the nature of the
system different annexes focus on each case. Annex H describes test set-up,
methods and limits for components/modules used in PHEV and BEV such as
inverters, OBCs, DC/DC converters, electrical heaters, and high voltage battery
that presents both LV and HV connection. In particular, the Annex explicit its
application on components with shielding HV cables. Conducted
electromagnetic noise can be measured with two equivalent methods, current
and voltage method, depending on the applied method different limits are
applied. In voltage method, the electromagnetic noise is collected through
dedicated line impedance stabilization network (LISN) that decouples the
electromagnetic noise with respect to supplies voltage. In the case of current
method, the electromagnetic noise is instead collected through a current probe

placed at a specific distance with respect to the device under test, but the line
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must be stabilized through the LISN as for the voltage method. LISNs are passive
circuits composed by inductors, capacitors and resistors which values are
different depending on the line that must be measured. Example of CISPR25
LISN for HV lines are reported in Figure 9 were also the equivalent impedance is
shown. Thanks to the LISN, the electromagnetic noise can be collected in a

reliable way, ensuring that the DUT is completely decouple with respect to the

load.
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Figure 9: Electric scheme and impedance of CISPR25 HV LISNs, [53].
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The set-up proposed by CISPR 25 used to characterize an EV component is

reported in Figure 10.
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Figure 10: Conducted Emission Set-up for HV lines, proposed by [53].
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5. EMI Filter design

Characterization method for passive component

High quality EMI filter modelling requires accurate measures. A correct measure
of the impedances of resistors, capacitors and CMCs facilitate understanding
their performance evaluation and behavioral modeling, contributing to accurate
EMI filter design and optimization. Whenever RF components are taken into
consideration, the main useful instrument to obtain frequency dependent
information is the Vector Network Analyzer (VNA). Despite low frequency
behavior, where in principle impedance can be evaluated applying a sinusoidal
excitation and calculating its value as ratio between the voltage and the current,
at high frequencies passive components stops to behave as lumped elements
becoming distributed elements. VNA allows the extraction of the scattering
parameters, necessary to represent accurately the high frequency behavior of a

system.
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The simplest VNA presents two ports at which the component could be attached

to extract four S-parameters: two reflection factors and two transmission factors.

In Figure 11, is reported the analogy of the S-parameter with light, [54].

S21
Input port Output port
Incident Transmitted
Port 1 (Z0) ~ Port 2 (20)
Reflected / \ Reflected
S11 S22
DUT
Z<>20
- S12 . .
Reflected - Incident Transmitted - Incident
S11, 822 S21, 812
Return Loss Insertion Loss
Reflection Coefficient Transmission Coefficient
Impedance, Admittance Insertion Phase
VSWR Group Delay

Figure 11: Light wave analogy for S-parameter,[54].

The resulting scattering parameters can be arranged in the matrix format as

reported:

S S
s = ( 11 12)
S21 S22
by Vi
S — f—
H a; V1+
b, V5
Siz=—=7=
a; 1
by Vi
S — J—
21 a, Vz+
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b, _Vz

Sp2 = — =%
a, V}

Where S11 is the input port voltage reflection coefficient, S12 is the reverse
voltage gain, S21 is the forward voltage gain and S22 is the output port voltage

reflection coefficient.

S-parameters provide a complete insight into the linear behavior of RF
components. Since high frequency measures are performed, accurate set-up,
measuring technique and calibration must be considered in order to minimize as
much as possible systematic errors. The impact of the test port cable on the
incident and reflected wave are reported in the following equations, where

emphasized the resulting delay effects on the incident wave.
a; = e /2 q
hb=e" Jj2nft bi

Moreover, test cables present losses that in some cases can be reasonably
neglected, especially when the length is short (e.g. 10 cm) and the frequency
range is limited. Thus, S-parameters are an extremely accurate representation of
the linear behavior of the component under test, describing how it behaves and
how it could interact with other devices when it is embedded in a system. The
obtained S-parameters are arranged in the so-called Touchstone file [55] that can
be imported inside EDA to simulate complex systems. Nowadays VNA can
directly calculate Z and Y matrices by exporting them as well as S-parameter as

Touchstone files.
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About passive component characterization, several methods are extensively

reported in literature exploring the analysis of the parasitic introduced by

measuring harnesses and how to overcome them through calibration, [56], [57].

In fact, the main question that arises whenever a component is characterized in

RF falls on the reliability of the measurand. 2-port shunt-through and series

connections are the most used providing, in a few seconds, touchstone file of the

two-port network. Despite capacitors, inductors and resistors, CMCs are

characterized in terms of several different impedances and present at least four

ports. Typically, CMC are characterized in terms of mixed-mode S-parameters

that takes into account the DM and the CM contributions when excited with CM

or DM stimulus. In the Table 3 is reported the 4-port mixed-mode S-parameters.

Table 3: Mixed-mode S-parameters matrix composition and meaning for 4-port system.

Stimulus
Differential
Common Mode
Mode
Port1 | Port2 | Port1 | Port2
Differential | £0Tt1 | Sppi1 | Sppir | Spcir | Spciz
Mode
Port2 | Sppy; | Sppaz Spe21 Spc22
Response
Common | £OTt1 | Scpir | Scpiz Sceit Scciz
Mode
Port2 | Scpyy Sceaz Sce2z2 Sce2z2
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This leads to a dedicated arrangement of the input or output pin of the
component to evaluate such values. In the Figure 12 it is reported the connection
of a single-phase CMC useful to determine four different impedances: inter-
winding impedance, DM impedance, CM impedance and phase impedance

through single-port measurement.

D
L
N

%
%

Figure 12: How to measure a) Interwinding Impedance, b) DM Impedance, ¢c) Common Mode Impedance

and d) Phase Impedance.

In high voltage applications, due to the bulky nature of the CMC, is easy to
introduce unwanted parasitic trying to characterize it; however, thanks to the
high order of magnitude of the impedance parasitic that are not properly
cancelled out during calibration/de-embedding phase doesn’t have appreciable

effects for most of the measurand.

As well as components, also EMI filters can be characterized through VNA.

