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Lay Summary

This thesis explores the challenges posed by conducted electromagnetic interference
(EMI) in power converters, particularly the dual active bridge (DAB) converter.
While advancements in the semiconductor industry have expanded the applications
of power converters, the presence of EMI noise remains a critical factor in
determining their suitability for use.

The DAB converter, recognized for its bidirectional power transfer, high power
density, and galvanic isolation, has become a prominent DC-DC converter. To
ensure its seamless operation and prevent disruptions to other converters, this thesis
focuses on the analysis and mitigation of conducted EMI noise.

This thesis investigates conducted electromagnetic interference (EMI) noise models
of DAB converter. The external-matched impedance approach to estimate
conducted EMI noise by examining the transformer’s primary-to-secondary winding
parasitic capacitance is presented. In addition, the coupled-inductor-based approach
to mitigate circulating common-mode (CM) current in the DAB converter, addresses
a crucial aspect of interference.

The design of integrated CM chokes for CM and DM EMI filters, aiming to reduce
volume occupancy and improve efficiency are developed. Moreover, the integrated
chokes for single-stage EMI filters are developed to reduce the EMI filter’s overall
volume occupancy.

Finally, the thesis concludes with future research directions, making significant

strides in addressing EMI challenges in power converters.
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Abstract

The conducted electromagnetic interference (EMI) typically refers to the
transmission of undesired electromagnetic signals through a conducting medium.
The conducted EMI is broadly classified into common mode (CM) and differential
mode (DM) noise based on the propagation path. The control schemes opted
in a power electronic converter urge the desired switching action for its intended
operation. This switching action of the semiconductor devices results in rapid
voltage and current fluctuations. These rapid voltage or current fluctuations result in
electromagnetic emissions that couple onto nearby conductive paths, thus resulting
in conducted EMI.

In isolated DC-DC converters, in addition to the voltage and current transients
due to the switching action, the presence of the transformer exacerbates EMI,
as it couples noise between primary and secondary sides. Among the isolated
DC-DC converters, the dual active bridge (DAB) converter is a cutting-edge
power electronics topology renowned for its ability to transfer power with higher
efficiency while providing galvanic isolation. The two voltage source converters
(VSC) that can accommodate a maximum of eight switches give the DAB converter
an impressive power transfer capability compared to other isolated bidirectional
DC-DC converters. Moreover, with its advanced control techniques, bidirectional
power flow capability, and galvanic isolation, the DAB converter offers engineers
a versatile tool for designing next-generation power electronics systems. Thus, it
stands as a key player in modern power conversion applications such as renewable
energy systems, electric vehicle charging stations, aerospace, and high-voltage DC
distribution systems. Despite its impeccable features, the switching action of
semiconductor devices, the presence of a transformer, and complex propagation
paths for the CM and DM noise, the DAB converter is not exempt from conducted
EMI. Hence, understanding the sources and mitigation techniques of the conducted
EMI noise in the DAB converter is essential to ensure its reliability and performance
in various applications.

Thus, the thesis emphasizes the analysis of conducted EMI noise and its mitigation
in the DAB converter. Initially, the work focuses on the detailed analysis of the
propagation paths of the CM and DM noise using the CM and DM noise models,
respectively. One aspect of the analysis presents an external-matched impedance
approach aiming to accurately estimate the conducted EMI noise through the
transformer primary-to-secondary winding parasitic capacitance in detail. The
other aspect of the analysis focuses on the measurement of the DM noise in the
DAB converter that takes a path through the common ground, termed mixed-mode

differential mode (MMDM) noise, along with its experimental validation.



ix

In general, the mitigation techniques for common-mode noise typically involve the
incorporation of CM filters. Hence, later in the thesis, the circulating CM current
that originates due to the DC input CM filters of the DAB converter is thoroughly
investigated along with its coupled inductor-based mitigation approach. The
detailed comparative analysis of the CM noise performance of the DAB converter
with an external inductor and an integrated transformer is presented along with the
experimental validation.

Further, the thesis introduces a CM and a DM integrated magnetic structures
intended to replace the conventional CM chokes and conventional DM inductors
or chokes, to achieve improved physical (size, volume) or electrical characteristics
(impedance profile). Finally, to address the size and volume occupancy of the EMI
filters, this thesis presents the design of two integrated magnetic choke structures.
The experimental performance evaluation of the EMI filters with the presented
integrated magnetic choke structures and their corresponding conventional choke
structures is conducted on a hardware prototype of the DAB converter.

Thus, the CM and DM noise models of the DAB converter presented in the thesis
facilitate a better understanding of the noise propagation paths along with offering
insight into the measurement feasibility of the conducted EMI noise through the
transformer’s primary-to-secondary winding capacitive coupling and the MMDM
noise. Additionally, the thesis proves the advantages of employing the integrated
magnetics approach, either in the transformer or in the EMI filters, of the DAB
converter.

Keywords: Common-mode noise; conducted EMI noise; differential mode noise;
dual active bridge converter; EMI filters; integrated chokes; integrated magnetics;

integrated transformer.
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Chapter 1

Introduction to Conducted EMI in
DAB Converter

1.1 Introduction to EMI

Electromagnetic Interference (EMI) represents an undesirable electromagnetic noise
that has the potential to compromise, restrict, or disrupt the optimal functioning
of electronic devices or entire systems [1]. Any system handling electromagnetic

energy is prone to result in EMI.

The EMI study gained formal recognition quietly in 1933 under a sub-committee
of the IEC (International Electrotechnical Commission) in Paris under the name
of CISPR (International Special Committee on Radio Interference) [2]. EMI
concerns have historically been crucial in military contexts. The swift integration
of cutting-edge technologies into power electronic devices has facilitated progress in
diverse domains like automotive engineering, microgrid development, and renewable
energy systems. Consequently, EMI challenges have become pervasive in power
electronic converters across nearly every application. Hence, before deployment
in any application, all the power electronic converters, which are designed for the
conversion, control, and management of electrical power, undergo testing to ensure
their electromagnetic compatibility (EMC). EMC is the ability of a device, unit of
equipment, or system to function satisfactorily in its electromagnetic environment
without introducing intolerable electromagnetic disturbance to itself or to anything
in that environment [3]. The EMC of power equipment is guaranteed through the
validation of both the equipment’s susceptibility (or immunity) to external influences

and its emissions into the surrounding environment.

