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Abstract

With the rapid development of science and technology, the number of electronic devices
has increased sharply, and the operating frequency and power consumption of electronic
devices (such as integrated circuits and power switching circuits) have also increased.
Consequently, the electromagnetic environment surrounding these devices has become more
complex and challenging. An electronic device is a system that can generate potential
interference and be transmitted to the surrounding environment through conductive
interference or electromagnetic radiation interference. Therefore, today’s electronic devices
must meet not only performance requirements but also many other requirements, such as

electromagnetic compatibility, speed, stability, cost, size, etc.

Electromagnetic Compatibility (EMC) for electronic devices is essential to ensure
stability and proper functioning in this complex electromagnetic environment. Therefore,
implementing EMC solutions to control Electromagnetic Interference (EMI) and enhance

the immunity of electronic devices has become increasingly important.

EMC solutions used are mainly the filter method and shielding method. These methods
aim to attenuate the disturbances from power lines and cables or attenuate electromagnetic
emissions from electronic devices to the surrounding environment and vice versa. For
instance, the EMI filter, as an example of the filter method, supplies sufficient current and
voltage to electronic devices while reducing any types of interference radiation that are
transmitted to the main line. The shielding method ensures the attenuation of electromagnetic
radiation emitted to the surrounding environment and protects electronic devices from

external electromagnetic disturbances.

For such an EMC design, the requirement is to have a solution that simultaneously meets
multiple objectives, sometimes including conflicting requirements. The Preference Set-
based Design (PSD) approach was developed as a multi-objective design method. In this
approach, when all performance meets the requirements, the allowable range of the final

design parameters is obtained with the highest levels of satisfaction and robustness index.

In addition, an issue that needs further consideration in the actual design is the presence
of uncertain parameters. The most common method used to solve the statistical problem of
random parameters is the Monte Carlo (MC) method. The MC method can directly obtain

highly accurate statistical information from many samples but has the disadvantages of

vii



requiring many computations and poor computational efficiency as the number of samples
increases. Therefore, the dissertation proposes using the Polynomial Chaos (PC) method,
which enhances computational efficiency while maintaining appropriate accuracy compared
to the MC method.

With the problems mentioned above, the dissertation proposes a new combination of
statistical analysis by the PC method to handle the situation of randomness and multi-
objective satisfactory design by the PSD method. The PC method is utilized to simulate
uncertain parameters and generate the initial data for the preliminary phase of the PSD
method. Subsequently, the PSD method is employed to obtain design parameters that satisfy
the requirements of the application. The applications studied in the dissertation are common
EMC solutions for electromagnetic equipment, including EMI filters and metal sheet of an
enclosure. Applications are considered in practical cases, including plural element and
uncertainty parameters. The design parameters of the EMC solutions, which satisfy required
performances, are obtained in range by the PSD method. The validity of the proposed method
is demonstrated with 1000 combinations of design parameters in the range obtained by the
PSD method. The results indicate that applying the multi-objective PSD approach with
statistical methods to handle uncertainty can reduce the time and cost of developing products

in electronic designs.
This dissertation includes five chapters, as below.

Chapter 1 introduces the multi-objective design for EMC solutions, providing

motivations, objectives, and an overview of the dissertation’s organization.

Chapter 2 describes the problem and basic principles of the proposed method, including
EMC solutions for electronics, the PSD method, and the PC method.

Chapter 3 provides an idea and the literature reviews related to the problem, and after that,

proposes a method that combines the design method based on the PSD and the PC method.

Chapter 4 experiments with the proposed method with EMC solutions. The two most
common EMC solutions are used: metal sheet of the enclosure and EMI filter. The validity

of the proposed method is evaluated.

Chapter 5 summarizes as “Conclusion”. Abstract of results and discussions in this

dissertation is remarked on.
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Chapter 1

General Introduction

Chapter 1 briefly introduces the multi-objective design for EMC solutions, providing

motivations, objectives, and an overview of the dissertation’s organization.
1.1. Multi-objective Design for EMC Solutions

Nowadays, the number of electronic devices has increased dramatically, and the operating
frequency and power consumption of electronic devices (such as integrated circuits and
power converter circuits) have increased. This creates a more complex electromagnetic
environment around devices. These devices have the potential to generate interference,
which can be transmitted to the surrounding environment through conductive or
electromagnetic radiation interference. The issue of Electromagnetic Compatibility (EMC)
for electronic devices is very important to ensure stability and proper functioning in this
complex electromagnetic environment. EMC regulations, such as those set by CISPR, IEC,
EN, and other standards, have become more stringent. Hence, applying EMC solutions to
electronic devices to control Electromagnetic Interference (EMI) and enhance equipment

immunity has become increasingly important.

Besides, electronic devices must meet many requirements, such as those related to
performance, limits to the radiated electromagnetic field, size, etc. For such a design, the
requirement is to have a solution that simultaneously meets multiple objectives that
sometimes include conflicting requirements. Simultaneous design techniques to meet
multiple performance requirements have been proposed, for example, some design methods
such as the Taguchi method [1], set-based design [2], etc. On the other hand, in set-based
design, the required performance and design parameters are expressed in a range, and the
design parameters are narrowed to accommodate multiple performances. One of the specific
methods of set-based design is the Preference Set-based Design (PSD) method [3], which
has been proposed and is commonly used in the mechanical field. In the PSD method, design
parameters are obtained within a range rather than an point value, so there is robust design
capability, including deviations in actual production. The PSD method is not a performance
optimization method but rather a design approach to meet multi-objective performance

concurrently.



This dissertation focuses on two commonly studied EMC solutions: the shielding method
and the EMI filter. The shielding method uses a sheet of material (usually metal) to control
the propagation of electromagnetic fields between two spatial regions. It aims to prevent the
transmission of electromagnetic signals from one area to another or enclose a source within
a shield. Using an enclosure made of metal sheets prevents electromagnetic signals from
inside to the outside and vice versa. The design of metal sheets often has to consider
shielding effectiveness, including attenuation to magnetic and electric fields. The EMI filter
is a fundamental EMC solution for noise suppression and is widely used in high-speed
differential signal wires, power supply lines, and so on [4]. With the EMC problem, the
design of the EMI filter should simultaneously satisfy the required performances for both
Differential Mode (DM) and Common Mode (CM). Various EMI filter design methods have
been studied, proposed, and tested, such as those using analytic electromagnetic fields, trial-
and-error tests through experiments, and design using Particle Swarm Optimization, a super
simulation method [5].

1.2. Motivation

The studies conducted in this dissertation explore the proposed multi-objective design

options for EMC solutions. The motivation for these studies is explained as follows.

Firstly, with the traditional method (referred to as Point-based design in this dissertation)
for electric systems, various trial-and-error point-based design methods are implemented.
An optimal design solution is obtained by iteratively setting the initial values and
continuously modifying the design variables. However, as the number of design variables
and performance requirements increases, achieving values that satisfy actual specifications
and performances becomes more challenging. Additionally, numerous uncertain parameters,
such as bias, electromagnetic coupling, and parasitic factors, exist in the actual product,
which makes the design more complex. Adopting a set-based design approach can solve
multi-objective problems, reducing product development costs and time. The idea of a
preference set is simple and unique, making the concurrent design process easy to understand
and implement. In the PSD method, in addition to set-based characteristics, the designer’s
intent can be reflected in the required performances and design variables using a quantitative
evaluation metric known as Preference expressed as a preference set and frequency. Because
design variables are obtained in a range rather than an exact value, PSD provides robust

design capabilities to include deviations in actual production. While PSD has been



successfully applied in mechanical engineering, its application in the electronics field has

also yielded positive outcomes [6].

Secondly, when dealing with the EMC problem, such as the design of an EMI filter, it is
crucial to simultaneously satisfy the required performances for both DM and CM. In
practical cases, various issues need to be considered, including unnecessary coupling due to
component miniaturization, element asymmetry, manufacturing tolerances, parasitic
elements, and improper impedance matching. These factors introduce uncertain parameters
that affect circuit performance in ways that are difficult or impossible to predict
deterministically. Even with highly accurate simulation models, the actual performance may
significantly deviate from predictions at an early stage due to this uncalculated variation.
Therefore, the use of statistical simulation is necessary to evaluate the EMC performance
with variations in characteristics due to unintended fluctuations of these uncertain numerical
parameters. The Monte Carlo (MC) method is commonly used for simulating randomness in
these cases. The MC method can directly obtain highly accurate statistical information from
a large number of samples but has the disadvantages of requiring many computations and
poor computational efficiency as the number of samples increases [7]. To enhance
computational efficiency, this dissertation adopts another statistical method, the Polynomial
Chaos (PC) method, to simulate uncertain parameters in EMC solutions. The data generated
through the PC method is used as initial data for the PSD method to solve the multi-objective
problem. The PC method looks for an approximate response to a system’s performance as
an expansion in orthogonal polynomials. Polynomial Chaos Expansion (PCE) coefficients
can be calculated using various approaches, such as the stochastic testing method and
stochastic Galerkin method [8], and directly provide relevant statistical information such as
mean and variance. PCE is commonly used as a cheap but computationally accurate macro
model. The PC method analyzes faster than the MC method, although it may be slightly less
accurate. The PC method has also been applied and reviewed in circuit design [7, 8].

1.3. Objectives

The objectives identified in this dissertation align with the research purpose, which aims
to establish a design method to ensure EMC in practical cases. These objectives are as

follows:



+ Apply the PSD method to multi-objective design for EMC solutions. The PSD method,
known for its set-based characteristics, will be utilized to address the simultaneous

fulfillment of multi objectives in the design process.

+ Employ the PC method to solve the problem of uncertain parameters and generate initial
data for the PSD method. By utilizing the PC method, the dissertation aims to handle
uncertainties associated with parameters in EMC solutions, allowing for statistical analysis

and obtaining reliable initial data for the subsequent design phase.

+ The proposed method helps to enhance calculation efficiency while ensuring accuracy.
By combining the PC method with the PSD method, the dissertation seeks to improve
computational efficiency compared to traditional approaches and satisfy the multi-objective

requirements.

+ Apply the proposed method to two specific EMC solutions: EMI filters and metal sheets
of the enclosure. The dissertation focuses on investigating and validating the effectiveness
of the proposed method in the design of these common EMC solutions, considering their

respective requirements and performance criteria.

By achieving these objectives, the dissertation aims to contribute to the development of a
practical and efficient design method that can effectively ensure EMC in practical

applications.
1.4. Dissertation Organization
The remainder of this dissertation is organized as follows:

Chapter 2 introduces the problem and basic principles of the proposed method, including
EMC solutions for electronics, the PSD method, and the PC method. It begins by providing
an overview of EMC and the causes of electromagnetic radiation signals, including
conductive and radiated interference. The section also introduces solutions to ensure EMC
for electronic devices, such as Printed Circuit Board (PCB) design, cable solutions, shielding
methods, and filtering methods. Next, the multi-objective design approach is discussed,
focusing on the PSD method and the main steps. Lastly, chapter 2 presents the PC method,
including how to implement PCE and its advantages and disadvantages compared to the
traditional MC method.

Chapter 3 provides an idea and the literature reviews related to the problem, and after that,

proposes a method that combines the design method based on the PSD and the PC method

4



to solve the multi-objective design problem for EMC solutions. The PC method is employed
to generate the initial data for the preliminary phase of the PSD. Then the PSD method is
utilized with the required performance and design parameters to provide a final solution set

for the application.

In Chapter 4, the proposed method is implemented with EMC solutions. The two
solutions selected here are the two most commonly used EMC solutions: metal sheet of the
enclosure and EMI filter. For instance, in the case of the EMI filter, the design specifications
would be set, then apply the proposed method when fluctuations in the resistors of the source
and load result in an imbalance. The proposed method is applied with attenuation of the DM
voltage and CM current at the output terminal of an EMI filter as the required performances,
and the results are obtained with the PSD method as range and verified. Subsequently, the
results are compared with the results of the MC method as well as evaluate the validity of
the combined method of PC and PSD.

Chapter 5 concludes the dissertation by summarizing the main points and discussing the

limitations and future goals of the research.



Chapter 2
Background

In Chapter 2, the dissertation presents background information related to the research
content of the dissertation. The first part focuses on EMC solutions. The second part
describes the use of the PSD method for multi-objective design. In the set-based design
method, the required performances and design parameters are expressed using set theory,
and narrowing design parameter sets can lead to a common set that satisfies multiple required
performances. The third part aims to solve the problem of uncertain parameters, ensuring

that the application is as close to reality as possible.
2.1. EMC Solutions for Electronic Equipment
2.1.1. Overview of EMC

EMC is a crucial aspect of electronic devices and systems. Electronic devices, which
consist of microprocessors and specialized circuits operating at high speeds, can generate
EMI [9]. This interference can be transmitted outside the system through one or both distinct
pathways: radiated interference energy as electromagnetic waves into space (radiation
interference) and radiated interference energy through power lines, input/output (1/0) cables,
or control cables (conductive interference). These cables may become secondary sources of

radiation.

The goal of EMC is to ensure that electronic devices and systems can function properly
in their electromagnetic environments. This involves limiting the unintentional generation,
propagation, and reception of electromagnetic energy that could cause unwanted effects such
as EMI or physical damage to operational equipment [9]. To meet the requirements for both
radiation and conductive interference emission, electronic devices must comply with specific
EMC standards like CISPR-22 [10], IEC EN 61000 [11], or MIL-STD-461F [12]. Achieving
EMC compliance is a challenging task that requires the application of various modern
technologies, including selecting appropriate materials for component manufacturing,
advanced PCB design and manufacturing techniques, and effective device shielding design.
It is a mandatory requirement for information systems with digital processing, enhancing

system reliability, operational speed, and information transmission efficiency.
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Figure 2.1. Comparison of design strategy time with EMC and without EMC [13]

Applying EMC design principles from the initial stages of research and device design can
save costs and reduce the time required to develop a new product, as shown in Figure 2.1
[13]. It becomes increasingly challenging to achieve EMC standards once a product is

completed because any interference with the device would necessitate significant changes to

the entire structure and radiation characteristics of the device.

For effective EMC solutions, it is essential to consider and integrate them into the research
and design process of electronic devices. Solutions should be incorporated at various levels,
from component selection to PCB design, structural construction, the layout of protection
points, and responses to leaks.

2.1.2. Sources and causes of electromagnetic radiation

To design a device with optimal EMC, it is crucial to understand the structure of

electromagnetic radiation sources originating from electronic components and their
underlying causes.
2.1.2.1. Sources of electromagnetic radiation

During operation, all electronic devices emit various types of noise into the surrounding
environment. The primary sources of interference include disturbances within the PCB and
interconnecting cables that comprise the device, as well as noise present in the signals on the
I/0 ports and the hidden radio frequency (RF) characteristics of passive components.



a. Radiation from the PCB and connecting cables

Many different sources and types of radiation can be classified, but it is quite difficult
because most of these radiated noises are generated by unwanted CM currents flowing on
the PCB or connecting cables. These CM currents occur when a voltage between the source
circuit and ground induces pulsed disturbance currents to flow through parasitic inductances.
The resulting noise voltage, influenced by the parasitic inductances, affects the cables
connected to the PCB, effectively acting as antennas. Another cause of CM currents on
interconnecting cables is the asymmetrical structure of the 1/O devices, which is difficult to
determine and unpredictable. Although CM currents are often significantly smaller in
magnitude than the DM currents (LA compared to mA), they cause much higher radiation
intensity and are essentially uncontrollable. On the other hand, DM currents pose a greater
risk as they may contain sensitive information during processing. The radiated noise sources

on PCB can be classified into three types, as described in Figure 2.2.