Figure of merit for EMI filters is the so-called insertion loss, which is evaluated
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in terms of DM and common mode insertion loss, defined as the reciprocal of the

magnitude of the S21 parameter, so

IL == 10 loglo == _20 l0g10|521| [dB]

2
521

Evaluation of the DM insertion loss is typically done using an isolation
transformer capable to inject pure DM signal. However, transformer parasitic

affects the useful measurement bandwidth, reducing it.
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State of the art of EMI filter

Whenever electromagnetic noise mitigation techniques are applied and still at an
unacceptable level, proper EMI filters must be implemented to reach
compliance. Depending on the application, EMI filters could be fully passive or
also active and their topologies depend on several factors. As a prior step, EMI
filters shall be designed according to the amount of electromagnetic noise that
shall be managed. Indeed, since the EMI noise can be evaluated in terms of CM
and DM noise, their amplitude and frequency will determine the insertion loss
and the cut-off frequency that the filter must exhibit to manage both.
Discrimination of CM and DM noise amplitude can be reached in different ways.
Several electromagnetic noise splitters are available on the market or developed
by researcher and the most advanced one apply modal analysis integrating LISN
and EMI receiver [58]. After that, the topology must be evaluated in terms of the
input and output impedance seen by the filter itself. Indeed, according to the
nature of those impedances, high or low, the filter must ensure maximum
impedance mismatch to reject the electromagnetic noise without instead
propagating it. The rule of thumb of filter design, is resumed in Figure 13. For
example, whenever the input and output impedance seen by the filter is low
(capacitive), the impedance that the filter must exhibit must be high, to ensure

maximum mismatch (inductive), and vice-versa.
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Z,= high impedance C-filter Z,= high impedance

)

Source Load

Z,= high impedance CL-filter

Source Load

Zy= high impedance JT-filter

Source Load

Z,= low impedance L-filter Zy= low impedance
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Z; = low impedance T-filter
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Figure 13: Basic filter configurations (C-filter; L-filter; CL-filter; LC-filter; n-filter; T-filter),[59].

In Figure 13, the main passive filter topologies are also reported, showing which

topology can be adopted depending on the load and source impedances and on

which attenuation is necessary (from 20 dB/dec. to 60 dB/dec.). Load and source

impedances that can be extracted as shown in [59], [60], [61], [62], [63]. Design

passive filters could be challenging. Depending on the application and besides

impedances of the system, several constraints must be considered. Firstly, in

high power applications, bulky components are necessary to manage the high

amount of current, leading on a compromise and a challenge to ensure high

power density and low EMI. Moreover, the performance of the filter decreases at
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high frequency, due to parasitic of the passive components. Depending on the
nature of the electromagnetic noise, high attenuation level is necessary. Since
parasitic components detrimentally reduce filter attenuation at high frequency,
components with lower parasitic can be used, thus affecting the overall cost of
the system. In addition, component choice is limited by several constraints. As
an example, total Y capacitors value is limited by touch current [64] values which
increase as the total capacitance to ground increases. Thus, if high CM
electromagnetic noise rejection is needed, large CMC are mandatory to achieve
this performance. Additionally, depending on the requirements, different safety
class of capacitor are available,[65]. Indeed, an EMI filter applied on AC or
HVDC side must comply with safety requirements. As a result, a heavy and bulky
filter is designed. As mentioned before, active EMI filters can be used in order to
manage the EMI. Active components and networks can be designed to reduce
EMI, sensing the CM and DM disturbances and injecting opposite signal
providing active electromagnetic noise cancellation. This solution allows to
reduce magnetic components size and number of filter component in general,
thus reducing the overall volume occupancy of the filter [37], [39], [40].
However, several disadvantages are present. Firstly, the complexity of the system
increases due to an increased amount of component; secondary, integrated
solutions available on the market for automotive application are few and
nowadays can only bring CM EMI filtering [39], [40]. Since in automotive field
components must be properly qualified, AECQ mark, and integrated solutions
are not fully available on the market; therefore, passive EMI filtering is nowadays

the most adopted one. Indeed, using passive components is still a robust
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solution, improving reliability of the system. Filters must also be robust enough

against events that could destroy the components, like surges.

SPICE filter simulation of passive EMI filters

The simplest way to simulate an EMI filter is through SPICE models. For a
passive EMI filter, three main components are present: capacitor, resistor and
inductor. Frequency dependent models of components like resistor and capacitor
are simple and extensively studied; describing how they are extracted is not one
of the aims of this thesis. Thanks to simple geometry and approximations, both
capacitors and resistors can be modelled as an RLC circuit, fitting well real
impedance performances. In passive topologies, inductive components are
typically Common Mode Choke (CMC), preferred to their advantages in terms of
electromagnetic noise rejection. A CMC is an electromagnetic component used
to suppress EMI by filtering CM and DM electromagnetic noise in electrical
circuits. It consists of a core with two or more windings wrapped around it in the
same direction. Depending on the application, the core could be constituted by a
ferrite material or a nanocrystalline one, exhibiting very high magnetic
permeability values and saturation characteristics. From a theoretical point of
view when CM electromagnetic noise currents, which are in phase and identical
in magnitude, flow through the windings, they produce magnetic flux inside the
core that sum up with each other, generating high impedance and effectively
dissipating electromagnetic noise. Instead, the CMC allows DM signals to pass

exhibiting a very low impedance. Indeed, DM currents, which are equal in
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magnitude but flow in opposite directions, produce magnetic flux inside the core
that cancel each other. This concept is shown in Figure 14. In practice, the CMC
exhibit a leakage inductance that helps to counteract DM electromagnetic noise,
relies on a double benefit from the usage of this component. As a result, the CMC
can be used to design filters able to manage both CM and DM electromagnetic

noise, reducing the number of components and the total costs of the system.

‘ DcMm

Icm

— Icm

—» —p

Iom ®pMm —
Ipm
| PaY

| FY —

— PrE—

«— Iom

Ipm

Figure 14: CM and DM current path and injected magnetic flux inside the core of a 2-wire CMC

CMC are widely utilized in applications such as power supplies, data
transmission lines, electric vehicles, and audio systems to reduce EMI, ensure
compliance. In electric vehicles, for example, CMCs play a critical role in filtering
electromagnetic noise from power electronics components like inverters, BMSs,

and OBCs.

In the next subsections, a novel SPICE model of a CMC used inside the HVDC
filter of a 22 kW OBC are presented, showing the complexity of the models and

how reliable is. The model was developed in collaboration with ANSYS and

57



presented during the IEEE International Symposium on Electromagnetic

Compatibility, [66].

SPICE models of Common Mode Choke

As described before, CMC EMI performance is generally described by two main
parameters: Zpm and Zcm throughout which manage both CM and DM
electromagnetic noise. Both impedances depend on the geometry of the system,
nevertheless the number of wires and the magnetic properties of the core. Several
models, geometry dependent, can be developed, to represent the Zpy and Zcw.
Most of them assume the CMC as a symmetric structure. Thanks to symmetry
approximation, the estimation of a parameter such as stray capacitance becomes
easier. From the estimation of the parasitic it is possible to build up a SPICE
model able to represent the CMC in a broadband way. Those models should
consider as much as possible all component characteristics and possible side
effects caused, for example, by chassis, thermal interface materials, etc. On the

other hand, the model must be simple and user-friendly.