In practical terms, EMI can manifest in a variety of ways, ranging from subtle
performance issues to catastrophic failures. In consumer electronics, for example,
EMI may cause audio or video distortion in multimedia devices, disrupt wireless
communication signals, or interfere with the operation of sensitive sensors in medical
equipment. In industrial settings, EMI can disrupt control systems, leading to
production errors, equipment downtime, or safety hazards. In critical infrastructure,

such as power grids or telecommunications networks, EMI can compromise the
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Table 1.1: EMC standards and its applicability

Sl. No. \ Application \ Standard \ Description
Infi ti . .
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Figure 1.1: CISPR 25 Class 5 conducted emission limits [4].

reliability and resilience of essential services, posing risks to public safety and

national security. Hence, to restrict the EMI, the device intended for a specific

application undergoes EMC verification. Table 1.1 showcases a selection of standards

that the device must adhere to attain EMC compliance. To provide a glimpse of
the standard limits, Figure 1.1, given in [4], depicts the CISPR Class 5 conduction

emissions limit.

1.1.1 Sources of EMI

Typically, the diverse sources of EMI can be broadly classified into natural and

man-made sources, as shown in Figure 1.2 [5].

Solar flares, cosmic rays, storms,

and thunder are a few of the natural sources that contribute to EMI in radio, space,
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Sources of EMI
[
Natural Man made
[
Voluntary Involuntary

Figure 1.2: Categorization of EMI sources.

aerospace, and telecommunication systems. Due to the unpredictable nature of these
natural EMI sources, the systems are designed to nullify the impact of these sources
on their performance.

Advancements in technology have led to corresponding progress in electronic circuits,
giving rise to EMI, classified as man-made EMI sources. Depending on the intended
objectives of electronic advancements, man-made EMI sources are further classified
into voluntary and involuntary categories. Voluntary sources are deliberately
designed to produce EMI for specific purposes, such as in wartime scenarios to
disrupt enemy activities. In contrast, electronics essential for human civilization,
including mobile phones, laptops, medical equipment, power cables, and automobile
vehicles, serve as involuntary man-made sources of EMI. The high di/dt loops and
high dv/dt nodes in the power stages are usually the involuntary source of noise
[1] in the power electronic converters. Moreover, the ongoing developments in
power electronics towards high-power density converters have resulted in components
and conductive paths in closer proximity, thereby intensifying the EMI issues.
The utilization of integrated circuits, with their densely packed and intricately
interconnected components, further exacerbates the EMI, necessitating heightened
attention to analyze and mitigate these interference effects for the seamless operation

of modern power electronics.

1.1.2 Classification of EMI

EMI manifests itself through the transmission of unwanted signals, either
propagating along conductors or radiating into the surrounding air. The former
scenario is characterized by electromagnetic energy through the conductive paths
and is commonly referred to as conducted EMI noise. The latter scenario is
characterized by electromagnetic energy emanating into the environment, termed
radiated EMI noise.

Conducted EMI noise occurs when electromagnetic energy travels along conductive
paths, such as wires, cables, or traces on circuit boards. This type of interference is

primarily associated with switching events in electronic devices, where rapid changes
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EMI
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Figure 1.3: Classification of EMI in an electrical circuit.
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Figure 1.4: CM noise (green) and DM noise (red) propagation paths from an EMI source to the
victim.

in voltage and current generate electromagnetic fields that can couple into nearby
conductors. Conducted EMI can disrupt the operation of sensitive circuits, leading
to malfunctions, data corruption, or even equipment damage.

Radiated EMI noise, on the other hand, occurs when electromagnetic energy
emanates into the environment, propagating through free space. Sources of radiated
EMI include electronic devices, power lines, and wireless communications systems.
This type of interference can affect nearby electronic equipment, particularly if it
lacks adequate immunity to external electromagnetic fields.

Thus, the conducted and radiated EMI are the common concerns in electromagnetic
compatibility (EMC) testing, where regulatory standards impose limits on the
permissible levels of electromagnetic emissions from electronic devices.

As given in Figure 1.3, the conducted emissions are further classified into
common-mode (CM) and differential-mode (DM) noise [6] based on their
propagation paths. Figure 1.4 illustrates the propagation paths of CM and DM
noise emissions from an EMI source to the victim. In Figure 1.4, the source
represents a power converter, while the victim denotes any sensitive device connected
to the power converter. As depicted in Figure 1.4, the CM noise travels from the
source to the victim via the ground, indicated in green; while the DM noise travels
through the main power lines, indicated in red. It is to be noted that, the power

converter chassis is grounded for safety reasons. Consequently, the high switching
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nodes in the power converter activate the converter-to-ground parasitic capacitance,
leading to the generation of CM noise. Moreover, inevitable non-idealities in
power electronic converters, such as parasitic capacitance and stray inductance
in active and passive components like semiconductor switches, inductors, and
capacitors, resulting in undesirable high-frequency current and voltage components,

consequently generating DM noise.

1.1.3 Conducted EMI in DC-DC converters

Recently, there has been an exponential rise in the dependency on electronic devices
in daily life that demands various DC voltage levels to meet the requirements of
the specific device. These different voltage levels are obtained by employing the
DC-DC converters. In this process, the DC-DC converters have gained popularity
in a wide range of applications that deal with lower voltage levels such as portable
electronic devices, sensors, and wearables to applications that deal with very high
voltage levels such as electric vehicles, microgrids, renewable energy systems, and
industrial power distribution networks.

The ideal de-de converter exhibits 100 % efficiency; however, in practice, efficiencies
of 70 % to 95 % are typically obtained [7]. This is achieved using switched-mode
circuits whose elements dissipate negligible power. Based on the topology, DC-DC
converters are broadly classified into non-isolated and isolated converters. The
non-isolated DC-DC converters include Buck, Boost, Buck-Boost, Zeta, SEPIC,
and CUK converters. Due to their simple design, cost, and size, significant research
has been performed on non-isolated DC-DC converters [§].

On the other hand, the isolated DC-DC converters ensure a reliable power
transfer and provide safety. The flyback, forward, and phase shift converters are
among the popular isolated DC-DC converters. The electrical isolation in isolated
DC-DC converters can be achieved by a coupled inductor or a transformer [8].
Conventionally, the conducted EMI noise is attenuated by EMI filters. These
EMI filters are broadly classified into passive, active, and hybrid EMI filters.
Additionally, the suitable modifications in the transformer or the coupled inductor
facilitate another feasible approach to reduce the conducted EMI noise in isolated
DC-DC converters. The detailed literature study on the conducted EMI noise
analysis and mitigation techniques in the isolated DC-DC converter is detailed
in Chapter 2. Despite extensive studies on conducted EMI emissions in isolated
DC-DC converters like flyback, forward, and phase-shift full bridge converters, the
analysis of conducted EMI noise in dual active bridge (DAB) converters is seldom
reported. Moreover, the limitations due to operational dissimilarities of the DAB

converter with other isolated converter topologies demand a thorough insight into
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Figure 1.5: Topology of the isolated DAB converter.

the conducted EMI concerns associated with the DAB converter. Further, the DAB

converter is discussed along with its operations and potential applications.