- From the integrated circuits (ICs) and components during operation, changing currents

in the 1Cs and components create small loops.
- From the traces on the PCB during the operation of signal currents.

- From the connecting cables during the use of DM currents for signals or due to the
presence of unwanted CM currents on the connecting cables when a noise voltage is
generated between the power circuit and the ground on the PCB or due to the asymmetrical

structure of the circuit.
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Figure 2.2. Description of sources of electromagnetic radiation from PCB [14]
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b. Radiation from the signals on the 1/O ports

The radiated noise at the signals on the 1/0 ports is caused by the following:
- The logic components of the 1/O ports operate in common mode.

- Interference from parasitic elements in the 1/O ports and cables.

- The clock signal parasitically enters the lead cable of the 1/0 port by both conductive

and radio interference.
- Lack of data filter on the connector and associated signal, both in CM and DM.
- Improper connection of equipment chassis, signal, digital and analog ground.
- The use of incorrect types of 1/0O connectors (plastic, metal, non-metallic).
c. Hidden RF characteristics of passive components

Electromagnetic radiation occurs due to various causes, with one of the most significant
factors being the inherent high-frequency characteristics found in the structural composition
of components. The hidden RF characteristics of passive components have a considerable
impact on the generation of radiated noise. These characteristics include [15]:

- High-frequency operating resistor is a combination of a series of inductance in the

resistive conductor, in parallel with a capacitor between the two terminals.

- Capacitors operating at high frequencies act as inductors coupled with resistors and other
elements on each side of the capacitor plates.

- Inductors operating at high frequencies act as inductors with capacitors between their

terminals, accompanied by some impedance in the conductor.

Unpredicted problems arising from existing components with parasitic components at

both high and low frequencies are shown in Figure 2.3.

When designing with passive components, it is essential to consider their parasitic
elements and their behavior at high frequencies. Understanding the combinations of
components and employing design techniques that account for these hidden characteristics

becomes imperative to meet the original product requirements.
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Figure 2.3. Component characteristics at RF frequencies [15]

However, relying on parasitic components based solely on low-frequency criteria without
considering their characteristics in the high-frequency range can lead to serious issues,
including non-compliance with EMC regulations. EMI issues may also arise when designers

disregard or violate the rules governing parasitic components.
2.1.2.2. Causes of electromagnetic radiation

Once the effects of parasitic components are understood, designing products becomes a
simpler process, ensuring EMC and signal integrity requirements. The impact of parasitic
components must also consider the switching speed of all active components, along with

their characteristic properties, such as resistive, capacitance, and inductance factors.

Due to the existence of parasitic elements, it is necessary to study how RF energy is
generated on the PCB. Both active and parasitic electronic components produce unwanted
RF energy. The field of EMC is described by a series of complex mathematical formulas
called Maxwell’s equations, which encompass the relationship between electric and
magnetic fields. These equations are derived from Ampere’s law, Faraday’s law, and Gauss’

laws.
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Maxwell’s equations explain the generation of EMI through time-varying currents. The
distribution of static charges creates a static electric field, while constant current sources
generate magnetic fields. Time-varying currents produce both electric and magnetic fields,
accumulating energy. This accumulation of energy is analogous to the function of a capacitor,
which accumulates and stores charge. For simplification, Maxwell’s equations are related to
Ohm’s law, providing a concise representation of EMC principles [15].

Ohm’s Law (time domain):
V =IR (2.1)
Ohm’s law (frequency domain):
Vrr = IrpZ (2.2)
with V: voltage, I: ampere, R: resistance, Z: impedance.

Relating the simple Maxwell’s equation to Ohm’s Law, if RF current exists in a path of
a PCB having an impedance value, an RF voltage will be generated proportional to the RF
current. Note that in the electromagnetic model, R is replaced by Z, a complex quantity that
includes both resistance (real component DC) and reactance (complex component AC).
Impedance Z is the resistance to energy flow in both time and frequency domains. Voltage
and current are both units of measurement that describe the behavior of electrons,
electromagnetic fields, and static electric fields. The standard impedance equation is
expressed in several forms. For the conductor or path (trace) of the PCB, impedance is

calculated with known impedance and inductance factors as Equation (2.3):
. 1 . 1
Z—R+]XL+E—R+]a)L+ij (2.3)

where X; = 2nfL , X, = ﬁ and w = 2rf with f is frequency.

Equation (2.4) can be applied taking into account the change of impedance with frequency.

|Z| = \/R? + jX% = \/R2 + j(X, — X()? (2.4)

Inductance values often exceed resistance values for frequencies above a few kHz. In
such cases, the current will prefer the path with the lowest impedance. Each trace on a PCB
has a certain impedance value, and trace inductance is one of the factors contributing to RF

energy generation. According to Ohm's law, if there is an RF voltage passing through an
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impedance, an RF current will be generated. This RF current can lead to radiation and non-

compliance with EMC requirements.

Another phenomenon that occurs in PCBs and cables is crosstalk, which represents
energy transfer between paths [16]. Crosstalk can be either magnetic (inductive) or
capacitive, depending on the changes in current or voltage. Rapid voltage changes between
conductors and the ground layer, as well as between conductors themselves, can create an
electromagnetic field that exhibits purely electric behavior (capacitive crosstalk, Figure 2.4).
Similarly, changes in current within a conductor or cable can create an electromagnetic field

that exhibits magnetic behavior (inductive crosstalk, Figure 2.5).

Crosstalk can occur in cable paths, especially between power cables used in digital
networks, such as parallel or twisted pairs. The strength of crosstalk increases with the length
of parallel conductors, shorter distances between wires or pairs, and higher operating
frequencies. Shielded wire pairs or twisted pairs can help mitigate both capacitive and
inductive coupling. As an example of capacitive crosstalk in Figure 2.4, the voltage coupling

factor can be expressed as follows:

Figure 2.4. Formation of capacitive crosstalk [16]

Pair of wires
(low level)

Figure 2.5. Formation of inductive crosstalk [16]
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| 8 =2 fm 2nfRCy, = WRCyy (2.5)
R(C12+Cz20)
with: V1: Source voltage (signal).

Vn: Capacitive crosstalk voltage.

C12: Parasitic capacitors between pairs of conductors, proportional to the conductor
length and distance factor logio[1+(h/e)?] where h is the distance between two wires of the

pair and e is the distance between two pairs.
Coo: Parasitic capacitor between two wires of the pair.
R: Load of the disturbed wire pair.

The above factors contribute to the electromagnetic radiation of electronic devices.
Minimizing noise produced during operation is one way to ensure EMC for electronic
equipment. In the next part, the dissertation will explore solutions for achieving EMC

compliance in electronic devices.
2.1.3. EMC design for electronic devices

Figure 2.6 shows a design method that ensures good EMC for an electronic device or
system [17]. A hierarchy is presented in the form of a pyramid.

This dissertation focuses on two main solutions, EMI filter and shielding method, so the

remaining solutions only summarize the main ideas.

ENCLOSURE
SHIELDING
DESIGN

INTERNAL CABLE

EMC DESIGN
/ PCB EMC DESIGN
/ GOOD ELECTRICAL AND MECHANICAL DESIGN

Figure 2.6. Pyramid model in the design of electronic equipment ensures EMC [17]
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2.1.3.1. Electrical and mechanical design

A good EMC design is simply the application of good electrical and mechanical design
principles. This includes reliability considerations like meeting design specifications within
acceptable tolerances, good packaging and comprehensive development testing. The US
military’s standards MIL-STD are widely recognized and utilized as a foundation for
designing both electrical and mechanical principles in various industries. These standards

provide guidelines for achieving specific performance and reliability requirements.

Electrical design needs to consider grounding, power and signal integrity, filtering, layout
and routing, and component selection. They are essential for minimizing electromagnetic
emissions and susceptibility. Similarly, mechanical design aspects, including enclosure
design, cable management, grounding and bonding, EMI gaskets and seals, thermal
management, and mechanical isolation, contribute to effective EMC mitigation. These
considerations help contain and shield electromagnetic radiation, prevent interference,

manage heat dissipation, and isolate sensitive components from mechanical disturbances.

The early integration of EMC design considerations is crucial to address potential EMC
issues from the outset and avoid costly redesigns later in the development process. Testing
and verification, including EMC testing, play a vital role in validating the design measures
and ensuring compliance with relevant EMC standards and regulations.

2.1.3.2. PCB design

Electronic device controls typically reside on one or more circuit boards, which include
potential interferenc sources, as components and circuits sensitive to electromagnetic energy.
Therefore, PCB EMC design is the next most important consideration in EMC design. PCB
EMC design refers to the application of design techniques and principles to ensure that a
PCB meets EMC requirements and minimizes EMI issues. The location of active
components, routing of traces, impedance matching, grounding design, and circuit filtering
are EMC considerations. Some PCB components may also require shielding. In order to
reduce the potential radiation on the PCB, there are a lot of documents mentioned [18-21].

When designing a PCB ensure EMC, the design goal is to control the emissions from the
PCB, susceptibility of PCB circuits to external interference, coupling between PCB and
other nearby circuits in the device, and coupling between circuits on the PCB. Here are some

key considerations for PCB EMC design:
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1. Component Placement: Proper component placement is crucial for achieving good
EMC performance. Place components strategically to minimize the length of high-speed
traces, reduce signal coupling, and separate noisy components from sensitive ones. Group

components according to their function and signal types to minimize interference [22].

2. PCB Layer Stackup: If clock frequencies above 10 MHz are used, in most cases, it will
be necessary to use a multilayer design with an embedded ground layer [23]. The layer stack
up of the PCB can impact EMC performance. Use appropriate ground planes and power
planes to provide shielding and reduce noise coupling [24]. Consider implementing separate

ground planes for analog and digital signals to prevent interference between them.

3. Signal Traces: Keep high-speed signal traces as short as possible to minimize their
length and reduce the potential for electromagnetic radiation [25]. Use controlled impedance
routing for high-speed signals to maintain signal integrity and minimize reflections. Clock

runs should be minimized and oriented perpendicular to signal traces.

4. Grounding: Establish a solid grounding system on the PCB [25, 26]. Connect all ground
planes, shields, and signal returns to a single, low-impedance ground point. Implement

proper grounding techniques to minimize ground loops and reduce noise.

5. Power Distribution: Ensure proper power distribution on the PCB [14]. Use decoupling
capacitors near power pins to suppress voltage fluctuations and provide clean power to the
components. Employ a distributed decoupling strategy with a combination of bulk capacitors

and smaller capacitors for different frequency ranges.

6. EMI Filtering: Incorporate EMI filters at critical points such as power supply inputs
and high-speed signal lines [27-28]. Use ferrite beads, common-mode chokes, or RC filters

to attenuate conducted and radiated emissions.

7. PCB Layout: Pay attention to PCB layout guidelines for EMI mitigation [18, 20].
Minimize the use of vias and avoid long or parallel traces that can act as antennas for radiated
emissions. Minimize power bus loop areas by routing the power bus as close as possible to
its return. Maintain appropriate spacing between traces and minimize the use of stubs and
sharp corners. Keep clock traces, buses, and chip enables separate from 1/O lines and
connectors. If the clocks go off the board, then they should be located close to the connector.

Otherwise, clocks should be centrally located to help minimize onboard distribution traces.

15



I/0 chips should be located near the associated connectors. Circuit types (i.e., digital, analog,
power) should be separated.

8. Ground Plane Splitting: In cases where sensitive analog and noisy digital components
coexist, consider implementing ground plane splitting. This involves physically separating

the ground planes for analog and digital sections and connecting them at a single point [15].

9. Shielding: If necessary, use shielding techniques to contain electromagnetic radiation.
Utilize metal shielding cans, conductive coatings, or shielded enclosures to isolate sensitive

components or sections from external interference [9, 17].

10. EMC Testing: Conduct EMC testing during the development process to validate the
PCB design's compliance with EMC requirements and identify any potential issues. Test for
radiated emissions, conducted emissions, and immunity to ensure proper EMC performance
[10, 11, 12].

By incorporating these PCB EMC design principles, designers can minimize EMI issues,
improve signal integrity, and ensure EMC for PCB. It is important to refer to relevant EMC

standards and guidelines specific to application to ensure compliance.
2.1.3.3. Internal cable design

Internal cables are generally used to connect PCBs or other internal subassemblies. The
internal cable EMC design, including routing and shielding, is very important to the overall
EMC of any given device. To ensure EMC in internal cable design, several key

considerations should be taken into account.

Firstly, internal cabling should be minimized as much as possible. When cables are
required to connect assemblies and PCBs, the lengths should be minimized. Long service

loops can be disastrous.

Secondly, proper shielding should be incorporated into the cable design. This involves
using shielding materials such as braided copper or aluminum foil to protect the internal
conductors from external EMI. If PCBs are properly designed, the requirement for shielding
of internal cabling will be minimized. However, if it is found that cable shielding is required,
the technique used to ground the shield is critical to the attenuation afforded by the shield.
The shielding should be grounded effectively to provide a path for the EMI to dissipate.

Cable shields should not be used as signal returns.
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Thirdly, cable routing and separation are crucial in minimizing EMI. Careful planning
should be employed to keep high-frequency and low-frequency cables separated to reduce
the chance of cross-talk and interference. Additionally, routing cables away from potential

sources of EMI, such as power cables or motors, can further enhance EMC.

Next, for certain unbalanced circuits, coaxial cables are often used. In this case, the shield
of the coaxial cable is intentionally used for signal return. In this application, the shield is
not intended for attenuation of electromagnetic energy emanating from the center conductor.
If the circuits at each end of a coaxial cable are designed properly, the coaxial cable should
not radiate. However, if circuit impedances are not properly matched and the coaxial cable
does radiate, another shield must be added to the cable (triaxial). This outer ground would

be then bonded to the chassis ground.

Next, the use of balanced transmission lines, such as twisted pair cables, can help reduce
the impact of electromagnetic noise. Balanced lines have two conductors that carry equal
and opposite signals, which cancel out common-mode noise. This configuration improves

the immunity of the cable to external electromagnetic disturbances.

Lastly, it is essential to ensure proper grounding and bonding throughout the cable system.
All metallic components should be connected to a common ground plane to maintain
consistent reference potentials and minimize ground loops. Ground connections should be
low impedance and capable of carrying high-frequency currents to prevent the buildup of

voltage differentials that can lead to EMI.