In literature most of the proposed models present lack in terms of impedances
representation and few degrees of freedom. Kovacic et. Al, present an analytical
broadband model of a CMC for mono-phase and three-phase applications able
to extract the CM impedance starting from complex magnetic permeability
information [67]. The proposed model considers each turn-to-turn and turn-to-
core parasitic capacitance, each self and mutual inductance between turns

showing good matching between model and measures up to 30 MHz. As stated
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by Kovacic et. Al, this approach allows to manage each single parameter and can
be useful if a fine tuning occurs but lacks due to the necessity of complex
magnetic permeability up to hundreds of MHz. Additionally, only CM impedance
is evaluated: no additional information on other impedances has been provided.
In [68] and [69], a complete model of CMC is reported where not only Zcy and
Zpm has been considered, but also Ziw and Zpn. Besides the rigorous approach,
the circuit model is not clearly described and presents an important issue: when
CM impedance is evaluated, the Zpy effects are not considered which sum-up
with Zcwm affecting its estimation. Also, in [68] equivalent model of CMC applied
on an EMI filter is proposed but the validity of the model is limited to 30 MHz.
In [70], a behavioral model of CMC has been addresses through impedance
fitting. Besides good matching from 100 Hz to 100 MHz, the model presents a
cascade of a CM and DM stage which one is furthermore divided in cascaded

impedance blocks detrimentally increasing the complexity of the model.

In this thesis a broadband circuit model, validated up to 200 MHz, of a CMC
useful at project early-stages is presented. A CMC used inside the output filter
for an OBC with 22kW of maximum output power at 800V on battery side has
been considered. To model the CMC correctly, it is necessary the knowledge of
some parameters like Zcy, Zpm, Ziw and Zpy to build up the model. In Figure 15,

those impedances are represented.
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Figure 15: VNA measured values of Interwinding Impedance, Differential Mode Impedance, Common

Mode Impedance and Phase Impedance according to the schemes reported in Figure 12.

Since Zpm can be easily represented by an RLC equivalent circuit, for Zmw the
admittance circle method is suitable thanks to its similar behavior of a quartz
crystal. In this way Ziw can be represented as a Butterworth — Van Dyke (BVD)

network like the one showed in Figure 16, where the resistive and inductive

component has been splitted for symmetry purposes.

Wy Wy

Rg/2
s Cwi Lg/2

Lg/2

Figure 16: Resulting Butterworth - Van Dyke network to represent Interwinding Impedance, resistive and

inductive parts are splitted to have a symmetric structure,[66].

Capacitive part of BVD network can be extracted from the Zmw as
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1
Co=—
P 2nf - Ziy

In this case C,q = 6.88 [pF]; according to the method the network presents a
series and a parallel resonance that occurs at fg=72.2[MHz] and f, =
96.9 [MHz] frequencies respectively. Knowing the frequency values, it is possible

to extract C,,; and C,,, as

s
Cor ==+ C
w fpz par

Cw2 = Cpar — Cw1
: c o .
Since C,,; = % , the circuit can be seen as fully symmetric.

The resistive part can be extracted as follows:

1

R = Y ()

where f, is the frequency where arctan{phaselY;;,(f)]} = 0, obtaining R, =

110 [Q].
The inductive part can be extracted from the resonant frequency of LC tank

1
L. = —
s (an:s)zcwl

obtaining L, = 1.5 [uH].
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Once obtained all the values, a series-to-parallel conversion of the RL tank has
been applied since it helps to build the overall model, reported in Figure 17:
Equivalent circuit for the extraction of the Common Mode Impedance of the
CMC without and with DM residual impedance compensation network. When
the CMC is connected in CM the Zpy must be compensated otherwise would
contribute to Zcy value; indeed, a residual Lpy/4 inductance still in series with
the CM impedance affecting its value. Adding an RL network composed by
negative values, as shown in Figure 17, allows to cancel out the residual Zpm when
the ports are shorted in CM. As reported in Figure 18, the impact of the residual
Zpm is compared with the measure and the resulting Zcy, obtained with
compensation circuit. The Zpwm residual affects the Zcwm at high frequency, from

20 MHz above.
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Figure 17: Equivalent circuit for the extraction of the Common Mode Impedance of the CMC without and

with DM residual impedance compensation network.
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Figure 18: CM Impedance, Zcm, comparison between VNA measure and the uncompensated and

compensated network.
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The proposed model is able to match Zcy and Zmw; however, it is not able to fully
represent the Zpw since L, = 1.5 [uH] respect Lpy ~ 2.3 [uH], as shown in Figure
19. This lack of impedance can be overcome by increasing the complexity of the

model.
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1.00 -
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o
-
o

0.01 T T T T " y — 1
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Figure 19: Mismatch between DM Impedance, Zpm, measured through VNA (blue line) and simulated (green

line) through equivalent circuit of the CMC,[66].

64



SPICE model of Common Mode Choke with Lpm

compensation

As shown in [66], the CMC model has been furthermore improved, increasing
the complexity of the system. Since DM inductance and phase inductance are
different, lacks on Zpm representation has been highlighted with the circuit in
Figure 17. The reason behind this mismatch can be related to a different current
path: when the CMC is closed in DM, the current is forced to flow along each
winding; instead, when the Zmw is evaluated the current return path length
presents a lower average value, due to the distributed parasitic capacitance
between each wire, then forming loop inductance which results to be lower with
respect to the case at of DM measure. Starting from that information, the model
has been improved adding the effect of an external leakage inductance which
value is defined as the difference between Lpy and Lp and determined through
fitting parameters by Optimetrics analysis (ANSYS Circuit design). The final
complex model of the CMC is the one reported in Figure 20. As well as for the L,
also the additional networks must be compensated to obtain matching in Zpx, see

Figure 21.

Figure 20: Equivalent final circuit model for the CMC,[66].
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Figure 21: Impedance fitting for Zpy and Zpn,[52].

In this model, the Zcy is a touchstone file containing the measured impedance
through VNA and LCR meter. In [66] has been also shown a method to model
Zcm as a SPICE circuit as well. Good Zcy can be obtained through accurate
extraction of complex magnetic permeability, measured based on [71]. Complex
magnetic permeability depends on geometrical parameter of the core: inner and
external diameter ( D;,,; and D,,,) and core height (H.). Real part and imaginary
part of complex permeability can be extracted from the following formulas,

where k(f) embrace the geometrical properties of the core.
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2P
o f - He - n (522)

int

k(f) =

pr = k(f) - sin{arg{Z(f)}}
Him = k(f) - costarg{Z(f)}}

Real part and imaginary part of the complex magnetic permeability can be fitted
separately through weighted poles and zeros, based on conventional
Lorentz/Debye resonator model. The real part and imaginary part have been

fitted by applying the following equations:

a b c d e
() =1+p Wi . w3 . W35 . w? + W, . Ws
" S\w? + w4 w? + w? w? + wZ w2, w? + wZ

PP C L Ly N AN A
Him{J ) =Ko (W2 + w3)?? \w? + w?, w2, w? + w;

— 2 \az—a
ko = 2% " Him|max * (wgy)¥2~ "

Some of the parameters can be extracted by the shape of the complex

permeability, like pt;mmax-

In this way the Zcy can be represented as an RLC circuit, frequency dependent,
that considers geometrical and magnetic parameters of the core. The fitting has
been obtained through mathematical models with the help of Ansys tool (NDE).
As reported in [66], an example of the application of the model fitting is reported
in Figure 22, where through fitting the real part and imaginary part of the
magnetic permeability the matching of the CM impedance has been reached as

shown in Figure 23.
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Figure 22: Equivalent network for the representation of the CM impedance of the choke through

frequency dependent component,[66].