1.2 Introduction to DAB Converter

The DAB converter was first proposed in the early 1990s [9]. The DAB converter is
highly valued for its inherent features such as bidirectional power transfer capability,
high power density, and galvanic isolation [10], [11]. Despite being proposed long
ago, it has recently risen to prominence as the leading DC-DC converter, largely
attributed to the accessibility of high-voltage and high-current rating semiconductor
devices; thus finding the relevance of DAB converter in diverse fields including
acrospace [12], [13], [14], electric vehicles [15], [16], micro-grids [17], and shipboard
systems [18].

1.2.1 Structure of DAB converter

The DAB converter comprises two voltage source converters (VSCs) interconnected
via a magnetic tank, as shown in Figure 1.5. Primarily, VSC1 functions as an
inverter by converting DC input to AC, while VSC2 acts as a rectifier by converting
AC to DC. The magnetic tank comprises the high-frequency transformer (HFT),
which is operated at switching frequencies from a few tens of kHz to a few hundreds
of kHz, and an inductor denoted by impedance Z,, as shown in Figure 1.5. An
intriguing aspect of the DAB converter is that, along with the external inductor in
the magnetic tank, the leakage inductance of the transformer also contributes to the

power transfer.

1.2.2 Phase-shift techniques

Among a variety of control schemes, the phase-shift modulation methods are
commonly employed to operate the DAB converter. While control methods may

vary for enhanced topologies and their variants, all of these methods can ultimately
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be traced back to the following fundamental schemes [19], [20].
Single-phase shift control (SPST)

The SPS is the most widely used control scheme for the DAB converter due to its
simplicity and ease of implementation. In this control method, the switches S1 and
S2 are governed by the same gate signal, whereas S3 and S4 receive complementary
gate signals. This gate signal modulation pattern is similarly applied to the switches
of VSC2. However, the switches in the VSC2 experience a phase-shifted gate signal,
as a consequence of the employed phase shift modulation scheme. This intentional
phase shift in gate signals facilitates power transfer within the DAB converter. The
transfer of power becomes feasible due to the phase difference between vy, and v.q
node voltages, as shown in Figure 1.6(a). For the square wave v,, and v voltage
waveforms, the current through the inductor (iy) is obtained as shown in Figure
1.6(a). For a designed DAB converter, the power flow can be controlled by adjusting
the phase shift between the gate signals of the VSC1 and VSC2 switches.

In addition to the ease of implementation, the SPST has acceptable current stress,
high efficiency with ZVS particularly at heavy load, and relatively low reactive power
when the output-input voltage gain is close to one [9]. However, the considerable
mismatch in the v,, and v.4 results in higher RMS and peak current between the
VSC1 and VSC2. Thus, further techniques are developed to avoid power loss and

achieve higher efficiencies in a wide range of voltages.

Enhanced phase-shift Technique (EPST)

Typically, the EPST is the enhanced version of SPST. The EPST provides the
feasibility of two phase-shift controllability namely, an inner phase shift and an outer
phase shift. The inner phase shift refers to the phase shift between the switches of
either the VSC1 or VSC2 and the outer phase shift is the phase shift employed
between the VSC1 and VSC2 switches. Thus, the AC voltages of either the VSC1
or VSC2 with the inner phase shift is a quasi-square wave. Figure 1.6(b) shows the
Vab, Ved, and i, waveform for the inner phase shift in the VSC1 switches.

The outer phase shift provides control of power flow direction and magnitude, while
the inner phase shift provides the feasibility to reduce the circulating current. Thus,
when compared to the SPST, the DAB converter operated with EPST has the
advantage of lower circulating current, higher efficiency, and wider ZVS voltage

range.
Dual-phase shift Technique (DPST)

Similar to EPST, in DPST there exist both inner and outer phase shifts; however,
unlike EPST, in DPST control, the same inner phase shift is employed for both
the VSC1 and VSC2 switches. This results in the quasi-square wave v,, and v.q



8 Chapter 1. Introduction to Conducted EMI in DAB Converter

— — — [— —

Vab I — 7] I =1
—— : | :

Yed I T Va— — —

iL : i i <y Iy —_—_//'_—_A‘\“\\_;_ >
A (@) g 1_‘ (b) g

o — I — i

Vb : C—— T > Ve ) — g

Ved — > Ved >

U ——— ‘ > L — g\‘\\___ >

(© (d)

Figure 1.6: v, veq, and iz, waveforms of DAB converter with, (a) SPST, (b) EPST, (c) DPST,
and (d) TPST [20].

voltages, as shown in Figure 1.6(c). The corresponding i, current waveform for the
quasi-square v, and v.4 voltages is shown in Figure 1.6(c). When compared to SPST,
the DAB converter operated with DPST has lower current stress and steady-state
current, improved efficiency, and a wider ZVS operating region. Additionally, the

DPST provides the ease of deadband compensation.

Triple-phase shift Technique (TPST)

The TPST control is similar to the DPST, however, the inner phase shift ratios
for the VSC1 and VSC2 switches are different. This results in the vy, veq, and iy,
waveforms as shown in Figure 1.6(d). Thus, the power flow in the DAB converter
operated with the TPST has three controllable parameters: two inner phase-shift
ratios and an outer phase-shift ratio. Due to the three-degree control freedom with
the TPST, it is more difficult to implement TPST compared to SPST, EPST, and
DPST. The DAB converter operated with the TPST has minimum current stress,

minimum conducting losses, minimum power losses, and maximum ZVS range.

1.2.3 Research Performed on DAB converter

Researchers are actively contributing to various key areas of investigation in
the realm of DAB converters. Advanced control strategies and modulation
techniques to elevate the overall efficiency of DAB converters, particularly under
diverse operating conditions and varying loads were extensively reported [21],
[22], [23], [24]. The integration of the hybrid Pulse Width Modulation (PWM)
method is under exploration to extend the operational range of DAB converters,
ensuring adaptability to wider voltage variations [25], [26], [27]. Moreover, the
development of fault-tolerant designs and reliability enhancement techniques is
underway to fortify the robust operation of DAB converters [28], [29], [30], [31],
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[32].  This is particularly critical in applications where operational downtime
is deemed unacceptable [31]. Research is being conducted on the application
of DAB converters within smart grid environments [33], [34], [35], [36], [37].
This involves exploring their pivotal role in enhancing grid stability, improving
power quality, and facilitating seamless integration with renewable energy sources.
The integration of advanced semiconductor technologies, such as wide-bandgap
devices like Silicon Carbide (SiC) and Gallium Nitride (GaN), is being explored
to enhance the performance and efficiency of DAB converters [38], [39], [40], [41].
Addressing thermal challenges associated with high-power DAB converters involves
exploring magnetic integration methods to mitigate DC flux and optimize overall
thermal performance [42]. Despite advancements in the above-discussed areas, it
is noteworthy that research on conducted EMI issues in DAB systems is relatively
under-explored. Addressing this crucial aspect of EMI is paramount to ensure the
compatibility and reliability of DAB converters in real-world applications. Hence,
the goal of studying conducted EMI in a DAB converter is to understand the
common-mode (CM) and differential-mode (DM) noise generation/propagation and
to explore the best solutions that reduce the CM and DM noise to achieve the EMC.