By incorporating these principles into the internal cable design, it is possible to achieve a
robust EMC performance, minimizing the potential for EMI and ensuring the reliable

operation of electronic systems.
2.1.3.4. Shielding design

After the EMC design of the PCB and internal cables are complete, special consideration
must be given to the enclosure shielding design. The treatment of apertures, penetrations,
and cable interfaces is essential to maintain the integrity of the shielding.

The shielding method is used to eliminate electromagnetic signals, ensuring EMC for
components or electronic devices within the shielding enclosure. The effectiveness of the
shielding method depends on various factors, of which the choice of the shielding material

and design method plays a vital role.
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a. Shielding effectiveness

A metal shield is a sheet of material, typically metal, placed between two areas to control
the propagation of an electromagnetic field, or it can enclose a source as shown in Figure
2.7 [9].

Using a sealed object made of metal shields prevents electromagnetic signals from the
inside escaping to the outside and vice versa. The first need to look at how to calculate the

shielding efficiency of a metal shield.

The effectiveness of electromagnetic shielding is measured by the shielding effectiveness
(SE). SE is the ratio of magnitude of electric field Eo without shielding (or magnitde of
magnetic field Ho) to magnitude of electric field E1 (or magnitude of magnetic field Hy) with

shielding. The shielding effectiveness is expressed in decibels (dB) as follows [29]:

E
SEe = 20 10g10 E_O (26)
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Figure 2.7. The use of a shielded enclosure [9]
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The attenuation of the electromagnetic signal from the metal shield is a combination of

three factors, as illustrated in Figure 2.8 [9, 30, 31].

1. The incident wave is reflected by the left edge of the shield due to the impedance

discontinuity at the air-metal boundary.

2. The wave that cross the shield surface is attenuated (absorbed by turning into heat

energy) in passing through the shield.

3. The wave after passing through the shield, reach the opposite face of the shield,
encountering another air-metal boundary. Some of it is reflected back into the shield. This
reflection occurs multiple times inside the shield. If a shield is designed to have a thickness
much greater than the skin depth of the material at the frequency of the incident wave, these

multiple reflections occurs rarely at the edges of the shield and can be neglected.

The first factor is the reflection loss R, the second is the absorption loss through the shield
A, and the last is the multiple reflection M. M is significant only if A <15 dB (i.e. depends
on the thickness of the shield) [30]. Thus, the SE of a metal shield is the sum of the
attenuations of the first reflection, absorption and multiple reflections, expressed in dB as

follows:

SEdB == RdB + AdB + MdB (28)
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> Reflection Loss

The reflection loss depends not only on the intrinsic impedance of the shield but also on
the intrinsic impedance of the free space. It is related to the impedance difference between
the two media through which the incident wave passes. Here assuming the incident wave
direction is perpendicular to the metal shield. If the incident wave is not perpendicular to the
shield, the electromagnetic field loss due to reflection will increase with the angle of incident
wave. Thus, the dissertation consider the case of the incident wave with the smallest

reflection loss.
- In the far field

In the far field, the lower the impedance of the metal shield, the greater the reflection loss.
If the incident wave is a plane wave (far field), its wave impedance is equal to the impedance

of free space, which is 377 Q. The reflection loss in the far field is calculated as follows [9]:
Or
Ryp = 168 + 101log,, (E) (2.9)

where: W is the permeability relative of the material to that of free space.
or 1S the conductivity relative of the material to that of copper.
- In the near field

The near field has a more complex structure compared to the far field. The field
components not only vary simply with the distance inverse of 1/r, but also depend on 1/r? va
1/r3. 1r equals 1/r?> and 1/r® at r = A,/2mor approximate A,/6. The near field/far field
boundary is where the ratio E/H = n, (intrinsic impedance of the free space). This ratio is

also known as wave impedance [9]:
Zy =1 (2.10)

The magnitude of the wave impedance is expressed in terms of the distance from the
source as shown in Figure 2.9. In the far field, the term 1/r predominates, it means Z,, =
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Figure 2.9. Wave impedance of the electric field (a) and the magnetic field (b) [9]

In the near field of a electric source, the electric field is proportional to 1/r® and the
magnetic field is proportional to 1/r? (Figure 2.9a). Additionally, the wave impedance in the

near field of the electric source is greater than the intrinsic impedance of the medium. Hence

In the near field of a magnetic source, the magnetic field is proportional to 1/r® and the
electric field is proportional to 1/r? (Figure 2.9b). The wave impedance in the near field of

the magnetic source is less than the intrinsic impedance of the medium. Hence the magnetic

In the near field, the ratio between the electric and magnetic fields is not determined by
the wave impedance of the medium but by the characteristics of the source. Depending on

the characteristics of the emitter (high voltage and low current, low voltage and high current)



the wave impedance can be greater or less than 377 Q. Since the reflection loss is a function
of the wave impedance and the shield impedance, in the near field, this attenuation will vary

with the wave impedance. The reflection loss in the near field is calculated as follows [9]:

+ With electric field:

Or

Reas = 322 + 101ogy, (F) (2.11)

+ With magnetic field:

2
Rimag = 1457 + 101ogyo (£ TM") (2.12)

» Absorption loss

Absorption loss occurs when part of the energy of the electromagnetic field passing
through the shield is converted into the internal energy (heat) of the shield and is calculated
as follows [9]:

Agp = 1.314t./fu,o0, (2.13)
with t is thickness of metal sheet [cm].

Equation (2.13) shows that the absorption capacity of a metal shield depends on the
frequency, the nature of the material and the thickness of the metal sheet. These factors
should be considered when selecting shielding materials.

b. Shielding material

A shielded enclosure should be constructed using materials that exhibit the desired
physical and electrical properties while also being resistant to unfavorable environmental
conditions. Before selecting a material for electromagnetic shielding, it is important to
consider the required properties of the material. Electromagnetic shielding involves the
reflection and absorption of electromagnetic waves by an object acting as a shield. The
primary shielding mechanism is reflection, which requires materials with free charge carriers
(electrons or holes) that can interact with the incident electromagnetic field. Consequently,
conductive materials are typically used for shielding, such as metal sheets commonly found
in the walls of shielded rooms like Faraday cages or Anechoic chambers. These metal sheets,
due to the presence of free electrons, serve the purpose of reflecting the electromagnetic

waves.
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The second shielding mechanism is absorption, which is best achieved with materials
possessing electric and magnetic dipoles. The electric dipoles are present in materials with
high dielectric constant values while magnetic dipoles are present in materials with high

permeability.

According to the formulas from (2.9) to (2.13), the efficiency of absorption is evaluated
by the product o,.u,-while the efficiency of reflection is evaluated by the ratio o,./u,.. Table
2.1 [30] presents several common materials such as copper, silver, gold and aluminum,
which exhibit good reflectivity due to their electrical conductivity. Materials with high
permeability, such as a magnetic alloy of nickel (80%) and iron (20%), or soft ferromagnetic
materials consisting of nickel (77%), iron (16%), copper (5%), and chromium (2%), have
excellent absorption capacity. The efficiency of reflection decreases as the frequency of the
incident wave increases, while the efficiency of the absorption increases as the frequency

increases.

Table 2.1. Conductivity o, and permeability u, of shielding materials [30]

Material oy Hr Oy thr oy /thr
Silver 1.05 1 1.05 1.05
Copper 1 1 1 1
Yellow 0.7 1 0.7 0.7
Aluminum 0.61 1 0.61 0.61
Magnesium 0.38 1 0.38 0.38
Zinc 0.29 1 0.29 0.29
Iron 0.17 1000 170 1.7x10*
Tin 0.15 1 0.15 0.15
Steel SAE 1045 0.1 1000 100 1x10™
Lead 0.08 1 0.08 0.08
Stainless Steel 0.02 1000 20 2x 10
Soft ferromagnetic 0.03 20,000 600 1.5x10°

23



c. Effect of leakage

In practical applications, shields often have leakages at seams or holes in shielding metal.
The shielding effectiveness in dB, as described in Equation (2.8), can be calculated more

accurately as follows [30]:
SE = A+ R + M — Leakage Effects — Standing Wave Effect (2.14)
Leakage effects can manifest in various situations, including:
- Welding seams, connecting parts, screws, bending edges, welds...
- Doors, air vents.
- Connection holes such as power lines, signal lines, control lines, etc.
- Nonhomogeneous areas, screens, cables, grids, and conductive buffers.

The shielding enclosure always require openings or holes for power supply, 1/0 signal
transmission and ventilation... However, these holes can significantly compromise the
enclosure shielding effectiveness due to leakage. Therefore, controlling vulnerabilities is
crucial for achieving good enclosure shielding.

Typically, at low frequencies, the shielding effectiveness of the enclosure is primarily
determined by the material used. However, at higher frequencies, the joints, openings, and
ports on the enclosure become the primary factors affecting the shielding effectiveness.
Discontinuities in the enclosure can degrade the shielding and therefore their design is
crucial in maintaining the desired levels of shielding effectiveness, as they can allow for
electromagnetic coupling through the openings and seams. The efficiency of this coupling
depends on the size of the hole or seam relative to the wavelength of the interfering signal.
Any openings in the enclosure can create a highly efficient coupling path at certain

frequencies, and as the aperture size increases, the coupling efficiency also increases.
To reduce leakage through the holes, the following measures can be taken:
- Minimize the number of apertures.

- Reduce the size of the hole: Avoid making the hole larger than necessary. Instead,
convert the required holes into multiple smaller holes to increase their resonant frequency
above the operating frequency of the enclosure. A good rule of thumb to follow in general
design practice is to avoid openings larger than 1/20 for standard commercial products and

I/50 for products operating in the microwave range.

24



- In situations where there are long seams or joints between metal structures, it is
important to establish electrical connectivity by employing direct metal-to-metal bonding
techniques at regular intervals along the seam or joint. Methods such as soldering or
screwing can be utilized for this purpose. To reduce the size of holes, particularly when
dealing with stretched gaps like covered doors or windows, conductive gaskets or EMC
gaskets are highly recommended and widely used. These gaskets serve as effective solutions
to minimize the size of openings, ensuring enhanced shielding effectiveness within the

enclosure.

- Distribute the necessary holes as far apart as possible: When the gap between holes

exceeds A/4, some attenuation of the radiated signal will occur.

- Reduce near-field leakage: In cases where covering the hole with a conductive gasket is
not possible, mitigate the effects of near-field leaks by ensuring that potential radiation
sources within the enclosure are not located near the openings. The distance between the
radiation source and the hole should generally be at least 1.5 times the size of the hole.

- Techniques for large holes: When dealing with large holes, such as doors or screens,
there are additional techniques that can help achieve good shielding effectiveness. These
techniques may involve the use of waveguides, screened windows, panel screens, shielded

ventilation windows, or conductive cushions.
2.1.3.5. Filter design

The final part of the EMC design is the filter of input and output power and other cables.
These filters can be integrated into the circuit board or located on the connectors of the 1/0

cables themselves.

Filtering is a technique that involves the utilization of electronic components to construct
an electronic circuit aimed at eliminating or attenuating signals within a specific frequency
range. In simpler terms, it divides the signal spectrum into frequency components that are
allowed to pass through the filter and those that are blocked or attenuated. The filtering
method has a wide range of applications as well as theory; this dissertation mainly focuses
on applications in the field of EMC, particularly EMI filters.

One commonly used filtering method in EMC is the EMI filter. EMI filter is a
fundamental solution for noise suppression and is widely used in high-speed differential

signal wires, power supply lines, and other applications [4]. They are designed to suppress
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both differential mode (DM) and common mode (CM) noise, with the effects varying
depending on the intended use. EMI filters are typically employed for input power or signal

conductor pairs. Figure 2.10 depicts a schematic diagram of a typical EMI filter.
Basically, the EMI filter needs to fulfill several technical requirements, including::

- Frequency: The passband frequency is the frequency range that ensures the operation of
the device, while the stopband frequency is the frequency range at which the device can emit

electromagnetic signals.

- Attenuation: The attenuation is expressed in dB and represents the ratio between the
input voltage/current and the output voltage/current across the filter within the specified
frequency range.

With an EMI filter, it is necessary to determine the design specifications (required
performances) of the DM and CM in a defined real frequency region to find the values of
the circuit’s components (design variables) satisfying the requirements. The design method
is based on the Insertion Loss method [32], and attenuation of the DM voltage and CM
current are considered as required performances of the EMI filter. The attenuation can be

increased proportionally to size and weight of filter as the number of components increases.

Filter attenuation is highly dependent upon source and load impedances. Manufacturers’
data is generally published for 50 Q source and load impedances, while actual impedances
are generally reactive and vary considerably over the frequency range of interest, resulting

in variations in the attenuation factor for the entire system.
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Figure 2.10. Circuit model for EMI filter

26



This section will analyze how an EMI filter works as shown in Figure 2.11 [33]. EMI
conduction noise on lines is usually divided into two components, common mode noise
(CMN) and differential mode noise (DMN). CMN, also known as asymmetric noise, occurs
in both lines (signal or source) compared to the line-to-ground noise. The direction of the
CMN current is directed from the 2 wires to the ground wire. DMN, also known as
symmetric interference, occurs between lines, without DMN current in the ground wire. For
example, with an EMI source filter with a source and load impedance of 50 Q, these noise

currents are shown in Figure 2.11.

In the provided diagram, the components Lci, Lc2 are two double blocking coils on a
shared core, combined with capacitors to form a filter in both modes. Lc1, Lc2, La1, La2, Cy1
and Cy» form a CM filter that reduces noise from the lines generated with the ground wire.
The parasitic inductance of L1, Lc2, L1, Loz and capacitors Cxi, Cx2 form a DM filter that
reduces noise between the supply lines. Resistors Rx1, Rx2, Ry1, Ry2 discharge the capacitors
when the device is powered off, contributing to the stable operation of the filter and assisting
with the input and output impedance matching. of the filter. During the design process, it is
common to select values such as Lci = Leo = L, Loz = Ld2 = Lg, Cxt = Cxo = Cyx, Cyu = Cy2 =
Cy. In DM, the inductor L will generate an Lieax detector. The corresponding filters for the
two modes CM and DM are shown in Figures 2.12 and 2.13, respectively.

lDMN

lemn lomn lemn
Ldl
—> -—--> — "
Line O LNNNN O
L
Lel Rx2
AAAS X2 ——
MAINS i b= o LOAD
’_N::?.\— ' 5
Ld2 *
Neutral O FYYIYX O
<+ B - <+ N
Earth O
< <

___________________________________

Figure 2.12. Equivalence circuit in CM [33]
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Figure 2.13. Equivalence circuit in DM [33]

The values in the above diagram are calculated from the cut-off frequency in the two
modes CM and DM as follows [28]:

1 1 1

= = = 2.15
frem 2\ /Lem-Cem Zn\/(LC+%Ld).2Cy 2m,[Lc.2Cy ( )
where frewm is the cut-off frequency in CM, normally Lq << Le.
1 1 1
oot = o oo~ oGt o efGa s 220

where frowm is the cut-off frequency in DM, normally Cy << Cy.
note that Lieak = (0,5% + 2%)L.c.