The parameter used for fitting real part and imaginary part of the complex

permeability are reported in Table 4 and Table 5 respectively.

Once the whole circuit model is found, a touchstone file can be created and used

among all simulators able to exploit such format.
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Table 4: Fitting parameter for real part of complex permeability of the core, [66].

Parameter (Real Part) Units Value
Wy 2.85 - 105
Wey 9.42 107
Wgs3 Rad/s 6.28 - 10°
Wea 1.88- 106
Wes 1.26 - 10°

1 58300
a 0.45
b 0.29
¢ 0.055
d 0.1
e 0.15
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Table 5: Fitting parameter for imaginary part of complex permeability of the core, [59].

Parameter (Imaginary Part) Units Value
Wsa 4.02-10°
Wsp 3.17 - 107

Rad/s

Wse 6.28 - 108
Wsg 1.88 - 106
a; 0.93

a, 0.81

B 0.12

14 0.2

) 0.061
ko 1.901 - 103
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Figure 23: Obtained results from the pole-zero representation of the complex magnetic permeability and

the resulting Zcw, [66].
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6. Full 3D simulation of a passive HVDC

EMI filter

FEM analysis of passive EMI filter component

Needs of Finite Element Method analysis

Differently from a capacitor or a resistor, the CMC is geometrically complex and
when the frequency increases much more the geometry plays an important role
in the EMI filter performance estimation. In fact, the influence of parasitic

becomes dominant at high frequencies.

The EMI filter considered in this thesis is the one illustrated in Figure 24, where
a simplified block scheme of the OBC is also reported. Despite the advancements
in active EMI filter topologies, in most of the automotive applications, passive
filtering still the state of the art. The HVDC filter present a double pi-filter
topology composed by two CMCs (custom components), two 3 [uF] and one 4

[uF] X-Capacitors, from MKP1848 Vishay series [72], and six 3.3 [nF] Y-
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Capacitors MKP338 6 Y2 series [73], which main characteristics are summarized

in Table 6 and Table 7.
) Input stage Isolated LLC converter
Grid (3ph) |
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Figure 24: Block scheme of the OBC and equivalent circuit of the HVDC EMI filter.

As reported in previous chapter, HVDC filter is necessary since CISPR25
requirements must be fulfilled to lay down the electromagnetic noise couples on
the powertrain of the vehicle or emitted by the cable itself. The output power
stage of the OBC is an LLC converter that is well known to be mainly source of
CM electromagnetic noise, [25], [26], [28], reaching more than 100 dBuV. This
justifies the choice of this topology composed of two cascaded m-filter topologies,

for both CM and DM, composed by CMCs and thin-film capacitors.
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Table 6: Main electrical and mechanical characteristic of Y-Capacitor, collected from datasheet,[73].

Y-Capacitor

Capacitance [nF]

Dimension [mm]

(wxhx])

Rated Voltage [V]

Type

Rated Temperature [°C]

Capacitance Tolerance [%]

Dielectric Type

Tand
(at 10 kHz)

3-3

5X10.5X 10

300 AC

1000 DC

Class Y2

85

Polypropylene film

20-10-4
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Table 7: Main electrical and mechanical characteristic of X-Capacitor, collected from datasheet, [72].

X-Capacitor

Capacitance [pF]

Dimension [mm]

(wxhx])

Rated Voltage [V]

Type

Rated Temperature [°C]

Capacitance Tolerance [%]

Dielectric Type

Self-inductance

ESR [mQ]

(from 10 kHz to 100 kHz)

Tand

(at 10 kHz)

18 x28 x 32

21X 31X32

1200

DC-Link

85

Polypropylene film

< 1nH per mm of lead spacing

14.5

11

40-10-4




The realized filter has been characterized through VNA measure and then
compared with the schematic simulation. The schematic of the filter is reported
in Figure 25, where each block is the broadband model of the component as.s4p
or SPICE. From the reported schematic DM and CM attenuation curves are

reported in Figure 26 and Figure 27 respectively.
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Figure 25: HVDC EMI filter scheme composed by SPICE model of capacitor and .s4p file of the CMC

obtained by the model from [66].

From the comparison it is possible to see how schematic simulation predicts the
behavior of the filter in terms of CM and DM attenuation up to 300 kHz and 2
MHz respectively. Noticeable the mismatch from 20 MHz above is due to the

non-idealities of the isolation transformer used for DM connection of the filter
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board to the VNA and the “noisy” measure due to dynamic limitation of the

instrument itself.
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Figure 26: Comparison between VNA measured and simulated CM Attenuation. Matching between

schematic and real filter can be achieved up to 2 MHz.
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Figure 27: Comparison between VNA measured and simulated DM attenuation. Matching between

schematic and real filter can be achieved up to 300 kHz.
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Thin-film capacitor model

As well as for the CMC, also the capacitors must be modeled in a 3D way.
Capacitors present a simpler structure with respect to CMCs and several models
has been developed in [74], [75] literature. But why the capacitor needs to be
represented in a 3D way? In Figure 28, the comparison between 3D and RLC
model of a 4 uF thin-film capacitor is reported; it can be noticed how they behave

in a same way from an impedance point of view.
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Figure 28: Impedance comparison between RLC and 3D model of 4 uF Thin-film capacitor.

The reason behind the choice of a 3D model is behind the inductive behavior of
the capacitor above the resonant frequency. Indeed, the current that pass
through the capacitor form a loop inductance; this stray inductance emits
magnetic fields that could be coupled on adjacent components becoming a

possible issue for the EMI electromagnetic noise rejection. To include near field
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effects and represent a real situation, the model reported in Figure 29 has been

developed, PEEC based [74], [75], [76], [ 771, [78], [79], [80].

Ultra-low o

_— Dielectric

- PEC

L

+—— Copper pin
Ultra-low o :

Figure 29: 3D model for HFSS of the X-Capacitor (left) and Y-Capacitor (right).