1.3 Summary

This chapter provides an in-depth introduction to EMI and its implications in
electronic systems, particularly focusing on power electronic converters. The
historical context of EMI, its formal recognition by the IEC, and its significance
in various domains, including automotive engineering and defense systems, are
highlighted. Key sources of EMI, both natural and man-made, are discussed,
emphasizing the importance of mitigating EMI to ensure the EMC of electronic
equipment. Additionally, relevant EMC standards and their applicability to different
applications are presented.

Conducted EMI in DC-DC converters is then discussed, noting the increasing
reliance on DC-DC converters in various applications. Further, the chapter
elaborates on the structure and operation of the DAB converter along with the
most widely employed phase-shift modulation techniques for operating the DAB
converter such as SPST, EPST, DPST, and TPST.

Further, the research performed on DAB converters is outlined, focusing on areas
such as advanced control strategies, fault-tolerant designs, integration with smart
grid environments, and the utilization of wide-bandgap semiconductor technologies.
However, it notes the relative lack of research on conducted EMI issues in DAB

systems, underscoring the importance of addressing this aspect to ensure their
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compatibility and reliability in real-world applications.



Chapter 2

Literature Survey, Motivation, and

Objectives

2.1 Literature Survey

In the DAB converter, Figure 2.1 illustrates the CM and DM noise propagation by
paths A and B, respectively. The line impedance stabilization network (LISN) at the
DC input of the DAB converter, shown in Figure 2.1, stabilizes the line impedances
and decouples the conducted EMI of the DAB converter from the external noise of
the main supply. It is to be noted that, the transformer and the load are isolated
from the ground. Considering the CM and DM noise propagation paths mentioned
in Figure 2.1, the CM and DM noise through the power lines of the converter can
be measured using a current probe, as shown in Figure 2.2. As discussed in Section
1.1, to achieve EMC of the DAB converter operating in various applications, various
national and international organizations and committees provide standard limits
such as CISPR 11, CISPR 32, CISPR 25, and so on for the conducted EMI noise
[9]. Further, the literature survey on the conducted EMI noise analysis along with
the mitigation techniques and the motivations of this thesis are presented.

As indicated in Figure 2.1, the two prominent CM noise propagation paths in the

DAB converter are, (i) converter switch node-to-ground parasitics [43], [44], [45],
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Figure 2.1: CM current (green) and DM current (red) flow is indicated by paths A and B,
respectively.
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Figure 2.2: Connecting wires arrangement in the current probe to measure the CM and DM
currents.

[46], [47] and (ii) transformer intrawinding parasitic capacitance [48], [49], [50],
[51],[52],[53]. The high dv/dt on the switch nodes excites the switch node-to-ground
parasitics, which are capacitive in nature, thus resulting in CM noise. Hence,
reducing the capacitance of the converter-to-ground parasitics significantly reduces
the high-frequency currents; thus reducing the CM noise. The printed circuit board
(PCB) design of the power converter to reduce this switch node-to-ground parasitic
capacitance is reported in [45]. However, the modifications in the converter PCB
increase the design complexity and overall cost of the converter. The approach
of creating a negative capacitance to reduce the CM noise is discussed in [46]
and is validated for various DC-DC converter topologies. However, as the DAB
converter consists of more than one converter-to-ground parasitic capacitance, this
approach of creating the negative capacitance increases the design complexity of
the converter. The concept of complementary current injection to nullify the
resultant high-frequency current to the ground is reported in [47], [53]. However,
the additional external components for the complementary circuit design increase
the design complexity and overall cost of the converter. The compensation circuit
that generates the complementary high-frequency current consists of an auxiliary
winding and a capacitor. This compensation circuit is validated for the conventional
isolated and nonisolated DC-DC converter topologies. Another approach to reducing
the converter-to-ground parasitic capacitance with the concept of CM voltage
cancellation is reported in [47], [51]. However, the additional compensation circuitry
requires one sensing transformer for each half-bridge leg of the converter, thus
increasing the cost and size of the converter.

As evident from Figure 2.1, the CM current through the VSC2-to-ground parasitics
returns through the transformer of the magnetic tank circuit.  Hence, the
transformer’s primary-to-secondary winding parasitic capacitance plays a significant
role in contributing to the CM noise of the DAB converter. Extensive work is
reported in regard to the reduction in the CM current through the transformer
of the isolated DC-DC converters. Appropriate insertion of the shielding layers
between the primary and secondary winding layers significantly reduces the CM

noise, as discussed in [48], [49], [50]. In addition, based on the converter topology,
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the terminal connections of the transformer reduce the high dv/dt between the
transformer windings and thus reduce the CM noise [51], [52]. Moreover, these
alterations in transformers with shielding layers or terminal connections demand a
thorough understanding of the transformer design and thereby increase the design
complexity and cost.

Unlike the extensive work reported for CM noise analysis and mitigation, fewer
studies have been performed on DM noise of DC-DC converters. Nevertheless, the
presence of two VSCs and a transformer in the DAB converter complicates the DM
noise propagation path. For the converter with more than one switch, the impact of
the heat sink arrangement on the DM noise is studied in detail in [54]. The study on
the DM noise at the dc input side of the isolated dc-de converters is explored in [55].
Ideally, the source of the DM current is the DM voltages interacting with the power
line impedances. However, certain situations result in the DM noise either due to the
CM voltage or the CM impedances. This noise transformation phenomenon further
subcategories the DM noise into intrinsic and non-intrinsic (i.e., mixed-mode) DM
noise. The mixed-mode noise study reported in [56], [57], [58] considers the parasitic
capacitor between the switching node on the transformer’s primary and the ground.
However, the analysis does not consider the transformer’s secondary side parasitics.
Hence, such detailed analysis of the mixed-mode DM noise in the DAB converter,
which consists of multiple converter-to-ground parasitics needs to be thoroughly
analyzed.

The above-discussed literature study performed on the CM and DM noise are briefly
presented along with their limitations in Table 2.1. Further, the research focusing
on the transformer and passive EMI filters is discussed in detail.