As the EMI filter’s required performances, the frequency ranges of the passband and
stopband and the attenuation values in each band should be given. Here, when designing an
EMI filter, the required performances for DM are set as follows:

e f<fo (passband): Attenuation 4 < Apwm, [dB],
e > fs(stopband): Attenuation 4 > Apms [dB].
where, p means passband and s means stopband.

In designing a filter in the real frequency region, it is difficult to know the range of
element values without prior knowledge. However, the filter’s attenuations in the normalized
frequency region are the same as the characteristics in the real frequency region, and the
filter element values are between 0.1 and 2.0 in the normalized frequency range [34]. Thus,
the difficulty of selecting element values in the real frequency region can be avoided. The
relationship between the attenuation characteristics and the circuit element values can be
effectively displayed as approximate expressions, called meta-modeling expressions [35].
Since it is possible to study within a limited scope in Ref. [36], it is suggested to design using

PSD from the normalized frequency region. The specific frequency that defines the
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normalized frequency in the normalized filter design is specified by the filter for the DM
component and applies the appropriate modifications to the CM component. As a result, the

filter for CM components will be designed with the same normalized frequency.

In general, when the impedance of the source/load circuit is multiplied by m after
designing the passive network, the operating characteristics do not change if the inductance
and resistance of the network are both multiplied by m and the capacitance is multiplied by
1/m. Therefore, if the network is designed with the impedance of the source/load circuit set
to 1 Q, the L, C, and R values of the network with the same characteristics will be the values
of the impedance Ro of any source/load circuit. If an element value of the original network
is expressed in a lowercase letter, it can be obtained by setting L = Rol, C = ¢/Ro, and R =
Ror. Also, for the impedance of L and C at a given angular frequency wo to be the same as

the impedance at another angular frequency w1, the corresponding element values have the

relation L' = %L and C' = % C. Therefore, if the network’s L and C are multiplied by wo/w1,
1 1

the network’s operating characteristics will match the frequency obtained by multiplying the
frequency axis by w1/wo. Using this property, in filter design, the normalized frequency Q2 =
f/fo is obtained by dividing the real angular frequency w = 2zf, which is determined based on
the specific angular frequency wo = 2zfo, and the attenuation characteristic is determined in

this processing of the normalized frequency region.

When filter design is considered at normalized frequencies, a Wagner prototype LPF is

used [37], and the frequency is normalized by fp, the reference frequency is 2 = % = wﬂ
14 p

and the converted factor is k = kp/ks. The frequency is converted from the real region to the

normalized region:

e 0<0,=1:4<A4,,
e Q> il =2 4> 4
271 fp k S

The require order Ny of the filter can be estimated as:

45 Ap
1 ln<1010—1> - 1n<10 10 —1)
N, == (2.17)

T
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(c). Second-order equivalent circuit model for CM

Figure 2.14. Equivalent circuit model for EMI filter: | = Iy = Iz, ¢y = ¢y1 = ¢y2,

m = k,/l;1,, where Kk is coupling coefficient

The circuit topology of the lowpass prototype filter in Figure 2.14a is expressed in two
equivalent circuit components, DM as shown in Figure 2.14b, which is an independent
orthogonal mode of a balanced system, and CM as shown in Figure 2.14c, is a component
in the equivalent phase so that the effect of EMI filter can be seen more clearly. If the mutual
induction circuit is an ideal transformer, the circuit itself acts as a CM filter, but when the
frequency is high, the inductance is high, and a tightly coupled element is difficult to
fabricate. For this reason, X capacitor is often added to remove DM noise, and Y capacitor
is often added to remove CM noise [2]. From the equivalent circuit, the equivalent circuit
for DM is a third-order filter, and the equivalent circuit for CM is a second-order filter. The
theoretical properties of the filter are numerically calculated to generate initial data for a

meta-modeling formula and verify the obtained range solution.

The F matrix (ABCD matrix) of the EMI filter diagram in Figure 2.14 is defined as

follows:

30



u o . . 1 -1
Fo=ly. U] with ¥, = jwC, | - - ] (2.18)
Fop = [g ZLf,h] with Zp, = jw []LV} Z ] and M = ky/I;L, (2.19)
U O . C[G O
F, = [Yy U] with ¥, = jo| Cyz] (2.20)
A B
F = F FeuFy = | p D] (2.21)

where U is a unit matrix and O is a zero matrix.

The current at the output of filter is calculated using the following equation:

1] _[Z, AZ+ B]‘l [Eg]
[Io] B [—U cz;+Dp] lo (2.22)
The current and voltage in CM and DM at the output of filter are calculated as follows:

1/2

_ . 1
Lo =T, with T; = [_1 1/2

(2.23)

Vm,o = Zm,lIm,o (2-24)

Then, some required performances of EMI filter such as the attenuation of the DM voltage

Avpw, the attenation of the CM voltage Avcm, and CM current Icm are calculated as follows:

|4 m,o
AVDM = _2010g10 Vdfn,ref (225)
Vem,o
AVCM == _2010g10 ch‘ref (226)
ICM = 13 + 14_ (227)

where Vam,o and Vam,ret are DM voltages in cases with and without an EMI filter at the output
terminal. Vemo and Vemrer are CM voltages in cases with and without an EMI filter at the

output terminal. 13 and 4 are the output current at the output terminal of the EMI filter.
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2.2. Preference Set-based Design Method
2.2.1. Overview of PSD

Electronic design is often used with concepts based on circuit theory. Electromagnetic
fields emitted in devices and components need to be considered in order to achieve expected
performance and meet EMC rules. In such a design, it is necessary to pursue a solution that
simultaneously meets multiple performance that sometimes include conflicting requirements.
In electronic systems, initial values have been established for many variables designs and
their values have been used many times. Point-based design methods are used to repeatedly

correct values.

As shown in Figure 2.15a, the traditional point-based design approach rapidly develops a
“single solution”, evaluating it against multiple target, and then iteratively setting the initial
values and modifying the design variables until it reaches an optimal design solution [38].
This iterative design practice is indeed a popular and widely accepted design approach in the
engineering design community. However, this approach severely reduces the effort of
concurrent product and process design. The more design variables and the higher the
performance requirements, the harder it is to find a value that satisfies the specifications. In
addition, many uncertain parameters such as misalignment, unnecessary electromagnetic
coupling, and parasitic factors occur in the actual product, making the design more difficult.
In this iterative process, there is no theoretical guarantee that the process will converge and
produce an optimal solution [39]. In the electric system, many design methods based on trial-
and-error that repeat the initial values and modify the design variables for many design

variables have been implemented and this should be eliminated.

Design Agent Design Agent
'
design iterations /) ™ eliminating infeasible solution sub-spaces

_ narro wing
.:’;i_‘r\' solution space

/x "/'
3 X

infeasible solution \ Jeasible solution

inference

solution space solution space

(a). Point-based Design (b). Set-based Design

Figure 2.15. Point-based versus Set-based design [38]
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To solve such problems and to reduce product development costs and time, concurrent
design techniques for meeting multiple performance requirements have been proposed, for
example, several design methods, such as the Taguchi method [1] and set-based design [2].
SBD considers a range of design possibilities from the outset by dividing the solution space
into relatively equal volumes (Figure 2.15b). Then the designers communicate explicitly and
consider the set of design alternatives. The sets are gradually narrowed through the
elimination of inferior alternatives until the final solution remains. On the other hand, in set-
based design, required performances and design variables are expressed in a range, and the

range of design variables is narrowed to accommodate multiple performances.

Many design methods have been proposed to reduce the time and cost of product
development, such as the concurrent design approach, for example, the fuzzy set-based
design method [2]. Fuzzy set-based design, proposed as a design method for satisfying multi-
objectives, has renewed the traditional point-based design concept. Point-based design is
based on the use of a point-to-point process between required parameters and performance.
Therefore, the method requires a large amount of computation (and/or testing). In contrast,
the required performances and design parameters in fuzzy set-based design methods are
expressed in set theory, and narrowing design parameter sets can lead to a common set that

satisfies many required performances.

One of the specific methods for set-based design is the Preference Set-based Design
(PSD) method [3], which has been proposed and is commonly used in the field of mechanical
engineering. PSD has been proposed and developed as a practical procedure for the fuzzy
set-based design method [3], [38].

The PSD method is proposed and developed by Emeritus Professor Haruo Ishikawa of
the University of Electro-Communications. This method was initially applied as a
mechanical design method, and many results were obtained and announced. Efforts to apply
this method to electrical systems have been reviewed by the Gigabit Research Group of the
"PSD Subcommittee™ since 2015.

The PSD method is a type of composite technique for simultaneous optimization of
multiple purposes. The idea of a preference set is quite simple and unique, making the
concurrent design process easy to understand and implement. In the PSD method, in addition
to set-based characteristics, the designer’s intent can be reflected in the required

performances and design variables using a quantitative evaluation metric known as
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Preference expressed as a preference set. Because design variables are obtained in a range
rather than an point value, it is a robust design ability to include deviations in actual
production [6]. In the PSD method, when all performance meets the requirements, the
allowable range of the final design parameter is obtained with the highest levels of
satisfaction and robustness index. At the core of PSD is a set-theoretic (set-based) design

algorithm that can be applied in many different fields.

While the PSD method has been successfully applied to the mechanical field,
auto/automotive field, its application to electric and electronic design is also being tested.
The utility of which suggests that a design solution (within range) can be obtained that

satisfies many performance requirements at the same time.

Figure 2.16 shows a flowchart of the PSD procedure. The main elements of the PSD

29 ¢¢

process include three phases of “set representation,” “set propagation,” and ‘“‘set narrowing”

[38].
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Figure 2.16. Flowchart of PSD
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2.2.2. Phases of PSD
2.2.2.1. Preliminary Phase

In the preliminary phase, it is necessary to prepare computational models regarding the
relationship between design parameters and required performances. One of the
computational models, the meta-modeling, i.e., an approximation model, is used. A response
surface methodology (RSM) is used in the Design of Experiments (DOE) to obtain the meta-
modeling in this dissertation [40] - [42]. RSM is a collection of mathematical and statistical
techniques useful for modeling and analyzing a problem in which a response of interest
(required performance) is influenced by several variables (design parameters), and the
objective is to optimize this response. Therefore, the initial data for RSM is required. First,
the associated performances are calculated or simulated by combining discrete points for
each design parameter as initial data. Then using RSM to conclude the approximate
expressions. The approximate formula is then inferred from discrete data obtained from
calculation, simulation such as FDTD or experiment.

The basic idea behind RSM is to apply linear regression techniques to create a statistical
model that predicts response (output) of the system when the inputs are different [43]. This
is achieved by generating a set of observed outputs in response to specific sets of input
conditions, defined through a design experiment (initial data). The system model is
constructed as a linear equation by fitting the observed and input responses using the least
squares fitting technique. Once the model is created, it becomes possible to predict the

system’s output for arbitrary combinations of inputs.

Figure 2.17. Response Surface Method
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The response surface model is a linear function of the fit coefficients. This linearity
provides flexibility, allowing to fit curved response surfaces by incorporating higher-order
input variables. In general, second-order models are often sufficient for high-speed signal

links and PSD applications. The general form of such a response surface model has the form:
y = Bo + Xieq Bixi + Xieq Buxi + Xieq Xui BijXiX (2.28)
where y: the system response (output),
Si: the model fit coefficients,
Xi: the systems inputs,
n: the number of independent input variables.

Details of the RSM method are presented in [40 - 43]. In this dissertation, RSM will be
created using available PSD software with initial data; this will be presented in Chapter 4.

2.2.2.2. Set representation phase

The “set representation” phase is to configure the region or range of design parameters
and required performances. Preference, the basis of the PSD approach, is expressed using a
set (1.e., a range) and a “Preference Number (PN)” to reflect the designer’s intent for design
parameters and required performances. PN is introduced in a quantified number from zero
to one and is used to estimate the optimum set for performance. It is a quantitative processing
index that evaluates and determines the design parameters range [6]. An example of a
preference set of parameters and performance is shown in Figure 2.18, where trapezoidal
functions serve as an example. The value of PN = 0 is the allowable range. The value of PN
= 1 corresponds to the most proper region meeting the needs and desires of the designer.
Figure 2.19 shows another example of a set representation of parameter X1 and X, and

performance Y.

Most proper region
=

—_
o=

Preference Number

00

parameters or performances  X]

Figure 2.18. Preference set of parameters and performance
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Figure 2.19. Example of a set representation
2.2.2.3. Set propagation phase

The “set propagation” is the computational phase that searches for achievable
performance sets under the conditions configured by the initial combination of each design

parameter (Figure 2.20).

The set propagation phase employs extended interval arithmetic, such as the Interval
Propagation Theorem [44, 45], or optimization methods like the Swarm Optimization
Method [46, 47], at each priority value level. These techniques are utilized to calculate the
performance spaces achievable within the given original design space. Subsequently, if all
performance parameter spaces exhibit a common space, referred to as an acceptable
performance space, between the required performance space and the possible representation
space, it indicates the existence of feasible design alternatives within the original design
space. Figure 2.21 shows the set propagation phase of the example depicted in Figure 2.19.
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Figure 2.21. Example of a set propagation

2.2.2.4. Set narrowing phase

In the “set narrowing” phase, the sets are narrowed by removing the parts that do not meet
the designer’s requirements from design parameter sets using the preference of each design
parameter configured in the “set representation” phase (Figure 2.22). The process of
guantitatively evaluating the preference and robustness of the proposal is repeated until there
are no inefficient sets. When all performances meet the requirements, the allowable range of
design parameters is finally given with the highest satisfaction indexes and robustness,

reflecting the designer’s intent. The details of the PSD method are given in Refs. [38] and
[48].
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With the examples in Figures 2.19 and 2.21, the results of the required performance and

set propagation phase are compared in Figure 2.23. During the set narrowing phase, the

parameter range is progressively narrowed down to obtain a result that matchs with the

specified requirement. Figure 2.24 shows a few examples of parameter narrowing by
dividing two ranges. The division width is gradually reduced, ensuring that the possible

distribution remains entirely within the required performance distribution.

39



2.3. Polynomial Chaos Method
2.3.1. Overview

Evaluation of signal integrity and EMC often requires statistical analysis due to the
inherent nature of the problem under investigation [49] - [54]. Indeed, design specifications,
such as wire placement and routing, or manufacturing tolerances, affect the electrical
performance of interconnects in ways that are difficult or even impossible to predict with
certainty determined. As a result, even with the most accurate simulation models, actual
performance can differ largely from early-stage predictions due to uncalculated variations in

design parameters.

The traditional approach to handling a stochastic problem is to perform deterministic
simulations for a large number of random parameter variations to collect random response
samples [51]. This approach, known as the MC method, converges very slowly. It requires
several samples, usually of order 10, and thus makes it very inefficient or even prohibitive
when a single numerical solution requires a little time [8]. The MC method can directly
obtain highly accurate statistical information from a large number of samples but has the
disadvantages of requiring many computations and poor computational efficiency as the

number of samples increases [7].