X-Capacitor model is constituted by a parallel plate structure (constituted by
PEC) with a dielectric material placed between them, representing the nominal
capacitance value. Between the PEC and the dielectric, two different conductive
materials have been added. The difference in terms of conductivity allows to
represent the current path inside the capacitor and tuning the position at which
the high conductivity material is placed tunes the stray inductance values
increasing or decreasing the total current loop area. This model is able to
represent the interaction between adjacent components thanks to the stray
magnetic field induced by itself. In Figure 30 the magnetic field of the modeled
capacitor at 100 kHz and 1 MHz is reported as an example. From the image it is
possible to observe how the magnetic field is higher close to the pin, meaning
that the usage of more complex structures is not necessary and will slow down

simulation speed.
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Figure 30: H-Field emission from the 3D model of the X-Capacitor at 100 kHz (top) and 1 MHz (bottom)

on XY, XZ and YZ plane.

For Y-Capacitor, the model differs with respect to X-Capacitor one since the
representation of the parasitic inductance can be achieved easily without the

usage of the conductive blocks, mainly due to smaller physical dimensions.

SMD damping resistor model

Resistors are the easiest component to be modelled on. Impedance of SMD
resistors can be obtained through RLC equivalent circuit but in some cases, it
could be necessary to evaluate their performance through 3D analysis. The

structure is very simple and is constituted by two metallic terminals and a bulk
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body at which the conductivity of the material is applied. An example of a SMD

resistor structure is reported in Figure 31.

Figure 31: 3D model of a SMD resistor.

Due to their small dimensions’ SMD resistors can also be represented in full wave
simulators, like HFSS, as a simple 2D structure at which an RLC boundary
condition is applied. In practice, at the sheet all the properties of the resistor are
applied in terms of its own resistance, parasitic inductance and parasitic
capacitance indicating also the current flow direction. From a geometrical point
of view, its own dimension can be neglected, reducing it as a 2D structure, as

shown in Figure 32, where also the “Lumped RLC Boundary” panel is reported.
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2D sheet

Lumped RLC Boundary

Name: [LumpRLCI

RLC Type: € Serial @ Porallel
R L CValues
[ Resistance: ID |ahm d
[ Inductance: [0 R ~]
[~ Cepacitance: [0 F =]
- O S DS S e e S B .
CurrentFlowLine: | Undefined ~]

I |

Use Defaults I

Figure 32: Alternative model for SMD resistor through RLC boundary condition applied on a 2D structure

and HFSS dedicated panel.
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Common Mode Choke 3D model

To accurately reproduce the performances of the CMC in the surrounding
environment, it is necessary to pass through a full 3D simulation. The starting
point for the modelling is the knowledge of the core complex magnetic
permeability characteristic that determines the CM performance of the
component. The complex magnetic permeability, if not reported into datasheets,
can be extracted through measurement using a VNA or an LCR meter whenever
a physical sample of the core in available. Several extraction methods can be
found in literature. By wounding a single turn on the core, it is possible to extract
the frequency dependent impedance, from which imaginary and real part of the

complex magnetic permeability can be calculated as:

R
.ur(f) = Im{Zc(f)} ) ﬁ
tom(F) = Re{Z,(F)} 2%

Zc is the single turn impedance whereas R, is the normalized reluctance with
respect to permeability and for a toroidal core can be expressed as:

Im

ER0=AC

v is the average magnetic path length instead Ac is the magnetic core cross-
section. Magnetic path length can be expressed in terms of the geometry of the

core due to its dependencies on the external and internal diameter, without
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considering the plastic case that protects the magnetic material. Details are

illustrated in Figure 33.

Figure 33: CMC magnetic core geometry and main parameter: external diameter (D, ), internal diameter

(D), core height (H,), mean magnetic path length (I,,) and cross-section (A¢).

Magnetic path length can be expressed as:

_ n(D, — D;)

" @)

Instead, the magnetic cross section is expressed as:

De - Di
A-=H, -
C e 2
So, the reluctance can be rewritten as:
lM 2T

HolrAc 1y (ﬁf) Loty H,
And knowing that L = N?2/R and Z, = jwlL

jw - N? - popyHe - In (g_f)

7, =
L 21
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D
wpoN2pp (f) - He - In (Ff)
5 HrD=hre () =Si () Real{Z, ()} = —
L D
l wptoN?upp(f) - He - In (ﬁf)
\Imag{Z,(f)} = —

From which

2m - Imag{Z, ()} _2m- 1Z,(f)| - cos{phase{Z,(f)}}

pre(f) =

whoN? - H, +1n (32) whoN? - H, - 1n (32)
_ 2m-Real{Z,(f)}  2m-|Z,(f)| - sin{phase{Z,(f)}}
mm (f) = DN D
w#oNz'He'ln(ﬁj) a)yoNZ-He-ln(F‘:)

From the two formulas it is possible to see how N affects the estimation of the
impedance for magnetic permeability extraction. In fact, if N is equal to 1 the
measurement bandwidth extends at the maximum with the minimal parasitic

effect due to turn-to-core capacitance.
Defining k(f) as:

2m - |ZL(f)|

wuoN? - H, - In (g—f)

k(f) =

Real and imaginary part of the complex magnetic permeability could be

simplified as follows:

ure(f) = k(f) - sin{phase{Z,(f)}}

um(f) = k(f) - cos{phase{Z,(f)}}
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As stated before, if the value of Nincreases higher the effects would be introduced
by parasitic capacitances. The system would behave as an RLC circuit with a
typical resonance frequency. In Figure 34 it is possible to observe these effects.
Increasing the number of turns, parasitic capacitance increases and the resonant

frequency shifts at lower frequencies.
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Frequency [MHz]

Figure 34: VNA measure of impedance change in terms of number of turns, N. Increasing N resonant

frequency shift at lower frequency due to parasitic capacitance, affecting the core parameter extraction.

An example of a complex magnetic permeability extraction, through the method

described before, is reported in Figure 35.
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Figure 35: Example of complex magnetic permeability extracted by 1-turn measure of a nanocrystalline

core material.

As soon as the complex magnetic permeability has been extracted, the value of
the magnetic loss tangent can be calculated as the ratio between the imaginary
part and the real part of the magnetic complex permeability. Magnetic loss
tangent figure of merit is important to evaluate core losses. Traditionally, the
contributions to the losses on magnetic materials are classified as: eddy current
loss, hysteresis loss and residual loss. In CMC core typically soft-magnetic
material such as nanocrystalline alloys are used which have high coercivity, low
remanence magnetization, high flux capabilities enabling manufacture of
smaller and more broadband devices. Nanocrystalline cores are wounded as a
“toilet paper” and its layer is composed by approximately 34 of nanocrystalline
material and %4 by dielectric material that behaves like an insulator between
adjacent layers. The core has been characterized obtaining the real part and the

imaginary part of the complex magnetic permeability; the real part of the
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complex permeability and the magnetic loss tangent from 30 kHz to 200 MHz

has shown in Figure 36.
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Figure 36: Real part of magnetic permeability and calculated Magnetic Loss Tangent of the CMC core.