The transformer in the DAB converter is subjected to pulsating voltages which
energize the parasitic capacitances of the transformer windings and aids the CM
and DM noise of the DAB converter. Several methods focused on improving
the transformer isolation are explored in the literature [43], [51], [52], [53], [59],
[60]. In addition, a detailed analysis of the impact of transformer parasitics
on the DM noise of the DAB converter is presented in [61], [62]. With the
concept of integrated magnetics, the external discrete inductor is integrated into
the transformer, termed integrated transformer, by suitably designing its leakage
inductance [63]. Studies revealed that incorporating the integrated magnetics has
the benefits of the minimum number of magnetic components, lower losses, and
lesser volume, thereby improving the power density of the converter [63], [64], [65].
Although the impact of integrated transformers on the operational performance of
the DAB converter is extensively studied, the impact of integrated transformers on
the CM noise performance is unexplored.

In general, to effectively mitigate the challenges posed by the CM and DM noise,
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Table 2.1: Literature survey on the CM and DM noise along with the limitations

\ Impact \ Remarks

CM noise

PCB design Requires additional

modifications Reduces switch-node-to-ground components such as either

Negative parasitic capacitance capacitors or auxiliary

capacitance winding or sensing

effect transformers, and increases

Complementary the converter’s design

current injection complexity and cost

technique

CM voltage

cancellation

technique

Shielding Reduces transformer | This demands a thorough

technique primary-to-secondary  winding | understanding of the

capacitance transformer design and

Transformer Reduces the high dv/dt transients | thereby increases its design

terminal between the transformer windings | complexity and cost

connection

modifications

DM noise

Heat sink | Reduces the converter’s parasitic | Limits the improvement of

arrangement capacitance the DM noise profile in the
MHz frequency range.

Measurement of | Avoids discrepancies in the CM | The analysis cannot

MMDM noise in | and DM noise measurement | be directly extended

offline switching | due to the noise transformation | to the DAB converter

power supplies phenomenon at the LISN | due to the presence of

terminals more converter-to-ground

parasitic capacitance.

either passive [3] or active EMI filtering techniques [66], [67] are employed. Amongst
the passive and active EMI filters, the passive EMI filters are widely employed due
A typical single-stage EMI
The

X-capacitor is connected between the power lines, while the Y-capacitor is linked

to their simple design, reliability, and robustness [3].

filter consists of DM inductors, CM choke, X-capacitor, and Y-capacitor [3].

between the power lines and the ground. In the context of safety compliance, the
selection of Y-capacitors is limited by the maximum allowable leakage current to
the ground [3]. Therefore, a CM choke becomes necessary to effectively mitigate the
CM noise within the desired standard limit. To meet the attenuation requirement of
the DM noise, the DM inductors are generally employed as the high dc-link voltages
pose the limitation in choosing the X-capacitor [3], [68]. Due to the presence of CM
choke and DM inductors, the passive EMI filters occupy substantial volume, thereby
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deteriorating the power density of the converter.

Thus, the integrated magnetics approach is explored to significantly reduce the
printed circuit board (PCB) area and volume occupied by the passive EMI filters
[69], [70]. The literature reports the design of integrated chokes intended to offer
higher DM inductance than the conventional CM choke. Such a design reduces the
additional DM inductor’s requirement, thereby reducing the area and box volume
occupied by the EMI filter [69], [70]. This integrated choke can be designed either
by employing a toroidal core [68], [70] or a solenoid [69] into the window area
of the conventional toroidal CM choke. However, the integrated choke discussed
in [69] introduces the risk of CM choke core saturation, this is because the DM
flux through the solenoid flows through the core of CM choke. Moreover, the
large core volume requirement for the DM inductor, due to larger DM currents,
limits the feasibility of the integrated structure presented in [68], [70]. Integrated
choke structures employing EQ cores [71] and stacked arrangements [72] increase
the DM inductance of the CM choke at the expense of an increase in the box
volume of the CM choke. Additionally, the integrated choke designs with core
structural modifications are investigated in [73], [74], [75]. However, these integrated
chokes introduce design complexities and higher costs as they are not commercially
available. Moreover, the integrated choke structures explored in [76], [77], [78] using
ER and I cores increase the risk of magnetic core saturation and reduce the feasibility
of using the high permeability nanocrystalline magnetic cores, thus reducing the
achievable CM inductance. The single-stage and two-stage integrated EMI choke is
presented in [79], to improve the DM performance, is not suitable for the CM choke
with a larger window area and has many geometric design constraints. Although
the integrated choke structures presented in [77] are suitable for CM choke with
a larger window area, the winding structure of the integrated structure does not
fully utilize the winding capacity of the ER cores; thereby limiting the maximum
achievable DM inductance. Hence, the integrated choke structures for the EMI
filters, which address the above-mentioned limitations are to be explored. Besides
the above-mentioned two approaches, the possibilities of any other approaches are

to be thoroughly investigated.

2.2 Motivation of the Work

From the literature survey it is observed that to ensure the intended operation of
the DAB converter, it is crucial to investigate the conducted EMI performance. In
general, the detailed analysis of the conducted EMI helps the design engineer in
deciding the appropriate EMI filtration technique [63], [80]. Investigating the CM
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and DM noise models of the DAB converter eases the propagation path analysis
in complex modular systems like solid-state transformers [81]. Moreover, the
mixed-mode DM current (MMDM), i.e., the current through the converter-to-ground
parasitic capacitance has to be explored to analyze its impact on the DM noise of
the DAB converter. In addition, the CM and DM noise through the transformer’s
parasitics influences the noise performance of the DAB converter. Hence, an
appropriate technique to measure the CM and DM noise through the transformer is
to be explored.

Additionally, the CM noise reduction techniques discussed in the literature survey
incorporate the approach of reducing either the converter-to-ground parasitics or
the transformer parasitic capacitance, thereby increasing the design complexity and
cost of the converter. Nevertheless employing these techniques reduces the CM
noise, but they do not guarantee the elimination of the dc-input side CM filters. As
the CM choke in the CM filter is inevitable, the integrated magnetics approach to
reduce the CM choke size is to be explored, such that the higher CM inductance
is achieved in a lesser box volume. Moreover, the integrated transformer employed
to improve the efficiency of the converter is not completely understood in terms of
the noise performance of the DAB converter. Hence, the impact of employing the
integrated transformer on the CM noise profile, when compared to the presence of
its equivalent discrete components, is to be thoroughly explored.

In general, the DC-input CM filters are employed to reduce the DC-side CM
noise of the DAB converter. However, incorporating the CM filters there still
exists a closed path for the CM current to flow through the transformer parasitic
capacitance. Hence, a detailed analysis of the CM noise propagation by employing
the DC-input filters is to be performed. The DM inductor or the DM choke occupies
a substantial volume in the DM filters. Apart from the conventional winding and
core arrangements, the inductor structures that offer higher inductance or occupy a
lesser volume are to be explored.