The inefficiency of the MC method in many circuit simulators, has fueled widespread
interest in efficient stochastic techniques for generating circuit model and transmission line
design. This section provides an overview of recent methods, based on polynomial chaos
[55], [56] that have been proposed for efficient statistical analysis of electronic circuits. The
Polynomial Chaos (PC) method is a mathematical technique used for uncertainty
quantification and propagation in computational models. It is particularly applied in fields
such as engineering, physics, and finance, where there are uncertainties in the input
parameters of a model, and the goal is to understand the effect of these uncertainties on the

model’s output.

The PC method represents uncertain parameters as random variables and approximates
their probability distributions using orthogonal polynomials. These orthogonal polynomials,
such as Legendre, Hermite, or Chebyshev polynomials, form a basis set that allows for
efficient representation of the random variables [57]. By expanding the uncertain quantities
as a series of these polynomials, the PC method constructs a polynomial chaos expansion
(PCE).
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The PCE expresses the model's output as a polynomial of the uncertain parameters, where
each term in the expansion corresponds to a specific combination of the polynomial basis
functions. The coefficients of these terms capture the contributions of different orders of
uncertainty. Typically, the PCE is truncated after a certain order to balance accuracy and
computational efficiency. PCE coefficients can be calculated using different approaches and
directly provide relevant statistical information such as the mean and variance of the output
[58]. Furthermore, PCE can be used more commonly as an inexpensive but computationally
accurate macro model to extract other statistical properties such as higher statistical moments

or distribution functions.
2.3.2. Polynomial chaos expansion

The basic idea of PC is to represent random unknowns as PCE. The method is based on
a spectral representation of the uncertainty where the basis polynomials contain the
randomness, described by random variables & and the unknown expansion coefficients are

deterministic, resulting in deterministic equations.

Let consider a stochastic process Y(x, ¢, &) with finite second-order moments, depending

on the normalized random variables collected in the vector & [59]:
Y(x,t,8) = L(x,t,§) (2.29)

where t € [0, T] represents the time, x is the state vector, and L is an operator (linear or
nonlinear). Now, Y can be expressed as an infinite series of orthogonal basis functions ¢
with suitable coefficients y; as [55, 60, 61]:

Y(t,8) = XiZoyi(©)9:i(§) (2.30)
The orthogonal polynomials ¢i by inner product are:
(D D) = [ (&) P (OWE)dE = Sy (2.31)

that is, the above integral is only non-zero when m = n.

The function w(&) in Equation (2.31) is the probability density function (PDF) of &,
determined by the statistical model corresponding to the stochastic parameters in the

problem. Examples of PDF for some random variables are described in Table 2.2 [59].
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Table 2.2. Polynomials for some random variables

Distribution Orthogonal Polynomials PDF Weight Function  Support Range
_x2 -2
Gaussian Hermite H,, (&) \/%L’T ez [— o0, 00]
Uniform Legendre Py (§) % 1 [—1,1]
Gamma Laguerre L{ () % xfe™* [0, 0]
— 1—x)*(1+x)" : :
Beta Jacobi J¥ (&) % (1—x)%(1+ x)b [—1,1]

The representation in (2.30) is exact, however, for practical applications, Equation (2.30)
must be truncated to a limited number of basis functions M +1 via suitable truncation

schemes, as [62]:

M+1= (N+P)!
N!P!

(2.32)

with N is the number of random variables considered and P is the maximum order of the

polynomials in Equation (2.30). Equation (2.30) is truncated as:

Y(t,8) ~ Liloyi(©)hi(§) (2.33)

The advantage of using a PCE is that its coefficients are often calculated much faster than
running a MC simulation. The representation of Equation (2.26) is then used as a cheap
computational and analytical macro model to quickly obtain many actual response samples,
from which statistical information such as stochastic moments or distribution functions can
be calculated. Example, the first two statistical moments are the expected value, or mean,

and the variance, which are given by follows [8]:

E{(Y(©)} = yo(t) (2.34)
I.e., the first coefficient, and:

Var{y ()} = XL, y7(t) (2.35)
.., the sum of the squares of all remaining coefficient.

In Equation (2.33), the higher the expansion order, the better the accuracy but, the lower
the computational efficiency. According to [8], quadratic expansion is usually precise
enough in most cases. Therefore, this dissertation will use the second-order expansion of
PCE with the randomness problem. In Equation (2.33), in order to determine the stochastic

Y, it is necessary to determine the basis functions ¢i and the coefficients of PCE vy;.
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2.3.2.1. Building of the polynomial chaos basis

An orthogonal polynomial sequence is a family of polynomials satisfying condition (2.31).
The set of classical orthogonal polynomials is known as Askey scheme [63], which includes
Hermite, Legendre, Jacobi and Lagurere as Table 2.2. Each class of them provides an optimal

basis for a specific continuous probability distribution type.

Example Normal distribution and Uniform distribution, two types often assumed for the
distribution of the uncertain parameters in the engineering problems [64]. With the input
variable having a uniform distribution, the first six orthonormal Legendre polynomials are

as follows:

$o=1
¢1:\/§f

b2 = 55362~ D)

3 = 2V7(5¢3 — 39) (2.36)
s = =VI(358* — 3082 + 3)

¢s = VI1(63¢° — 7083 + 15¢)

In the case of normal distribution of the variable &, the Hermite polynomials are used and
the first six orthonormal Hermite polynomials are:

bo=1
$1=¢
- @ -1)
b=
s = = (& -39 (2:37)

s = = (" = 682+ 3)

1

bs =ﬁ(55 — 1083 + 15¢)

With multiple variables, a basis made of multivariate polynomials can be built up by
tensorization, that is by multiplying the univariate polynomials. For example, the basis of
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multivariate polynomials for a second-order expansion in each of two random dimension (&1
= & = 2) as follows [57]:

$0($) = Po(§1)P0($2)
$1(8) = p1(C) P ($2)
$2(8) = Po(1) P1(&2)

$3(8) = P2($1)Po($2) (2.38)
$4(§) = P11 P1(S2)

$5(8) = Po($1) h2($2)
2.3.2.2. Computation of the coefficients of PCE

There are many methods that can be used to calculate the coefficient of PCE. This
dissertation uses projection methods to calculate the coefficients of PCE. These methods
take benefit of the orthonormality of the PC basis. By multiplying the expansion in Equation

(2.33) by ¢i(¢) and by integrating with respect to the joint PDF of &, one gets:

yi = [Y(©) pi(Ew(§)dE (2.39)

Equation (2.39) has many solutions, such as using estimation by classical methods for
numerical integration, which consist in approximating multi-dimensional integral by a
weighted sum or several techniques based on the choice of the integration point & and

weights w. These methods are presented in the document [58].

In Chapter 2, the dissertation presented basic theories about the problem encountered,
including EMC solutions, the PSD method, and the PC method. From there, the dissertation

proposes a method of solving problems encountered and tests in the following chapters.
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Chapter 3
Multi-objective Design for EMC Solutions

3.1. Proposed Idea

The dissertation aims to present a multi-objective design method for EMC solutions,
specifically addressing the challenges posed by uncertain parameters encountered in
practical cases. By developing the proposed method, the aim is to offer effective solutions
that can accommodate and mitigate the impact of uncertainties in practical situations. The
dissertation seeks to contribute to the EMC field by providing a robust design approach that

considers the uncertainties inherent in practical applications.

In recent years, the PSD approach has been extensively applied in the mechanical and
automotive fields and is being explored in electronic fields. This method has significant
advantages over traditional point-based design methods, helping to reduce product
development costs and time. By considering design parameters within a range instead of
exact values, the PSD method demonstrates robustness, accounting for deviations during
actual production. Thus, the dissertation propose the application and evaluation of the PSD

method in conjunction with EMC solutions.

The flowchart of the proposed method is shown in Figure 3.1, outlining its main phases.
The initial step involves preparing an initial data set for the PSD method - Preliminary Phase.
This initial data set is established based on the theories, preferences, and experiences of the
designers. However, there are always random variables in practice, so the dissertation uses
a statistical method to handle this challenge - the PC method. The PC method generates the
necessary initial data set for applying the PSD method.

Applications of the PC method have been widely used in recent years to overcome the
disadvantages of the traditional Monte Carlo method. The PC method helps to increase the

calculation efficiency and still ensures accuracy by the requirements.

Consequently, our proposed method comprises two essential steps. The first is to use the
PC method to simulate random variables (if any) and generate an initial data set for the
preliminary phase of the PSD method. The second is to use the PSD method with the EMC
problems posed. If the conditions and initial values of the input have been precisely
determined with no random variables, it is not necessary to use the PC method.
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Figure 3.1. Flowchart of the proposed method

3.2. Literature Reviews

In essence, EMC deals with interference and the prevention of it through the design of
electronic systems [9]. EMC topics have become an essential subdiscipline in the design of
electrical and electronic devices. EMC-related courses have also been incorporated into
university curricula since the early 1980s. This shows the importance of applying EMC

solutions in the design of electronic devices. Many EMC solutions have been published and

The EMI filter is a fundamental EMC solution for noise suppression and is widely

employed in high-speed differential signal wires, power supply lines, and so on (for example,
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[4]). With the EMC problem, the design of the EMI filter should simultaneously satisfy the
required performances for both Differential Mode (DM) and Common Mode (CM). Many
EMI filter design methods have been studied, proposed, and tested, such as those using
analytic electromagnetic fields, trial-and-error tests through experiments, and design using

Particle Swarm Optimization, a super simulation method [5].

Another EMC solution is the shielding method, which is also commonly used. An
example of a shielding method is enclosure. An example of a shielding method is enclosure.
The enclosure is constructed from multiple metal sheets for the purpose of isolating the
device or electronic components inside from the external electromagnetic environment and
vice versa. The theory and design methods of enclosures and metal sheets are given in many
documents, such as [9, 30, 31]. The shielding method provides high protection for electronic

components or devices from the electromagnetic field.

To meet multiple performance requirements and to reduce product development costs and
time, concurrent design techniques for meeting multiple performance requirements have
been proposed. Notable examples include the Taguchi method [1] and set-based design [2].
Among these approaches, the PSD method [3] stands out, widely adopted in mechanical
engineering. The PSD method allows designers to incorporate their intent by quantitatively
evaluating performance requirements and design variables using a preference set and
frequency. By obtaining design variables within a range rather than specific values, the PSD
method exhibits robust design capabilities, accommodating deviations during actual
production [6]. It should be noted that the PSD method is not an optimization technique but

a design method for concurrently satisfying multi-objective performances.

The possibility of applying the PSD method to electric and electronic systems have been
studying, and so far, filters [6, 35, 36, 65, 66], EMI filters [32, 37, 67, 68], transmission lines
[69], differential-paired lines [70], cantilever for electrical contact [71] and radio absorbers
[48]. These investigations have shown good utility, indicating that the PSD method can
deliver a design solution (within a specified range) satisfying multiple performance

requirements.
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In the context of the multi-objective problem for EMI filters, references [32], [67], and
[68] investigate the feasibility of designing EMI filters using the PSD method in an ideal
case, taking into account mutual inductance (coupling factor) between inductors. However,
in practical cases, circuits inherently present uncertain parameters arising from
manufacturing tolerances, parasitic elements, improper impedance matching, and other
factors. The challenge lies in the presence of these uncertain parameters making it difficult
or impossible to predict circuit performance deterministically. Even with highly accurate
simulation models, the actual performance may differ largely from predictions at an early
stage due to this uncalculated variation. Hence, the use of statistical simulation becomes
essential to evaluate the EMC performance considering variations in characteristics caused

by unintended fluctuations in these uncertain numerical parameters.

Reference [37] used Monte Carlo method to simulate source and load resistor fluctuation
statistically. Fifty combinations of resistors are calculated to obtain the initial data set for
PSD. However, the test is not performed with more random samples, and there is no
guarantee that fifty samples are enough to ensure the convergence of the simulation. As the
number of samples increases, the computational efficiency of the MC method will decrease
rapidly. The MC method allows for obtaining highly accurate statistical information from a
large number of samples but has the disadvantages of requiring many computations and poor
computational efficiency as the number of samples increases [7].

Another statistical method is used to increase computational efficiency, the PC method.
In recent years, the PC method has been proposed for highly efficient statistical simulation
[8]. PC looks for an approximate response to a system’s performance as an expansion in
orthogonal polynomials. PCE coefficients can be calculated using different approaches, such
as the stochastic testing method and stochastic Galerkin method [8, 72], and directly provide
relevant statistical information such as mean and variance. PC expansion can commonly be
used as a cheap but computationally accurate macro model. The PC method analyzes faster
than the MC method, although it may be slightly less accurate. The PC method has been
applied and reviewed in circuit design, such as for transmission lines [7, 8, 73], modern
integrated circuits [59, 74], and RC filters [75, 76]. Previous works on the PC method have
mainly focused on stochastic analysis, while this dissertation attempts to apply the PC

method to design methodology, specifically for EMI filters.

48



3.3. Proposed Method

In this dissertation, a design method for EMC solutions is proposed by combining the PC
and PSD methods. With the use of the PC method to simulate multiple uncertain parameters
and generate initial data for the Preliminary Phase of the PSD method, the proposed method
will have higher computational efficiency than previous work in Ref. [37]. And the PSD
method will satisfy the multi-objective requirement. For applications that do not need to

handle the randomness problem, only use the PSD method to obtain the final results.

The procedure for designing EMC solutions using the combination of PC and PSD

methods proposed is outlined as follows:

1. Determine design specifications: Identify the design parameters, required
performances, and uncertain parameters based on the EMC requirements. This step involves

understanding the performance criteria and the variables that influence the EMC solution.

2. Utilize the PC method to obtain an initial data set: When uncertain parameters are
present, the PC method is employed to generate an initial data set by considering the ranges
of design parameters, mathematical formulas relevant to the application, and the designer’s

experience.

3. Design the application with PSD using the initial data from step 2: Use the PSD method
to configure the design parameters and required performances, thereby calculating the
narrow range of the design parameters and obtaining final results that satisfy the required
performances. This step involves an iterative process of refining the design based on the
PSD method.

4. Evaluate the obtained performances: Consider the validity of the obtained range of
design parameters by calculating the performances and comparing them against the required
performances. This evaluation ensures that the EMC solution meets the specified criteria and

identifies any discrepancies or areas for further refinement.

Following this procedure, the proposed method combines the PC and PSD methods to
design EMC solutions, considering both deterministic and uncertain parameters. For
applications that do not involve uncertain parameters, the PSD method alone can be utilized
to obtain the final results.
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Chapter 4
Experiment with the Proposed Design for EMC Solutions

Chapter 4 experiments with the proposed method with two common EMC solutions, a
shielding metal sheet and an EMI filter. The final results obtained as a range will be
validated, and then the feasibility of the proposed method in the field of EMC will be

evaluated.
4.1. Experiment with the Proposed Method for Shielding Design

The first application related to shielding design, specifically focusing on the design of a

metal sheet design for the enclosure.