From [81] and looking at some datasheets, the conductivity of the material is
roughly 1 uQ-m and the dielectric permittivity is around 3.3. Since dielectric
permittivity and conductivity are not negligible, it must be included in

simulations and added inside the parameter of the core.

Despite the strong dependencies of the core material, another important aspect
is the geometry of the CMC and the surrounding environment. How the CMC is
wounded determines the parasitic capacitance in both CM and DM impedances;
nevertheless, the usage of thermal interface material (TIM) and the vicinity of
metallic structure or other component influence the behavior of the CMC. The
influence of the metallic enclosure on components has been evaluated at EMI

filter level and reported in the next sections.
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Once the characteristics of the core are available, the structure of the CMC has
been modeled accurately trying to consider as much as possible the real
geometries of the component. The 3D structure is composed of the core
(considered as a bulk ferrite, according to [71] and [82]) and its plastic case, two
coils each one composed by six turns and the FR4 support used to keep in place

the pins of the component, as shown in Figure 37.

- FR4 support
\
Copper Windings
PART . VALUE
External plastic case diameter ! Deyipl [mm] 335
* Internal plastic case diameter _______ Digept [mm] 185
o Plastic case depth """"" W [mm] L 18
 External core diameter """"" Dexicoe [mm| 292
Internal core diameter ' Digege Imm| 1204
T Coredepth’ T Wo [mm] AT
""""" Wi ;Zé&fc{ﬁqéé;f"'""'i""""'d'“;;'[l}l}h]""""EL""Z""'
" Number of copper wire turns """"" Nlmrns] 62

Figure 37: 3D model of the 2-wire CMC with main mechanical characteristic. The structure presents the

two windings, the core with plastic case and FR4 support,[76].
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For each 3D object, the material properties have been assigned through the
library present in HFSS. After that excitation ports, reference plane with infinite
conductivity and a box with radiation boundary have been applied, in order to
confine the solving region speeding up the simulation. As a result of the
simulation a touchstone file of the four-port network is obtained, from which Zcy
and Zpwm can be extracted following the connection scheme reported in previous
chapter. Another way to obtain impedance values is to add the connection

directly on the 3D model, achieving same results.

Simulation results are reported in the Figure 38 for Zcy, where the comparison
between simulations and measure can be appreciated. The figure shows the
necessity to tune the total parasitic capacitance seen in CM configuration by

acting on the turn-to-turn distance.
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Figure 38: Comparison between VNA measure (blue dashed line), HFSS simulation without parasitic

capacitance fine-tuning (green solid line) and the matched one (red solid line),[76].
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In figure, Zcvw has been matched by modifying the winding distance. Winding
distance affects directly parasitic capacitance: increasing it, relies on a shift of
the resonance frequency of 500 kHz. Since Zcy has been matched also Zpy has

been evaluated and reported in Figure 39.
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Figure 39: Comparison between VNA measure and HFSS simulation of Zpm.

EMI filter characteristics and model

Since all the passive components are modelled and properly matched, the next
step is to import the PCB layout inside HFSS. In order to improve the accuracy
of the simulation, PCB layout is as important as components since it can cause
unwanted bypass of the filter board or too high parasitic affecting a lot the
performance of the filter board. In this case, power supply terminals are designed
for the propagation of 800 VDC power. Hence, they are not designed to assure
balance at high frequencies and may introduce a significant impedance

imbalance leading on electromagnetic noise mode-conversion. Different tools
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from Ansys are available to manage PCBs such as HFSS, SIwave and Q3D. The
Layout Component (HFSS 3D Layout project inside HFSS 3D) for the PCB has
been merged with all the components exploiting ANSYS Mesh Fusion
Technology [83]. Thanks to the properties of the tool, is it possible to assign the
layout stack-up to the PCB and pour the geometries to speed up the simulation
of the filter itself. Vias are also considered due to their impacts in terms of

parasitic inductance, especially when are used to connect Y-capacitors to earth.

The integration of the PCB with the passive components is reported in Figure 40.
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Figure 40: Complete 3D model of the HVDC EMI filter,[76].

02



Validation of the model

Since all the components and the PCB of the HVDC filter is modelled, the full 3D

analysis can be executed in order to extract the DM and CM attenuation curves.

In Figure 41 it is reported the result in terms of CM attenuation compared with

VNA measurement.
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Figure 41: CM Attenuation comparison between HFSS simulation and VNA measure.

Result show a good matching all over the bandwidth with small discrepances

around 1-2 MHz due to the instrument dynamic.

In Figure 42 instead the DM insertion loss result is reported compared with VNA

measure outside the chassis.

93



—  VNA Measure
--- HFSS simulation

-20
-40 -

-60 -

&
=
I

—

o

)
|

Differential Mode Attenuation [dB]

120 ——————— I NN . .
0.03 0.1 1.0 10.0 100.0

Frequency [MHz]

Figure 42: DM Attenuation comparison between HFSS simulation and VNA measure.

In this case the 3D simulation 3 dB mismatch respect measurement from 30 to
300 kHz. Low frequency mismatch can be related to component tolerances, since
X-capacitor present +10% of tolerance instead CMC +20% due to fabrication.
Instead, the mismatch from 20 Mhz above can be related to the non-idealities of
the isolation transformer used to inject DM signal. From the Figure, it is also
highlighted a resonance at 17 MHz. Resonances can be dumped through resistor
placed in series with the Y-cap; for this fiter a damping resistor of 4.7 Ohm was
choosen after a parametric analysis, firstly executed at schematic level and

reported in Figure 43.
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Figure 43: Effect of dumping resistor on DM Attenuation evaluated at schematic level.
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Metal chassis impact on filter Insertion Loss

Besides the effect of the chassis on the CM insertion loss, chassis or in general
metallic parts shall be considered during the analysis also for DM insertion loss
evaluation. Nevertheless, it is better to consider the overall structure of the filter
including the Y-capacitor since the lack of symmetry in the circuit can cause
mode conversion and affect DM behavior. The structure of the chassis is reported

in Figure 44.

Figure 44: Aluminum housing of the filter. Each component is placed in between two "walls" to contain
TIM,[76].