Typically, toroidal core inductors are preferred over other magnetic core structures
due to less acoustic noise, low winding losses, and higher inductance [82], [83].
Although the functionalities of the DM inductor differ from the external inductor in
the magnetic tank of the DAB converter, the feasibility of extending the integrated
magnetic approach of DM inductors to the power inductors should be addressed.
Additionally, such a study performed on the power inductors significantly impacts
the converter’s design and thereby helps improve the converter’s power density.

In addition to the integrated magnetics approach to design the CM and DM chokes
or inductors, an integrated choke structure that provides both the CM and DM
inductance occupying the lower volume is to be investigated. Although various

integrated choke structures are explored in literature, the integrated structures that
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(a) utilize the commercially available cores, (b) have the flexibility to adjust the air
gap thereby eliminating the risk of core saturation, and (c) the winding structure

with fully utilizing the core, are to be investigated.

2.3 Objectives of the Work

Based on the above-mentioned motivations, the thesis aims to thoroughly
understand the propagation of the conducted EMI noise. Furthermore, it endeavors
to offer a viable alternative to traditional magnetic structures in EMI filters, thereby
diminishing the spatial footprint occupied by magnetic components within these
filters or achieving higher impedances without a change in the spatial footprint.

Thus, the objectives of the thesis are summarized as follows.

1. To investigate the conducted EMI noise propagation paths from the CM and
DM noise models of the DAB converter.

2. To estimate the CM and DM noise through the transformer’s interwinding

parasitic capacitance along with the MMDM noise analysis.

3. To analyze the impact of DC-input CM EMI filters on the CM noise

propagation in the DAB converter.

4. To explore techniques that facilitate lower CM choke requirement or reduce
the volume of CM choke.

5. To devise inductor structures for improved DM inductance.

6. To devise an integrated choke for single-stage passive EMI filters with reduced

volume occupancy when compared to the conventional EMI filters.

2.4 Scope of the Thesis and the Organization

The thesis investigates the CM and DM noise in the DAB converter and presents
a measurement technique for the conducted EMI noise through the high-frequency
transformer of the DAB converter. In addition, the impact of input CM filters on
the CM noise propagation path is investigated in detail. The mitigation techniques
to reduce the volume occupancy of the discrete CM choke and DM inductor, as
well as the integrated choke to reduce the volume occupancy of the EMI filter, are
presented. The chapters of the thesis are organized as follows.

In Chapter 3, the detailed CM and DM noise models of the DAB converter are

derived by considering the dominant parasitic capacitances. The external-matched
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impedance approach is presented to estimate the conducted EMI noise through the
transformer’s primary-to-secondary winding parasitic capacitance. The generation
of the mixed-mode differential mode noise is discussed along with its measurement.
In Chapter 4, the coupled-inductor-based approach to mitigate the circulating CM
current in the DAB converter, which originates due to the input CM filters is
discussed in detail. Additionally, the concentric CM choke intended to reduce the
volume occupied by the CM filters is presented in detail. Moreover, the impact of
the integrated transformer on the CM noise profile of the DAB converter is discussed
in detail.

In Chapter 5, the integrated inductor and DM choke structures to achieve higher
DM inductance are presented. The integrated CM choke structures for single-stage
passive EMI filters that offer higher DM inductance compared to their equivalent
conventional toroidal choke are presented in Chapter 6. The conclusion and future

work are summarized in Chapter 7.

2.5 Summary

The chapter provides a comprehensive literature survey, motivation, and objectives
for the investigation of conducted EMI noise in DAB converters. It outlines two
main paths for CM noise propagation: converter switch node-to-ground parasitics
and transformer interwinding parasitic capacitance. The study emphasizes reducing
parasitic capacitance to mitigate CM noise, citing various techniques like negative
capacitance and complementary current injection.

Furthermore, it highlights the complexity of reducing CM noise and the limited
studies on DM noise. The chapter underscores the importance of understanding
mixed-mode DM noise and the impact of transformer parasitics. It also discusses
passive EMI filtering techniques and the integration of magnetics to reduce filter
size and complexity.

Motivated by these challenges, the chapter articulates the thesis objectives, which
include investigating EMI noise propagation paths, estimating CM and DM noise
through transformer parasitics, analyzing the impact of CM filters, and exploring
techniques for reducing CM choke volume. Additionally, it aims to devise integrated
choke structures for passive EMI filters.

The scope of the thesis encompasses a detailed investigation of CM and DM noise
in DAB converters, along with the mitigation techniques. The chapter concludes
by outlining the organization of subsequent chapters, which cover noise model

derivation, mitigation techniques, and integrated choke structures.



Chapter 3

Modelling and Analysis of
Conducted EMI Noise in DAB

Converter

3.1 Introduction

In this chapter, the DAB converter CM and DM equivalent circuits are derived
by considering the dominant parasitic components. Following the derived DM
equivalent circuit, the analysis and quantification of the MMDM current and the DM
current through the transformer are presented. An experimental approach based on
an impedance-matched external capacitor, which is employed between the primary
and the secondary windings of the DAB transformer, is presented to quantify the
DM current through the transformer. The MMDM current and the DM current

through the transformer, are validated from the derived DM equivalent circuit.

3.2 Parasitic Consideration for Conducted EMI

Noise Analysis

The DAB converter topology is shown in Figure 3.1(a). The voltage source
converters VSC1 and VSC2 are mounted on separate heatsinks that stand on the
converter case, which is usually grounded for safety concerns, as shown in Figure

3.1(a).

3.2.1 Converter Parasitic Consideration

As shown in Figure 3.1(a), Z, and Z, are the leg midpoints (¢ and b) to ground
parasitic impedances of the VSC1; and Z,. and Z, are the leg midpoints (¢ and d)
to ground parasitic impedance of the VSC2. Further, the positive and negative DC
rails-to-ground impedance on the input side are modeled as Z; and Z,, respectively;
and Z3 and Z, are the positive and negative DC rails-to-ground impedance on the

output side, respectively. The Z, denotes the impedance of the discrete inductor,
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Figure 3.1: (a) DAB converter with dominant parasitics, (b) distributed parasitic capacitance
in the transformer, (c) simplified lumped parasitic model of the transformer, (d) measurement of
Cps, and (e) measurement of C,,.

L,. The Z;, and Z,,; are the input and output DC-bus capacitive impedances,

respectively.