Theoretically, SE of a metal sheet in the ideal condition is very high [9] and meets the
necessary requirements. However, in practical applications, metal sheets always have
apertures and holes, which compromise the SE, as depicted in Figure 4.1. Unlike water or
gas pipelines, electromagnetic field leakage through holes does not behave by "spraying”
internally or externally when under pressure. Instead, when an electromagnetic field
encounters a shielding metal sheet, an electric current is induced on the surface of the sheet.
In Figure 4.1a, the resulting surface currents flow within the shield. These currents and
related fields create new fields, that counteract or reduce the impact of incident fields. The
incident field generated a surface current, which can be thought of as generating a reflected
field. The reflected field tends to cancel the radiated field in order to satisfy the boundary
condition that the total electric field tangential to the conductor must be zero. In order for
the shield to perform this cancellation, the surface current must be allowed to flow
unimpeded. When the surface currents encounter a hole, they must change direction to flow
around it (Figure 4.1b,c) [9]. This change in current direction introduces inductance, along
with associated magnetic fields, which propagate through the hole, thus reducing the SE of
the sheet metal. As the surface current flows through the inductance created by the deviation
around the hole, a voltage difference is generated across this inductance, appearing across
the hole. The difference in voltage generates new electric fields (E), ontribute to the

degradation of SE value.

50



i [iel] [l
1) [

(d} (e}

[oF Yo o}
@] [o]
ofo
o] [o}

-—

Figure 4.1. Effect of holes with the surface current on the metal sheet

Typically, in low-frequency fields, the SE of the enclosure is primarily determined by the
material used. However, at higher frequencies, factors such as joints, openings, and 1/O ports
on the enclosure become decisive in determining SE. For the purpose of this discussion, a

simple case with a metal sheet is considered, including holes for screw jointing.
4.1.1. Specification
The design specification of the metal sheet of enclosure includes:
e Material: Aluminum with y = 2700 kg/m?,
e Dimension: 2 m x 3 m (a common size),
e =061 ur=1,
e Frequency range: 100 MHz ~ 10 GHz.

The design parameters are the thickness t of the metal sheet and the radius r of hole on
metal sheet. The required performances are the shielding effectiveness SE and weight W of

the metal sheet as follows:
e W <40 kg (depends on designer's intention),
e SE >80 dB (atypical performance of enclosure).
4.1.2. Research methodology
a. Determination of the initial element values

In the enclosure design procedure, a designer determines the configuration by considering
the required specification and then uses the design formulation in subsection (2.1.3.4). To
satisfy the requirements, the designer will specify the element parameters in generating

numerical values of the performances.
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Table 4.1. Initial element value of metal sheet

Level t(mm) | r(mm)

1 1 4
2 2 5
3 3 6

The data for meta-modeling is obtained with the characteristics calculated by combining
three values at the minimum (level 1), intermediate (level 2), and maximum (level 3) of the
initial range of each parameter, as shown in Table 4.1. The design parameters in this study

aretandr.
b. Generation of initial data

For a round hole with diameter d in mm and t is the depth of hole in mm, the SE can be

calculated as [31]:
SE(dB) ~ 102 — 20 log(d fyn,) + 30(3) when d < 1/2 (4.1)

The hole here will be considered in the case of jointing using screws, so assume a leak
value of 10% of the hole size. In the case of multiple holes, because the holes are used for
coupling, the distance is usually above 10 cm, i.e., more significant than a half wavelength
A2, it can be ignored, and only the effect of one hole can be taken into account. The final SE

of the sheet metal is calculated as [31]:

to_ 1 (4.2)
SEtotar  SE1  SE;

where SE;: is SE of metal sheet in the ideal condition and is calculate by Egs. (2.8), (2.9)
and (2.13).

The weight of the metal sheet is calculated as:
W=2Xx3xtx103xYy (4.3)
with y = 2700 kg/m? is the specific weight of aluminum.

Since SE varies with frequency, the dissertation takes the worst-case data values of SE

(minimum value) as the initial data.
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c. Design of metal sheet by PSD method

Next, the obtained initial data is used with the PSD method to obtain the design
parameters for the metal sheet. First, the response surface methodology will use the initial
data for meta-modeling. The response surfaces are represented as quadratic models taken
from the initial data. The meta-modeling equation of SE and W has been obtained as a

quadratic polynomial expressed as the sum of the quadratic, linear, and alternating terms.

The three levels shown in Table 4.1 are set as the initial range. The preference functions

of the design parameters and the required performances are shown in Figures 4.2 and 4.3.

Design parameters are combined in the preliminary phase to generate a feasible set as the
possibility distribution set, which is the “set propagation” phase, as explained in subsection
2.2.2.3. Then the feasible set is narrowed by the "set narrowing" process to obtain the
narrowed distribution in the final phase. The dissertation uses the PSD software to

accomplish this task [77].

Finally, the responses of obtained ranges of design parameters are calculated to consider

the validity of the proposed method.
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Figure 4.3. Preference functions of metal sheet’s required performances
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4.1.3. Calculated results and discussion

Figure 4.4 shows a scatter diagram (predicted values by RSM and actual values). The
correspondence between the theoretically calculated values and meta-modeling equations
obtained by the response surface methodology can be seen. The horizontal axis is the
theoretically calculated value when the element value is changed. The vertical axis is the
value calculated by the meta-modeling formula according to the response surface
methodology. In the ideal response surface methodology, the actual value and the calculated
value by RSM perfectly match, leading to a straight line with slope one and intersection zero
(red-solid line in Figure 4.4). However, in practice, if there is a slight error and correlation
coefficient of the meta-modeling equation, i.e., a low degree of approximation, then the
range solution may not satisfy the required performance depending on the preference [65].

In this model, a high correlation is obtained with 0.99 or more.

The preference distributions as the final results and obtained range solution of the design
parameters and required performances are shown in Table 4.2, Figures 4.5 and 4.6, which
describes the relationship between the “Initial set” and “Narrowed set”. In Figure 4.5, the
black-dot and red-solid lines are “Initial set” and “Narrowed set”, respectively. In Figure 4.6,
the black-dot, the blue-solide and red-solid lines are “Required performance”, “Possibility
distribution”, and “Narrowing distribution”, respectively. The final results indicate that
obtained ranges of the design parameters satisfy the required performance sets.

140 50
1301
1201

_Hof

=RT0

anr

Bor

Tor

B0 [

s0r

sof

30

0

10

[ =
= =
T T

Values by RSM
[
o]
T

Values by RSM [kg]

o
T

P T S T S T S S S S ) ) ) )
U0 0 20 30 40 50 B0 70 80 90 100 110 120 130 140 i 0 0 30 20 50
Original values [dB] Original values [kg]

(a). SE (b). W

Figure 4.4. Scatter diagram is calculated with theoretically calculated values of SE and W

compared with meta-modeling formula

54



Preference Preference

1.0 -----5-—-Initial set e

0af ——+—Narrowed set 0ar

08t nar

ozt ort

el =2 802111 e

05l =727 nar

04 n4r

03l nar

n2f nzr

o1r 01

L L .
00, & 2 g 00y 1 2 3 3
t r
(a).t (b). r
. , .
Figure 4.5. Preference set of metal sheet’s design parameters

Preference Preference

1.0 S T [ - Required performance 10 i i [
08 —— Possibility distribution nar !

oo RN |- Narowig distinion 3| 1

/ ,

07 ;i orh 3

06 t ’/‘ 06 A I“ﬁ’
85 r ' 05 !

04 roT 04 * r

83r ; 03 !

0z2f SR ozl ; + »\I

/
ot it ! ;
P IR S D VR . & L
0 10 30 30 40 50 B0 70 0 90 100110 130 130 140 0oy 0 b 30 Fi] 50

SE

(@). SE

-----3---[nitial set
———Narrowed set

¥=4.3219
y=0.395161

(b). W

Figure 4.6. Preference set of metal sheet’s required performances

Table 4.2. Narrowed set of metal sheet obtained by PSD
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Figure 4.8. Required performances of metal sheet are calculated based on design

parameters in the range obtained by PSD

Figure 4.7 depicts a Pareto front diagram for a more precise assessment of the multi-
objective optimization problem. Where the blued area is calculated results with the initial
range of design parameters, red area is the feasible area satisfied with required performances,
and the yellow area is the performance area for the range obtained from PSD with preference
function as intended by the designer. This demonstrates PSD's powerful design capabilities
to be able to meet many designers' criteria.

To consider the validity of the obtained ranges of design parameters, the required
performances are calculated. Design parameters are selected in the range obtained by the
PSD method from the minimum value to the maximum value to produce about 100
combinations of design parameters, and SE and W are calculated and shown in Figure 4.8.
Multicolored curves represent the minimum to maximum values of the metal sheet’s
performances for the range obtained. The area filled with red indicates out of range for the

required performances.

Figure 4.8 shows that the characteristics are satisfied with the required performances, and
therefore the validity of the design parameters is demonstrated. As a result, it is confirmed
that all required performances are met, and the proposed method can be applied for the metal

sheet of enclosure.
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4.2. Experiment with the Proposed Method for EMI Filter Design

The second application considered is the EMI filter. The EMI filter will be tested in three
cases: the ideal case, the case with one stochastic parameter, and the case with multiple

stochastic parameters.

Since normal distribution spreads to infinity, it is difficult to determine the worst-case
data for EMC evaluation. In this application, | assume that the resistor value is random with
equal probability within 5% of the mean value. So | use a uniform distribution for stochastic

variables, a distribution commonly used in engineering problems.

The circuit diagram of the EMI filter is shown in Figure 4.9. The filter is considered in

three cases, from simple to complex, as follows:

» Case 1 - Ideal case:
+ Rg1 = Rg2 = Ru1 = Ri2, i.e., a balanced circuit, no stochastic parameter.

» Case 2 - One stochastic parameter:
+ R =RL1=50+£2.5Q,
+Rp2=R2=50Q,
+ Resistor Rq1 and Ri1 are same stochastic parameters with uniform distribution. The
average value of resistors is 50 Q, and the standard deviation is equal to 5% of the
average.

» Case 3 - Multiple stochastic parameters:
+ Resistors Rg1, Rg2, RL1, and Rz are stochastic parameters with uniform distribution.
The average value of resistors is 50 Q, and the standard deviation is equal to 5% of

the average.

Figure 4.9. Circuit model for EMI filter

57



4.2.1. EMI filter in the ideal case

The ideal case, Rg1 = Rg2 = Ri1 = Ry, i.e., a balanced circuit, was studied and tested, and
the validity of the PSD method was proven in [37]. To show the generality of the research,

the dissertation will reconsider this work.
4.2.1.1. Specification
The design specification of the circuit in Figure 4.9 includes:
e Eq1=05V,Ep=-05V,
e Rgpo=Rwo=0Q,
¢ Rg1=Ri1=Rg2=R2=50 Q.

The required performances are the attenuation of DM Apm and CM Acwm at the output

terminal of the EMI filter as follows:
® f<fo=10KkHz: Apmpr <1.0 dB,
e f>fs =200 kHz: Apmsh > 60 dB,
o fo<f<fs Acmp =6 dB,
o f>fs Acusp > 40 dB.

First, when converting to the normalized frequency region and calculating the filter order
according to Equation (2.17), Npm = 2.53 for DM and Ncm = 1.35 for CM , i.e., DM and CM
require a third-order circuit and second-order, respectively. Therefore, the circuit

configuration is obtained, as shown in Figure 4.10.
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Figure 4.10. Equivalent circuit model for EMI filter: | = Iy = Iz, ¢y = ¢y1 = ¢y2, m = k4/ 11,
where k is coupling coefficient
4.2.1.2. Research methodology

a. Determination of the initial element values

During the filter design procedure, a designer selects the configuration by taking into
account the required specifications, as well as the source and load terminals. Subsequently,
the designer employs the design formulation or table. To meet the requirements, the designer

will specify the element parameters in generating numerical values of the performances.
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Table 4.3. Initial element value of EMI filter

Level li=1 k Cx Cy1 = Cy2
1 1.0 0.5 0.2 1.0
2 1.5 0.7 0.6 1.5
3 2.0 0.9 1.0 2.0

The data for meta-modeling is obtained with the characteristics calculated by combining
three values at the minimum (level 1), intermediate (level 2), and maximum (level 3) of the
initial range of each parameter, as shown in Table 4.3. The design parameters in this study
are I =1y = I, k, ¢, and ¢y = cy1 = ¢y2. The region of variables may be determined by theory,
preference, and limitation of the design target. As described in subsection 2.1.3.5, the
element values I, ¢, and cy1 are between 0.1 and 2.0 in the normalized frequency range, and
k is the coupling coefficient and with value between 0 and 1. The values of levels 1 and 3 of
the design parameters are selected based on the designer’s experience to maintain the limits
of the design target. The values of level 2 are generally selected as the middle between levels
1 and 3 because the selection is appropriate for obtaining the equation for the response
surface methodology. The same three-level initial values as the former design in Ref. [37]

were used in this study.
b. Generation of initial data

Design parameters are | =11 = I, k, ¢, and ¢y = ¢y1 = ¢y2. The required performances are
the attenuation of the DM Apm and CM Acwm at the output terminal of the EMI filter can be
obtained by solving the EMI filter equations from the ABCD matrix in subsection 2.1.3.5.
Since the design parameters in Table 4.3 vary in 81 combinations (3%), and EMI filter
performances also vary with frequency, the dissertation takes the worst-case data values of
the Apm and Acwm performance as the initial data. The worst-case here means the maximum
value of attenuation for the DM in the passband and minimum value in the stopband, as well

as the minimum value of attenuation for the CM in both the passband and stopband.
c. Design of EMI filter by PSD method

After obtaining the initial data, it is utilized in the PSD method to determine the design
parameters for the EMI filter. Firstly, the response surface methodology employs the initial

data for meta-modeling. In this process, response surfaces are represented as quadratic
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models derived from the initial data. These quadratic models capture the relationships
between the design parameters and the EMI filter's performance characteristics. In Refs. [40]
and [41], the meta-modeling equation of attenuation of the DM voltage and CM current has
been obtained as a quadratic polynomial expressed as the sum of the quadratic, linear, and
alternating terms. In this model, all 81 combinations are calculated for circuit analysis
(numerical computation) with low computational costs. However, DOE, such as L9
orthogonal arrays [42], can be applied as in Ref. [66] to reduce the computational cost of the

meta-modeling.