From the mechanical structure it can be notice how, for each passive component,
some “wall” has been added in between them for thermal management,
mechanical stresses and to enhance component decoupling. Since the filter is
rated for a maximum output power of 22kW with current value up to 40 A, a
component like CMCs dissipates power due to coils resistance; therefore, the
surrounding walls helps to dissipate them as an heatsink through a Thermal
Interface Material (TIM). The choice of TIM must be carefully studied. Low

dielectric constant materials must be preferred instead of high ones, due to their
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strict relation to CMC performance. Since the turn-to-turn parasitic capacitance
is an air stray capacitance, TIM would act as a dielectric with a constant different
from one. Boosted parasitic capacitance moves the resonance frequency of the
CMC both in terms of CM and DM impedance, affecting filter insertion losses.
On the other ends lower dielectric constant materials are typically characterized
by lower thermal conductivity. TIM density serves as a fixation point for
components during mechanical stresses like vibrational and thermal cycles.
Summarizing: smaller the dielectric constant lowers the impact from an EMI
perspective, reducing thermal performances. From an EMC perspective, the
aluminum chassis with walls behaves like a cage for the near field emission.
Impinging the aluminum walls, H-field emitted by the nearby component can be
reduced by the opposing magnetic field. Since aluminum is not magnetic, its
shielding effectiveness is not high. However, it constitutes a good compromise,
thinking also about mechanical and thermal management. In Figure 45, the

image of the filter inside the housing is reported.
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Figure 45: Complete 3D model of the HVDC EMI filter including the aluminum housing,[76].

Interestingly, the DM insertion loss is highly dependent of the surroundig
environment. Repeating the measure considering the filter inside the chassis the
result shown in Figure 46 has been obtained. As one can observe a rigid shift of
the insertion loss is evident. This shift of 25-26 kHz can be related to the effects
of the metallic proximity with respect to the CMCs. The obtained results confirm
that the presence of the surrounding aluminium chassis affects negatively the
DM behavior of the filter, presenting a rigid shift at higher frequencies of the

filter attenuation.
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Figure 46: Effect of the housing on DM Attenuation of HVDC EMI filter. Pole-shift of 25 kHz is

highlighted.

The obtained result has been validated through a measurement campaign on the

CMC. Indeed, since the insertion loss has been obtained through small signal

measurements a link between CMC and the filter behavior exists. DM impedance

has been taken as measurand, and three different measurements have been

conducted changing the surroundings. Firstly, CMC has been measured in air to

minimize its interaction with external factors. Then, the CMC has been placed

close to a metal surface facing the top of it. Finally, the CMC has been placed

inside the aluminum chassis. The results are reported in Figure 47, where the

shift of the resonant frequency of DM impedance is clearly proved.

99



1E+04

— ZDMIin air

= ZDM close to metal plate |

1E+03 -

—==  ZDM in housing

1E+02 4
1E+01

1E+00 4

Differential Mode Impedance [ohm]

1E-01 +—————
0.03 0.1 1.0 10.0 100.0

Frequency [MHz]

Figure 47: Effect of the proximity of metallic surface on the DM impedance of the CMC.

Additionally, to appreciate the low frequency effects on DM excitation, the
induced current on the chassis has been extracted and illustrated in Figure 48.
As reported before, the induced current on the chassis interacts with the stray
field emitted by the CMC, resulting in a sensible reduction of the total leakage

inductance, hence the Zpwm.
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Figure 48: Resulting induced current density on the chassis by DM excitation of the filter. Higher
amplitude corresponds to the surface impinged by CMC stray field.
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Furthermore, from the electromagnetic simulation of the filter the H-field
distribution has been extracted exciting the system with a CM and DM current
to understand the behavior including PCB and chassis. The H-field distribution
has been obtained by exciting the system with a sinusoidal current source with
100 mA AC amplitude thanks to the link between Ansys Circuit Design and
HFSS. Figure 49 shows the resulting H-field distribution at 30 kHz, cutting the
filter with a plane along XY, 15 mm above the PCB. In Figure 49 (a) is reported
the results from DM excitation and in (b) the results from CM excitation. As
expected, the higher amount of stray field is generated by the CMCs, since they
are inductive components and dominate at that frequency. When the system is
excited by CM currents a lower H-field emission is highlighted. In Figure 50 H-
field emission is reported instead along YZ plane, cutting through the filter at its
center. It’s possible to notice how chassis helps to contain the H-field reducing
the electromagnetic interaction among nearby components, and again how the
DM excitation results in a higher emission of magnetic field with respect to CM
excitation. In Figure 51 H-field variation with respect to frequency is reported;
this figure shows how the fields tend to concentrate at the input side of the filter

increasing the frequency.

101



H Field
[A/m]
Max: 62.151

40.000
.17452
7615
3.322
raco [\WARE i/
0632
0.276 ;
0.120 = 2
0.053 i
0023
0010
Min: 0.004

Ansye

90 (mm)

(a)

H Field
[A/m]
Max: 15.763

. e

17.452
7615
3322
1.450
0.632
0.276
0.120
0.053
0.023
0.010
Min: 0.016

ik Tl

(b)
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7.Conclusion & perspective

General conclusion

In this thesis after a deep introduction of an OBC, starting from its type approval
cycle and ending with its own structure, a deep investigation of its HVDC filter

and its components has been conducted.

In the first part, a novel SPICE model of CMC has been proposed. The broadband
model for two-wires CMCs is suitable for EMI pre-compliance assessment and
was developed considering not only the differential and CM impedance, but also
other parameters such as phase and inter-winding impedance. Circuital model
validity has been validated up to roughly 200 MHz. Furthermore, in this thesis
has been showed a new way to fit complex magnetic permeability for
nanocrystalline cores, with respect to the conventional Laplace/Debye resonator
model, exploiting the introduction of weighted poles and zeros. This allows
modelling the CM impedance of CMCs with frequency dependent resistance and
inductance building a touchstone model that can be used to evaluate EMI filter

performances.
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In the second part of this thesis, the complex broadband model of the CMC has
been applied for an HVDC filter for a 22 kW OBC. The discrepancies in terms of
CM and DM attenuation justify the needs of a full 3D simulation. Full 3D
simulation through HFSS of thin film capacitor and CMC has been reported
highlighting how, with a precise modelling technique, it is possible to achieve
good matching with respect to measure of real system. The overall filter has been
simulated considering PCB, Y-cap, X-cap and CMC, showing a good matching
between measures. Moreover, the surrounding metal chassis effects have been
demonstrated to affects the DM insertion loss of the filter, thus reducing its
performance. The CMC DM impedance is affected by the vicinity of metal parts
leading to a reduction of attenuation due to a rigid shift of the insertion loss
curves, all validated through VNA measurement and replicated at filter level on

HFSS.

Perspectives

Since the simulation method is reliable in terms of insertion loss reproducibility,
this can be applied to optimize the EMI filter design of complex component like
OBCs, extending also this method on different applications such as industrial,
household applications etc. The simulative method can be applied on 4 wires CM
choke and 3-phase filters. Furthermore, whenever a new HW topology is under
development, this simulative method can be inserted inside an iterative analysis

which goal is to reach compliance predicting the performance of the filter in an
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accurate way just starting from key voltage/current measurement of the first

prototype.
Charging Mode Impact on Conducted Emission

Besides studies on EMI filter design and component modeling, numerous

problem-solving activities related to OBC were conducted throughout the PhD.