3.2.2 Modelling of Transformer Parasitics

The transformer parasitics that affect the CM and DM noise are (i) turn-to-turn
distributed capacitance of the primary and secondary windings and (ii) distributed
capacitance between the primary and secondary windings, as shown in Figure
3.1(b) [51]. The simplified lumped parasitic model of the primary and secondary
windings of the transformer is shown in Figure 3.1(c) [9], [62]. In this figure, Cp,
is the capacitance between the primary and secondary windings of the transformer,
whereas C), and C are the turn-to-turn capacitances of the primary and secondary
windings, respectively. L, and L are the primary and secondary leakage inductances
of the transformer, respectively. While the L,, is the magnetizing inductance.

To estimate Cj,, the primary and secondary windings are short-circuited as shown in
Figure 3.1(d). Moreover, the parallel combination of L,, and L, can be approximated
to L, due to the larger L,, inductance. The capacitance measured across the

short-circuited terminals gives the C, capacitance. To estimate C,, the transformer
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Figure 3.2: (a) Applying the substitution theorem to the switches, (b) CM circuit with current
sources, (¢) CM circuit with voltage sources, and (d) CM noise model.

secondary winding terminals (¢ and d) are short-circuited and the impedance is
measured across ¢’ and b terminals, as shown in Figure 3.1(e). Thus, the C,

capacitance is expressed as

1 Che

T 4n?f2 (L, + Ly/n?) 4

c, (3.1)
where f,, is the resonant frequency of the impedance measured across a’ and b

terminals. Similarly, Cy capacitance is obtained from

1 Ce

Cs =
Arn?f2 (L, + Ls/n?) 4

(3.2)

where f,.; is the resonant frequency of the impedance measured across ¢ and d

terminals, with ¢’ and b terminals short-circuited.

3.3 Extraction of CM and DM Noise Models

Further, the detailed derivation of the CM and DM noise models is presented.
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3.3.1 CM Noise Model

The DAB converter shown in Figure 3.1(a) is modified as shown in Figure 3.2(a) by
applying the substitution theorem [52]. The LISN branches offer a lower impedance
than Z¢, and Zg,; hence, Z¢, and Z¢, are ignored. The switches S1, S3, Q1, and
Q3 are replaced by the current sources iy, iap, t4p, and i.y, respectively; and the
switches S2, S4, Q2, and Q4 are replaced by the voltage sources vu,, Vpn, Vens, and
Van', Tespectively [52].

By applying the superposition theorem, the circuit response is analyzed by
considering only the current sources iqp,, ipp, ey, and igy of Figure 3.2(a), while
replacing all the voltage sources by their internal impedances (short-circuited), as
shown in Figure 3.2(b). In the conducted EMI frequency range, Z;, and Z,,; offer
very low impedance to the CM noise and hence are considered as short-circuit [51].
As evident from Figure 3.2(b), 4ap, G4p, iy, and igy do not result in current through
the ground; hence, they will not contribute to the CM noise. The voltage sources
Vans Ubn, Uenss and vgn of Figure 3.2(a) are considered acting alone and the current
sources are replaced by their internal impedances (open-circuited); the circuit is
simplified as shown in Figure 3.2(c). It is evident from Figure 3.2(c) that v, Vpn,
Vent, and vg,,s contribute to the current through the ground, hence they contribute to
the CM noise. Thus, considering all the parasitics listed in Chapter 2.2, the resultant
CM noise model of the DAB converter is obtained as shown in Figure 3.2(d).

3.3.2 DM Noise Model

The DAB converter shown in Figure 3.1(a) is modified as shown in Figure 3.3(a) by
applying the substitution theorem [52]. The switches S1, S2, Q1, and Q2 are replaced
by the voltage sources vqp, Vpn, Vep, and vq,, respectively; and the switches S4, S3,
Q4, and Q3 are replaced by the current sources iup, %, ten/, and igy, respectively
[52].

Similar to the CM equivalent circuit case, the superposition principle is applied to
investigate the current and voltage components that contribute to the DM noise.
The circuit condition considering the current sources acting alone is presented in
Figure 3.3(b), while the simplified circuit considering the voltage sources acting
alone is depicted in Figure 3.3(c). As evident from Figures. 3.3(b) and (c), both
the current elements (ign, lp, G/, and igy) and the voltage elements (Vgp, Upn, Veprs
and vg,/) contribute to the DM noise in the converter. Thus, considering all the
parasitics listed in Chapter 2.2, the resultant DM noise model of the DAB converter
is obtained as shown in Figure 3.3(d).

The derived CM noise model in Figure 3.2(d) and the DM noise model in Figure
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Figure 3.3: (a) Applying the substitution theorem to the switches, (b) DM circuit with current
sources, (¢) DM circuit with voltage sources, and (d) DM noise model.

Figure 3.4: CM noise model indicating voltages and currents to ground.
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3.3(d) are used for further analysis.

3.4 Analysis of CM Noise Propagation Path

To simplify the CM noise analysis, the parasitic impedance, Z;, i={1,2,3,4,a,b,c,d}
are considered to be capacitive, as shown in Figure 3.4. Moreover, as the LISN
branches offer a lower impedance than Z¢, and Z¢,; hence, Z¢, and Z¢, are ignored.
The currents through the transformer and the ground parasitics in the CM noise
model are shown in Figure 3.4. The modulation scheme implemented to operate
the DAB converter depicts the potential at nodes a, b, ¢, and d (here SPST). In the
single-phase-shift modulation, if the dv/dt of v, is negative, then the dv/dt of vy,
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is positive and vice-versa. Likewise, if the dv/dt of v., is negative, then the dv/dt of
V4q is positive and vice-versa. Hence, ic; (j = a,b,c,d, 3,4, L) in Figure 3.4 differ in
magnitude and direction. Therefore, the algebraic sum of ic, (j = a,b,¢,d, 3,4, L)

gives the total CM current, i.,, as

d
fom = Y o, + Y ic, +ic,. (3.3)

j=a j=3.4
The return path for ic; (j = ¢, d, 3,4, L) is through Cps and the LISN. Therefore,
iem in terms of the CM current through Cp (i.e., i/, + ipq) is

icm = iCa + Z'C’b + ia'c + ibd = 2.cm,\/SCl + icm,TF (34)

where 7., vsc1 and ie, rr are the net CM currents through the VSC1 and the

transformer, respectively, and are given as
tem vScl = Lo, +ic, and ey 7F = 1,7, + lpd- (3.5)
In an ideal case, i.e., for perfect isolation in the transformer,

Z.cm,TF =0 = icm = Z-cm,VSC'1 (36)

In practice, the differential voltages v, and vyg result in ¢, and i, respectively,

due to the imperfect isolation in the transformer.

From the above discussions, the following inferences are made for the CM noise

propagation in the DAB converter:

1. The impact of VSC2 to the ground currents in i, is seen due to the imperfect

isolation of the transformer.