The three levels in Table 4.3 are set as the initial range. The preference functions of the
design parameters are given as isosceles triangles between the maximum and minimum
values as Figure 4.11 [37]. The preference functions of the required performances are linear
diagonals with the value PN = 0 corresponding to the limit value of the required

performances as Figure 4.12.
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Figure 4.11. Preference functions of EMI filter’s design parameters in case 1
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The design parameters are combined to create a feasible set, which serves as the
possibility distribution set. This set propagation phase is explained in subsection 2.2.2.3. The
feasible set is then narrowed through the “set narrowing” process, resulting in the narrowed
distribution in the final phase. The PSD software is employed to carry out these tasks
efficiently. Lastly, the frequency responses of the obtained ranges of design parameters are
calculated to assess the validity of the proposed method. This analysis allows the designer
to evaluate how well the EMI filter meets the required specifications and ensures that the

design is capable of meeting the intended objectives.
4.2.1.3. Calculated results and discussion

Figure 4.13 displays a scatter diagram that compares the predicted values obtained by
RSM and the actual values. The correspondence between the theoretically calculated values
and the meta-modeling equations derived using RSM is evident in the plot. The horizontal
axis represents the theoretically calculated values obtained when the element value is
changed, while the vertical axis represents the values calculated using the meta-modeling
formula based on the response surface methodology. In the ideal RSM, the actual value and
the calculated value by RSM perfectly match, leading to a straight line with slope one and
intersection zero (red-solid line in Figure 4.13). However, in practice, if there is a slight error
and correlation coefficient of the meta-modeling equation, i.e., a low degree of
approximation, then the range solution may not satisfy the required performance depending

on the preference [65]. In this model, a high correlation is obtained with 0.98 or more.
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Figure 4.13. Scatter diagram is calculated with theoretically calculated values of

attenuation of DM and CM compared with meta-modeling formula in case 1

The preference distribution as the final result and obtained range solution of the design
parameters are shown in Table 4.4, Figures 4.14 and 4.15, which describes the relationship
between the “Initial set” and “Narrowed set”. In Figure 4.14, the black-dot and red-solid
lines are “Initial set” and “Narrowed set”, respectively. In Figure 4.15, the black-dot, the
blue-solide and red-solid lines are “Required performance”, “Possibility distribution”, and
“Narrowing distribution”, respectively. The final results indicate that obtained ranges of the

design parameters satisfy the required performance sets.

Table 4.4. Narrowed set of EMI filter obtained by PSD in case 1

Normalized frequency

Elements li=1 k Cx Cy1 = Cy2

Narrowed set | 1.875~2.000 0.65~0.70 03~04 1.000 ~ 1.125

Real frequency

Real elements | Li=L2[mH] k Cx [UF] Cy1 = Cy2 [UF]

Narrowed set 1.49~1.59 0.65~0.70 0.096 ~ 0.127 0.32~0.36
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Figure 4.16. Frequency response of EMI filter is calculated based on design parameters in

the range obtained by PSD in case 1

Figure 4.16 displays the calculated frequency responses for the EMI filter design
parameters obtained within the range derived from the PSD method. The design parameters
are selected from the minimum to the maximum values, resulting in around 1000
combinations. The plot illustrates the attenuation of DM and CM, and the multicolored
curves represent the minimum to maximum values of the EMI filter's performances within
the obtained range. The area filled with red indicates values that are out of range for the
required performances. In this filter configuration, the order of DM is 3, and the order of CM
IS 2, so the attenuation characteristic of DM is better than the attenuation characteristic of
CM in the stopband.

Figure 4.16 demonstrates that the characteristics of the filter meet the required
performances, as the curves remain within the specified performance range. This confirms
the validity of the design parameters obtained through the proposed method, and the
proposed method is suitable for the EMI filter in an ideal case.
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4.2.2. EMI filter with one stochastic parameter

The proposed method with an EMI filter in the ideal case have been demonstrated and
tested. However, in practice, such an EMI filter is always imbalanced due to the impedance
difference between lines. This subsection considers a simple case study with an uncertain
parameter for a line of source and load circuit to demonstrate the validity of the proposed
method [78, 79].

4.2.2.1. Specification

It is assumed that randomness occurs with the circuit in Figure 4.9 because the source and
load resistors fluctuate with a maximum error of 5%. Hence, CM will appear because the
difference in impedance leads to an imbalance. Although parasitic components such as the
capacitor ESL are in the actual design, they are neglected in this preliminary study. The

design specification includes:
e Ex=05V,Ep=-05V,
e Rgpo=Rwo=0Q,
® Rp=Ri2=50Q,
e Ru=Ri1=50+25Q.

The required performances are the attenuation of DM voltage Avpm and the value of CM

current Icm at the output terminal of the EMI filter as follows:
o f<f»=10kHz: Avomp < 1.0 dB,
o f>fs=200kHz: Avbmsb > 46 dB,
o fy<f<fs lcmpp <60 dBUA,
o f>flcvso <0 dBPA.
4.2.2.2. Research Methodology
a. Determination of the initial element values

The same three-level initial values as subsection 4.2.1 are used in this subsection (Table
4.3).
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b. Generation of initial data by PC

Similar to subsection 4.2.1, the attenuation of the DM voltage and CM current in 81
combinations (3*) are calculated using Equations (2.25) and (2.27) correspond to the design
parameters in Table 4.3. The difference here is that it is necessary to determine the output

voltage and current corresponding to the change of the stochastic parameter.

With voltage, an expansion of the function v(¢) with ¢ is a standardized random variable

with zero mean and unit variance, in the form of a predefined orthogonal polynomial, for

example [8]:
v(§) = vodo(§) + v1$1($) + v22(§)+... (4.4)
where vo, vi, and v» are undetermined PC expansion coefficients and ¢o, ¢1, @2, ... are

polynomials used according to the probability distribution of the random variable & The

orthogonal polynomials ¢x by inner product are:

(D D) = [ b () Sn(IW(E)dE = Sy (4.5)

that is, the above integral is only non-zero when m = n.

The function w($) in Equation (4.5) is the probability density function (PDF) of ¢,
determined by the statistical model corresponding to the stochastic parameters in the

problem.

The stochastic parameters here are the values of the source and load resistors varying
according to a Uniform distribution with PDF as w(¢&) = 1/2. This subsection uses the second-

order expansion of PCE with the randomness problem.

The corresponding orthonormal polynomials satisfying Equation (4.5) are the normalized
Legendre polynomial. With PC expansion of the second order, the first three polynomials

are:
$o =1
¢1 =3¢ (46)
¢z =3V5(3¢% — 1)

Various techniques can define PCE coefficients in Equation (4.4). Specifically, this

dissertation uses the stochastic Galerkin method. This method determines the expansion
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coefficient of order k from the orthogonal by taking the inner product ¢« on both sides of
PCE.

The source and load resistors are expressed by PCE as:

R(§) = Ropo(§) + R1p1($) + Ry ($) 4.7

The expansion coefficients in Equation (4.7) are calculated by the projection of the

analytic expressions of the source and load resistors into basic functions as:

Ric = (R(E), i) = [1] R(E) pr(§) X 0.5 x d¢ (48)
withk =0, 1, 2.

Auxiliary matrices are used to get resistor value as a matrix:

R = RyAp + R1A1 + R,A, (4.9)

with the auxiliary matrix Ax having the coefficients Akmn = akmn as follows:

Cimn = (D1 B ) = [} D1 (O (OB (EIW(E)dE (4.10)

For the normalized Legendre polynomials in Equation (4.6), these auxiliary matrices are:
1 0 O

Ag=10 1 0 (4.11a)
0 0 1
0 1 0

A4,=[1 0 2,5 (4.11b)
0 2/45 0
[0 0 1

4,=10 2/V/5 0 (4.11c)
1 0 2V5/7

Next, voltage and current are represented by PCE as:

V' =Vodo($) + Vi$1(5) + V22 ($) (4.12)
['=1y¢0(S) + 11$1(S) + 12¢2($) (4.13)

The expansion coefficients of Equations (4.12) and (4.13) can be obtained by solving the
EMI filter equations from the ABCD matrix in subsection 2.1.3.5, and the voltage and
current values are obtained. Next, using Equations (2.25) and (2.27) will get the attenuation

of DM voltage and the value of CM current as initial data for PSD. Since the source and load
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resistors in Equation (4.6) vary with & and EMI filter performances also vary with frequency
and design parameters, the dissertation takes the worst-case data values of Avom and Icwm

performance as the initial data.
c. Design of EMI filter by PSD method

The obtained initial data is used with the PSD method to obtain the design parameters for

the EMI filter similar to subsection 4.2.1.

In Table 4.3, the initial range is defined by three levels. The preference functions for the
design parameters are represented as isosceles triangles, with the maximum and minimum
values defining the base of each triangle. This representation is similar to the concept shown

in Figure 4.11.

Additionally, the preference functions for the required performances are depicted as linear
diagonals, with the value PN = 0 corresponding to the limit value of the required

performances. This visual representation is similar to the depiction in Figure 4.17.

The following steps of the PSD method are performed similarly to subsection 4.2.1.
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Figure 4.17. Preference functions of EMI filter’s required performance in case 2
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4.2.2.3. Calculated results and discussion
a. Generation of initial data by PC

Suppose resistor Rg1 and Ry are stochastic parameters that fluctuate around the value Ro

=50 Q with a uniform distribution expressed as:
Rgl = URr + O-RE (414)

where P is the average value of Rgs, that is, 50 Q in the absence of fluctuation. or IS the
maximum error of Rq1, equal to 5% of the average, equivalent to 2.5 Q. The resistor value

Ri1 is also set the same.

Substituting Equation (4.14) into Equation (4.8) to calculate the second order PCE
coefficient of resistors Rq1 and Ri1 as in [22], the result is as follows:

Ro =50, R1 = 1.4434, R, = 2.2204 x 10° [Q] (4.15)

Combining PCE coefficients in Equation (4.15) with Equations (4.9) and (4.11) to get the

augmented matrices of resistors Rq1 and Ri1 (collectively, R) as follows [79]:

50 1.4434 2.2204 x 10~15
R= 1.4434 50 1.291 [Q] (4.16)
2.2204 x 10715 1.291 50

The augmented matrices of Rqg1 in Equation (4.16) are used to find the PCE coefficients
of the voltage and current in Equations (4.12) and (4.13). Then, Equations (2.25) and (2.27)
are used to calculate the attenuation of DM voltage and the value of CM current.

Figure 4.18 compares the results obtained by the MC and PC methods for the DM voltage
and CM current at f = 10 kHz, with the value & varying step-by-step between -1 and 1. The
value & =0 in Figure 4.18b corresponds to the ideal case, so the CM current is almost zero.
The maximum differences between the MC and PC methods are 0.6 pV for the DM voltage
and 0.007 dB for the CM current.
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Figure 4.18. Variation of DM voltage and CM current in & in case 2

Figure 4.19 shows a comparison of the results obtained by the MC and PC methods for
the mean values of the DM voltage and CM current of 50 resistor trials with frequencies
between 1 kHz and 300 kHz. The maximum differences between the MC and PC methods
are 0.4 mV for the mean of the DM voltage and 4.2 dB for the mean of the CM current. As
the number of random samples increases is 5000, the maximum difference between the MC
and PC methods of the mean of the CM current decrease is 0.47 dB. The design parameters
in Figures 4.18 and 4.19 are for the I =12 =2,k = 0.7, cx = 0.2 and ¢y1 = ¢y2 = 1.5 case.

Table 4.5 compares the initial data generation times and maximum differences for the
mean of DM voltage amd CM current of MC and PC methods. The MC method generates a
random set of n input values of the resistors Rq: and Rii. The MC program repeats n times
the calculation process of the attenuation of DM voltage and CM current at the output
terminal of the EMI filter, whereas the PC method only performs almost the whole
calculation process once. The PC program generates n random values of & and repeats n
times the calculation of the attenuation of DM voltage and CM current at the output terminal
of the EMI filter only with Equations (4.11), (4.12), (2.25), and (2.27). Therefore, the PC
method has a shorter initial data generation time than the MC method. As the number of
random samples increases, the difference in computational efficiency of two methods

becomes more significant, from 10 times with 50 samples to 36 times with 5000 samples.
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Table 4.5. Comparison of initial data generation time of MC and PC in case 2

Number of samples
50 100 500 1000 | 2000 | 5000
Generation time of PC (s) 1.8 2.3 6.24 11.2 21 50.7
Generation time of MC (s) 18 42 184 364 710 1805
Speed-up x10 x18 x29 x32.5 | x34 x36
Maximum difference for 0.4 0.15 0.1 0.06 | 0.04 | 0.02
mean of DM voltage (mV)
Maximum difference for 4.2 3.48 1.48 099 | 0.73 | 047
mean of CM current (dB)

Since the design parameters in Table 4.3 vary in 81 combinations (3%, the resistors
fluctuate with n random values, and EMI filter performances also vary with frequency, the
dissertation takes the worst-case value of the EMI filter performances as initial data for PSD.
The worst-case here means the maximum value of attenuation for the DM voltage in the

passband and minimum in the stopband, as well as the maximum value of the CM current in
both the passband and stopband.
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b. Design of EMI filter by PSD

The EMI filter is designed using the PSD method with the initial data obtained from the
PC method. First, the response surface methodology will use the initial data for meta-
modeling. In this model, all 81 combinations are calculated for circuit analysis (numerical

computation) with low computational costs.

Figure 4.20 shows a scatter diagram (predicted values by RSM and actual values). In this

model, a high correlation is obtained with 0.93 or more.

The preference distribution as the final result and obtained range solution of the design
parameters are shown in Table 4.6, Figures 4.21 and 4.22, which describes the relationship
between the “Initial set” and “Narrowed set”. In Figure 4.21, the black-dot and red-solid
lines are “Initial set” and ‘“Narrowed set”, respectively. In Figure 4.22, the black-dot, the
blue-solide and red-solid lines are “Required performance”, “Possibility distribution”, and
“Narrowing distribution”, respectively. The final results indicate that obtained ranges of the
design parameters satisfy the required performance sets.
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Figure 4.20. Scatter diagram is calculated with theoretically calculated values of attenuation
of DM voltage and CM current compared with meta-modeling formula in case 2
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Table 4.6. Narrowed set of EMI filter obtained by PSD in case 2

Normalized frequency
Elements li=1 k Cx Cy1 = Cy2
Narrowed set 1.83~2 0.5~0.57 0.2~0.33 1.17~1.33
Real frequency
Real elements | Li= Lz [mH] k Cx [UF] Cy1 = Cy2 [WF]
Narrowed set 1.46 ~1.59 0.5~0.57 0.064 ~ 0.105 0.372 ~0.423
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Figure 4.23. Frequency response of EMI filter is calculated based on design parameters in

the range obtained by PSD in case 2

The initial data generated by the MC method are also tested with the PSD method and
had the same results as in Table 4.6. Since the design parameters are given in a range, not
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specific numbers, a designer can apply arbitrary values of design parameters in a set. This is

one of PSD’s advantages for robustness.

To consider the validity of the obtained ranges of design parameters, frequency responses
are calculated. Design parameters are selected in the range obtained by the PSD method from
the minimum value to the maximum value to produce about 1000 combinations of design
parameters. Value of variable £ is step-by-step generated in the range of -1 and 1. Attenuation
of DM voltage and CM current are calculated and shown in Figure 4.23. Multicolored curves
represent the minimum to maximum values of EMI filter’s performances for the range

obtained. The area filled with red indicates out of range for the required performances.
c. Discussion

In Figures 4.18 and 4.19, there are some errors between the MC and PC methods, but the
deviation is not significant and it can be seen that the PC method generates initial data for
PSD with high enough accuracy and several times higher computational efficiency. As the
number of random samples increases, the maximum difference between the MC and PC
methods of the mean of the DM voltage and the CM current decreases. This suggests that
increasing the number of random samples improves the accuracy and convergence of the PC

method toward the MC results.