In this section one of the studies conducted is reported. The main problem was
related to an unexpected failure in conducted emission on main lines described
in [52]. Based on the result from [52], a deep analysis has been conducted and
the root cause found. Again, this work shows how combining measures and

simulations helps to understand phenomenon and find out solutions.

Starting from the study showed by Camarda et. Al., a radiative coupling has been
highlighted between the HV parts, in this case the LLC resonant converter and
the LV part that manage the communication between the charging station and
the vehicle. This first coupling relies on a second coupling on the main lines
throughout Control Pilot and Control Proxy signals. Camarda et. Al. focused on
the mitigation of the coupling designing an optimized shield composed by AISI
304 nickel coated. Thanks to the shield, it was possible to reduce the
electromagnetic noise by exploiting the absorption and reflection characteristics

through the magnetic permeability of the coating.

A step ahead of this job has been conducted since the shield presents high

performance variability due to the coating process. The problems arise when the
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OBC is tested in Mode 2 using an EVSE to manage the signaling. The results of

the conducted emission on main lines is showed in Figure 52, compared with

Mode 1.
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Figure 52: Conducted Emission on Main Lines of a 22kW OBC. Comparison between charging Mode 1 and
Mode 2.

From the measures, it is possible to see the LLC frequency “touching” the legal
limit around 230 kHz. Also, a variability of the conducted emissions has been
highlighted suspecting a problem on the shield. Indeed, the use of electroplating
coating deposition relies on a non-uniform thickness of the coating itself due to
a non-uniformity of the current during the process. Electroless solutions have
also been tested showing bad results. Electroless plating ensures a uniform
plating deposition, but it is a technique where the plating is deposited through
chemicals and in the case of nickel plating phosphorous is used to manage the
reaction. Phosphorous deposit detrimentally reduces the magnetic permeability

of the coating, being non-magnetic if its percentage is higher than 8-10%.
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Measurements discrepancies suggest that compliance problem is not completely
related to ESA but is intrinsically linked with the set-up. Even more, using
different AC cables, a correlation between electromagnetic noise and cable length
was highlighted. In fact, as reported in Figure 53, using a 3.2 m length cable

electromagnetic noise at 240 kHz drops by 8 dBuV.
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Figure 53: Effect of the length of the AC cable on Conducted Emission on Main lines.
From measurements it is possible to empirically calculate the electromagnetic

noise per unit length related to cable length:

N _ Nyope=(D-Nyope, [dBpV
puwl— i
m

Where Ny opgris the electromagnetic noise level measured with MODE 1,
independent of cable length (I); Nyopg, is the electromagnetic noise level
measured with MODE 2 that is length dependent. Table 8 reports the
electromagnetic noise per unit length calculated at 240 kHz from the

measurements reported in Figure 53.
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Table 8: Electromagnetic noise comparison between Charging Mode 1 and 2.

NMODEI NMODE2 AN7 5m Cable length l dB uvl
p.ul.

[dBuV] [dBuV] [dBpV] [m] m

38 52 14 7.5 1.87

For [ =3.2 m, knowing N,, ,,; , delta noise value can be calculated as

ANj 5 m=1Np1=5.98 [dBUV]
Nyopg- can be calculated as
Nyope2=Nyopei+AN; » m=43.98 [dBuV]
close to measured value 44.38 dBuV.

Since the electromagnetic noise increases if the length of the cable increases, the
Proxy Pilot signal can be excluded as the source of the coupling. Indeed, PP
propagates through the AC harness from the OBC to the vehicle socket which is
1 m long. Instead, the CP line link the OBC with the EVSE throughout the AC
harness. The electromagnetic noise coupling path can be re-defined as reported

in Figure 54, where the CP filter circuitry is reported as the standard requires.
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Figure 54: Block scheme of the identification of the coupling mechanism between CP and Main lines.

Three main coupling mechanisms are reported: one from the LLC to the LV
board, managed partially by the shield. The second that involves the CP circuitry
where filter and protection parts are connected to earth, so connected with the

shield itself. The third is related to the presence of the CP on the AC harness.

Since the first coupling path has been studied by Camarda et. Al. focus falls on
the second and third coupling paths. Since second and third are strictly linked,
the analysis has been splitted in two: firstly, the analysis of the impedance of the
CP lines has been evaluated through simulation as well as the AC harness
through Ansys Circuit Design and Q2D; secondary, the simulations have been
validated through VNA characterization. The results of the simulated and

measured CP impedance with respect to earth is reported in Figure 55.
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Figure 55: Comparison between CP impedance (respect to earth) measured and modeled by schematic
circuit.

Results highlight a drop of impedance around 400 kHz, mismatch of the curves
at higher frequency is related to the simplified circuit version using ideal
component and the touchstone file of the PCB traces calculated through SIWave
ANSYS tool. Despite the mismatch at high frequency, a lack of impedance could
justify the amount of electromagnetic noise carried out by the CP, since the

electromagnetic noise sees a low impedance path.

Since the CP impedance has been characterized, AC harness cross-section has
been replicated through Ansys Q2D, reported in Figure 56, and the coupling
between CP and each line has been simulated considering 7.5 m length. The
obtained S21, at 230 kHz, parameters are reported in the Table 9 compared with

the VNA characterization, showing a good matching between them.
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Figure 56: Main line cable cross-section modeled with ANSYS Q2D.

Table 9: Coupling coefficient comparison (S»:) between each line and CP.

]

S21 Simulation [dB] Measurement [dB]
S,1(CP,L1) -35.16 -35.10
S,1(CP,L2) -38.04 -38.05
S21(CP,L3) -39.24 -38.94
S,1(CP,N) -28.11 -28.83

Since the CP is the main problem and the main circuit on the CP is standardized,

the main cause of the lack of impedance is the TVS. As a matter of fact, TVS

diodes present a parasitic capacitance that is not negligible, in this case equal to

3.2 nF; TVS impedance has been characterized and reported in Figure 57.

113



1Z][€2]

-1 i I I O I I i A .
10
10° 10° 10
Frequency|Hz]

Figure 57: TVS diode impedance without bias voltage applied,[8].

To confirm the hypothesis, the analysis of the CP circuit without the TVS has
been conducted: the results, reported in Figure 58, show how the lack of

impedance around 400 kHz is no more present when the TVS is not mounted.
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Figure 58: Effect of the TVS diode on the CP line impedance. VNA measures compared with simulation
performed considering PCB effects extracted through SIwave.

Since parasitic capacitance is the main problem, a new TVS diode has been
selected; indeed, TVS diode must be used since ESD events can occur and the CP
line must be protected against them. From an OBC point of view, immunity
against ESD is tested reaching values up to 12 kV. New TVS diode selected

present a parasitic capacitance of 100 pF.

Repeating the conducted emission on main lines with the new TVS, a reduction
of the electromagnetic noise at 240 kHz of 6 dBuV has been highlighted, thus

reaching compliance. The comparison between old and new TVS is reported in

Figure 59.
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