The PC method has a shorter initial data generation time than the MC method. As the
number of random samples increases, the difference in computational efficiency of two

methods becomes more significant.

From Figure 4.18, the worst-case value of the attenuation of the DM voltage can be
predicted at £ =-1 and CM current at £ =-1 or 1. The reason is that this subsection considers
only a simple case study, only one uncertain parameter (resistor) for a line of the source and
load circuit, and the remaining resistor values are fixed (50€2). In the case where Rg1, Ry,
RL1, and Re2 are uncertain parameters, there is no guarantee that the worst-case value is at
the boundary points of & This subsection focuses on handling stochastic problems so that

chooses the worst-case value from among many stochastic values.

Figure 4.23 show that the characteristics are satisfied with the required performances, and
therefore the validity of the design parameters is demonstrated. As a result, it is confirmed
that all required performances are met, and the proposed method can be applied even in an

actual case where asymmetry exists in the power supply and the load.

76



4.2.3. EMI filter with many stochastic parameters

This subsection considers a more complex and general case study with multiple uncertain

parameters to demonstrate the validity of the proposed method [80, 81].
4.2.3.1. Specification

Assume the circuit in Figure 4.9 experiences randomness due to fluctuations in the source
and load resistors with maximum errors of 5%. Consequently, this difference in impedance

gives rise to imbalances and the appearance of CM. The design specification includes:
e Eq1=05V,Ep=-05V,
e Rgpo=Rwo=0Q,
e Rpp=50+25Q,
e R=50+2.5Q,
e R1=50+£25Q,
e R2=50+25Q.

The required performances are the attenuation of DM voltage Avom and the value of CM

current Icwm at the output terminal of the EMI filter as follows:
e f<f=10kHz: Avompb <1.0 dB,
o [>f;=200kHz: Avbmsb > 46 dB,
o fy<f<fs lcmpp <60 dBUA,
o f>fs lemwsh <0 dBUA.
4.2.3.2. Research methodology
a. Determine initial element value

In this subsection, the same three-level initial values are utilized as in subsections 4.2.1
and 4.2.2 (Table 4.3).

b. Generation of initial data by PC

The method is similar to subsection 4.2.2. This subsection highlight the differences. The
corresponding orthonormal polynomials satisfying Equation (4.5) are the normalized

Legendre polynomial. With PC expansion of the second order and four stochastic variables,
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use Equation (2.32), total number of polynomials are fifteen and the orthonormal

polynomials as follows:

¢ =1

¢1=6V3
¢2 =&V3
¢s = &V3
b1 =43

¢s =>V5(3¢2 - 1)

b6 = 38182
b7 = 38183
s = 38184

o = V5(3¢% — 1)

$10 = 38283

$11 = 38284

¢12 = 5V5(3¢2 — 1)

$13 = 38384

¢$14 = 3V5(3¢7 — 1)

The source and load resistors are expressed by PCE as:

R(&) = Ykto Ri Pk (©)

(4.17)

(4.18)

The expansion coefficients in Equation (4.18) are calculated by the projection of the

analytic expressions of the source and load resistors into basic functions as:

R = (R(E), dx) = [ [, [2, [2 R(E) dx (&) X 0.5* x d&;d&,dEsdE,
withk=0,1, 2, ..., 14.

Auxiliary matrices are used to get resistor value as a matrix:
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R=Yi R Ay (4.20)

with the auxiliary matrix Ak having the coefficients Akmn = akmn as follows:

Cemn = (Do s D) = [ L 0 1 0k () (©) () X 0.5* x d&; dE,dEsdE,

(4.21)
Next, voltage and current are represented by PCE as:
V =3ikko Vi d1(§) (4.22)
I=3%k0 L dr(§) (4.23)

The expansion coefficients in Equations (4.22) and (4.23) can be determined by solving
the EMI filter equations using the ABCD matrix, as described in subsection 2.1.3.5. This
process Yyields voltage and current values. Subsequently, Equations (2.25) and (2.27) are
employed to calculate the attenuation of DM voltage and the value of CM current, which
serve as initial data for PSD. Considering that the source and load resistors in Equation (4.18)
vary with &, and EMI filter performance depends on frequency and design parameters, the

dissertation adopts the worst-case data values of Avom and Icm performance as the initial data.
c. Design of EMI filter by PSD method

The initial data, as obtained from the previous steps, is now utilized with the PSD method
to obtain the design parameters for the EMI filter, similar to subsection 4.2.2.

4.2.3.3. Calculated results and discussion
a. Generation of initial data by PC

In the given scenario, the resistor Rg1, Rgz, Ru1 and Riz are stochastic parameters that

exhibit fluctuations around the value Ro = 50 Q with a uniform distribution expressed as:

Ry1 = pg + 0géy (4.24a)
Ry, = pg + 0gé; (4.24b)
Ry = pr + 0g$3 (4.24c)
Riz = pr + 0réy (4.24d)

where Ur represents the average value of resistors, which is 50 Q in the absence of fluctuation.
or IS the maximum error of resistors, equivalent to 5% of the average, i.e., 2.5 Q. &, &, &,

and & are random variables, with values between -1 and 1.
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Substituting Equation (4.24) into Equation (4.19) to calculate the second order PCE
coefficient of resistors Rg1, Rg2, RL1 and Ry as in [75], similar to subsection 4.2.2.

Once PCE coefficients of resistors are determined, they can be combined with Equations

(4.20) and (4.21) to obtain the augmented matrices of resistors Rgi1, Rg2, RL1, and Rye.

Then with the augmented matrices of resistors, the PCE coefficients of the voltage and
current in Equations (4.22) and (4.23) can be found. Finally, using Equations (2.25) and

(2.27), the attenuation of DM voltage and CM current can be calculated.

Unlike case 2, case 3 has four uncertain parameters. Therefore, this case cannot directly
compare the results of DM voltage and CM current. Figures 4.24 and 4.25 provide a
comparison between the results obtained using the MC and PC methods for the mean values
of the DM voltage and CM current of 50 resistor trials. The frequency range considered is
from 1 kHz and 300 kHz. The maximum differences between the MC and PC methods are
0.94 mV for the mean of the DM voltage and 3.52 dB for the mean of the CM current. As
the number of random samples increases to 5000, maximum difference between the MC and
PC methods for the mean of the CM current decrease to 0.37 dB. Design parameters used in

Figures 4.24 and 4.25 are for the case where Iy =12 =2, k=0.7, cx = 0.2 and ¢y1 = ¢y2 = 1.5.

0.5

MC mean
+ PC mean
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2
w

DM voltage [V]
o
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(/

0
108 10* 10° 108
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Figure 4.24. Comparison of mean of DM voltage in case 3
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Figure 4.25. Comparison of mean of CM current in case 3
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Table 4.7. Comparison of initial data generation time of MC and PC in case 3

Number of samples

50 100 500 1000 | 2000 | 5000

Generation time of PC (s) 10 12 28 44 74 170
Generation time of MC (s) 16 29 142 288 578 1500
Speed-up x1.6 X2.2 x5.1 X6.5 X7.8 x8.8

Maximum difference for 0.94 0.61 0.3 0.22 0.12 0.07
mean of DM voltage (mV)

Maximum difference for 3.52 2.84 1.12 0.77 0.65 0.37
mean of CM current (dB)

Table 4.7 presents a comparison of the initial data generation times and maximum
difference for mean of DM voltage and CM current between MC and PC methods. As the
number of random samples increases, the difference in computational efficiency between
two methods becomes more significant. With 50 random samples, the PC method is 1.6
times faster than the MC method for generating initial data. However, as the number of
random samples increases to 5000, the PC method becomes 8.8 times faster than the MC

method.

Since the design parameters in Table 4.3 vary in 81 combinations, and the resistors
fluctuate with n random values, along with EMI filter performances varying with frequency,
the dissertation adopts the worst-case approach for selecting initial data for PSD. In this

context, the worst-case value of EMI filter performances is chosen as the initial data.

The worst-case value in this scenario refers to selecting the maximum value of attenuation
for the DM voltage in the passband and the minimum value in the stopband. Similarly, the
maximum value of the CM current in both the passband and stopband is also chosen. This
approach ensures that the PSD method considers the most challenging conditions and
provides robust results that satisfy the required performance criteria even under the worst-

case scenarios.
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b. Design of EMI filter by PSD

EMI filter is designed using the PSD method, with initial data obtained from the PC
method. Firstly, RSM leverages the initial data for meta-modeling. In this model, all 81
combinations undergo circuit analysis with low computational costs, allowing for efficient
numerical computation. Figure 4.26 presents a scatter diagram comparing the predicted
values from RSM with the actual values. Notably, a strong correlation of 0.92 or higher is

observed, indicating the accuracy of the predictions.

The preference distribution, as the final result, and the range solution of the design
parameters are illustrated in Table 4.8, Figures 4.27 and 4.28, delineating the relationship
between the “Initial set” and the “Narrowed set”. In Figure 4.27, the black-dot and red-solid
lines represent “Initial set” and “Narrowed set”, respectively. In Figure 4.28, the black-dot,
the blue-solide and red-solid lines symbolize “Required performance”, “Possibility
distribution”, and “Narrowing distribution”, respectively. The final results indicate that

obtained ranges of the design parameters satisfy the required performance sets.
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Table 4.8. Narrowed set of EMI filter obtained by PSD in case 3

Normalized frequency

Elements li=1 k Cx Cy1 = Cy2

Narrowed set 1.83~2 0.5~0.57 0.2~0.33 1.17~1.33

Real frequency

Real elements | Li= L2 [mH] k Cx [HF] Cy1 = Cy2 [UF]

Narrowed set 1.46 ~1.59 0.5~0.57 0.064 ~ 0.105 0.372~0.423

The initial data generated by the MC method is also subjected to testing using (PSD
method, yielding the same results as presented in Table 4.8. This confirms the consistency

and reliability of the obtained ranges of design parameters through both methods.

An advantage of the PSD method is its ability to handle ranges of design parameters rather
than a point value, providing flexibility for the designer to apply arbitrary combinations of
design parameters within a defined set. This characteristic enhances the robustness of the
EMI filter design, allowing for the exploration of various design scenarios under

uncertainties and variable conditions.

To further assess the validity of the obtained design parameter ranges, frequency
responses are calculated. Design parameters are selected within the range obtained by the
PSD method, producing approximately 1000 combinations of design parameter sets. The
variables &1, &, &, and & are randomly generated within the range of -1 and 1, reflecting the
variability of the uncertain parameters. The attenuation of DM voltage and the value of CM
current is then calculated and depicted in Figure 4.29. The multicolored curves represent the
minimum to maximum values of the EMI filter's performance for the obtained range of
design parameters. The area filled with red indicates values that fall outside the required

performance range.
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Figure 4.29. Frequency response of EMI filter is calculated based on design parameters in

the range obtained by PSD in case 3
c. Discussion

Figures 4.24 and 4.25 demonstrate that although there are some discrepancies between
MC and PC methods, the deviation is not significant. The PC method generates initial data
for the PSD method with high accuracy and significantly higher computational efficiency
compared to the MC method. Moreover, as the number of random samples increases, the
maximum difference between the MC and PC methods for the mean of the DM voltage and
CM current decreases. The comparison between the MC and PC methods demonstrates that
the PC method provides reliable results with good agreement with the MC method,
particularly when a sufficient number of random samples are considered. These results
reinforce the reliability and efficiency of the PC method for handling uncertainties in EMI
filter design.

&5



Notably, the PC method exhibits shorter initial data generation times than the MC method.
As the number of random samples increases, the difference in computational efficiency
between the two methods becomes even more pronounced. This indicates that the PC method
becomes increasingly advantageous over the MC method as the number of samples grows,
making it a more efficient choice for handling a larger number of random values. Besides,
compared with the results in subsection 4.2.2, when the number of stochastic parameters

increases, the computational efficiency of the PC method will decrease.

Figure 4.29 shows that the design parameters obtained through the PSD method satisfy
the required performances. The characteristics of the EMI filter meet the desired
specifications, validating the effectiveness of the proposed method. It is confirmed that all
required performances are met, demonstrating the robustness of the proposed method even

in practical cases where asymmetry exists in the power supply and load.
4.3. Summary

In Chapter 4, the dissertation experimented with the proposed method in Chapter 3 with
different applications, such as the metal sheet of enclosure and EMI filter. With the EMI
filter, the dissertation has tested different cases, from simple to complex, including uncertain
parameters. The final results obtained as a set from the PSD method are validated. In
addition, initial data and the results obtained when using the PC method in the proposed
method are also compared with the MC method and show an improvement in the calculation

efficiency but still keep the required accuracy.

Overall, the combination of the PC method and the PSD method provides a powerful and
efficient approach for designing EMI filters with multiple uncertain parameters. The method
enables the exploration of design spaces, considering uncertainties and meeting performance

objectives while ensuring computational efficiency and robustness.
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Chapter 5

Conclusion

In the framework of this dissertation, the author attempt to propose a design method for
electronic devices, with the main application being EMC solutions, to meet multi-objective
requirements. The dissertation also consider problems closest to practical scenarios,
including multiple uncertain parameters ranging from simple to complex cases. To address

the stated problem, the dissertation has handled the following two main contents:

+ Firstly, employ the PC method to simulate uncertain parameters and generate initial

data for applications.

+ Secondly, utilize the PSD method to find the design parameter values within a range

that meets multi-objective requirements.

Subsequently, the obtained design solution has also been validated. The results of the
proposed design could be obtained within a range, not a specific number, and the design met

the required performances. This demonstrates a strong attribute of the proposed method.

By using the PC method in the preliminary phase of the design process, the dissertation
have addressed the randomness issue and obtained the necessary data with high
computational efficiency and good accuracy compared to traditional methods based on the
MC method. When combined with the PSD method, the final results produced by the PC
and MC methods are the same (in the form of a range). The use of the PC method helps
accelerate the computation speed several times, depending on the required number of
samples, uncertain parameters, and the original computation process. The difference ranges
from a few times to several tens or even hundreds of times. The results demonstrate the
potential of using the PSD method in the field of electronics, particularly concerning EMC.
By combining the PC and PSD methods, the proposed method also addresses the drawback

of the PSD method, which is the lack of appropriate input data for the requirements.
The dissertation still has some limitations, including:

+ When the number of uncertain parameters increases, the computational efficiency
decreases. This is due to the increased number of polynomials required. Additionally,

multiple integral functions are also needed to compute the coefficients of the PCE.
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+ If the problem requires high accuracy, the order of the polynomial must also increase
to ensure the desired accuracy, leading to an increase in the number of polynomials, thus

reducing the computational efficiency.

Future work will focus on addressing the aforementioned limitations. The use of
techniques to approximate multiple integral functions will be considered. Furthermore, I will
continue to explore the application of the proposed method (PSD combined with PC) in

electronics and EMC domains (the lower level of the EMC pyramid).
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