2. The expression of i, in (3.4) is valid for the grounded and ungrounded load
conditions. However, for the ungrounded load condition, the i¢, in (3.3) would

be zero, thus reducing the i.,,.

3. The unequal ic, and ¢, results in the CM current component denoted by

Z-cm,VSC’l .

Further, the DM current is discussed in detail and quantified. In addition, the DM

current due to unequal i¢, and i¢, is also discussed in detail.
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Figure 3.5: (a) Circuit seen through a and b terminals, (b) Thevenin equivalent across a and
b terminals, (c) circuit seen through ¢ and d terminals, (d) Thevenin equivalent across ¢ and d
terminals, and (e) simplified DM equivalent circuit.

3.5 Analysis of DM Noise Propagation Path

The DM noise model in Figure 3.3(d) is further analyzed for the intrinsic DM (IDM)

and mixed-mode DM (MMDM) currents along with the measurement technique.

3.5.1 Reduced DM Noise Model

The DM equivalent circuit across a and b terminals is shown in Figure 3.5(a), and the
corresponding Thevenin equivalent circuit is shown in Figure 3.5(b). The Thevenin
voltage, Vpay,, is

Vom, = Vap — Von — Zin(Gan + tbp) (3.7)

As Z;, offers far less impedance compared to 2Z; sy, the parallel combination of
2Z11sn and Z;, is approximated to Z;,, as shown in Figure 3.5(a). Thus, Z;, is the
Thevenin impedance across the a and b terminals, as mentioned in Figure 3.5(b).

Similarly, the DM circuit across the ¢ and d terminals is shown in Figure 3.5(c), and
its Thevenin equivalent circuit is presented in Figure 3.5(d). The Thevenin voltage,

VDMQ 18
VDM2 = VUep! — Vdn' — Zout(icn’ + idp’) (38)

With an assumption that only the DC component of the output current flows
through R,, the load parasitic capacitance C7, is ignored. As Z,,; offers much lower

impedance due to the high value of C,,;, the Thevenin impedance seen through the
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Figure 3.6: (a) Vpas, acting alone (b) currents due to Vpas,, (¢) Vpas, acting alone, (d) currents
due to Vpay,, and (e) resultant DM currents due to Vpys, and Vpay,.

¢ and d terminals is approximated as Z,,;, as shown in Figure 3.5(d).

The Thevenin equivalent circuits, in Figures. 3.5(b) and (d), are incorporated in
Figure 3.3(d) to obtain the simplified DM equivalent circuit, as shown in Figure
3.5(e). The individual branch currents due to Vpy;, and Vpyy, are further analyzed

in detail.

3.5.2 Estimation of IDM and MMDM Currents

As evident from Figure 3.5(e), the Vpyy, and Vpyy, voltages result in the DM currents.
Hence, the impact of individual voltage sources on the converter components is

analyzed further in detail.

DM currents due to Vpyy,:

From the superposition theorem, the simplified DM circuit with Vp,, acting alone
(replacing Vppy, with its internal impedance) is considered, as shown in Figure 3.6(a).
As observed from Figure 3.6(a), capacitance Cf, the series combination of C,. and Cy,
and the impedance Z,,; are in parallel. In general, Z,,; offers very low impedance
due to high dc-link capacitance, C,,;. Therefore, the circuit in Figure 3.6(a) is

further reduced, as shown in Figure 3.6(b).
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As seen from Figure 3.6(b), Vps, results in the DM current through C,, C,, Cp, and
Zout- The contribution of the current through the ground parasitics to the CM noise
is anticipated; however, the charging/discharging nature of the currents through
C, and C}, results in the DM current as well. This DM current contributed by the
unequal current through the ground parasitics is termed as the MMDM current [84],

[3], and is expressed as

. ic, — i
IMMDM_1 = %7 (3-9)

where ic, and ic, are the currents through C, and Cj, respectively, as shown
in Figure 3.6(b). Vpus also results in high-frequency noise components in the
transformer primary current of the DAB converter. This DM current is termed as
the IDM current, as it is the actual DM current that flows due to the line impedance
of the converter. Hence, the current through the transformer primary winding due to
Vb, is denoted by irpas 1, as shown in Figure 3.6(b). As indicated in Figure 3.6(b),
airppr is the fraction of i;py 1 that is transferred magnetically to the secondary
winding. Another DM current component due to Vpay,, denoted by 47/ 10, flows
through Z,,; and C)s. It is to be noted that the sum of i;pas 1, tarmepara, and ZJIDM,12

flows through Z;,,, as shown in Figure 3.6(b).

DM currents due to Vpyy,:

The circuit condition of Figure 3.5(d) with Vpyy, acting alone (replacing Vpyy, with
its internal impedance) is shown in Figure 3.6(c). Since Z,,; is lower compared
to the impedance offered by the series combination of C, and Cj, the circuit in
Figure 3.6(c) is simplified as shown in Figure 3.6(d). Similar to Vpas,, Vo, results
in irpyp o, tmumbpm.2, and ZJI,DM,IQ as indicated in Figure 3.6(d). The expression for

I MDM.2 18 written as

. ic, —i
invpa 2 = et 5 e, (3.10)

where ic, and i¢, are the currents through C. and Cy, respectively, as shown in
Figure 3.6(d). The IDM current due to Vpay, (i.e., i7pa2) that flows through the
secondary winding is the high-frequency component of the transformer secondary
current. As indicated in Figure 3.6(d), bijpyo is the fraction i;py o that is
transferred magnetically to the primary winding. Further, the i;,,, ,» current
through C,; is divided between Z;,, and C,, as indicated in Figure 3.6(d); where, k
is the fraction of i;D 12 and bnirpas o that flows through Z;,. The currents ¢;py o,
inrvrpae, and iy 1o flow through Z,,, as shown in Figure 3.6(d).

As depicted in Figures. 3.6(b) and (d), the DM current through Cs, C., and Cy
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Figure 3.7: CM and DM currents through the transformer, (a) without Cey¢ and (b) with Ceyy.

Lipy 12

due to Vpy, and the DM current through C,, C, due to Vpyy, are zero. The DM
currents in various branches of Figure 3.5(d) are summarized in Figure 3.6(e); where

the currents i;par12, tdmy, Ldmas tdms, a0d 24, are obtained as,

. o -/
tIDM 12 = Yippma2 — YIpM 12 (3'11)

. . . ./ .//
tdmy = trpM1 T ivmpMa + Uparae — Kirpara

(3.12)
- k?meDMJ,
. . -/ /4 N
. . . a .
ldms = YIDM_12 — YIDM2 T EZIDMJ, and (3.14)
. . . . a .
ldms = LIDM_12 — LIDM.2 — UMMDM.2 + DM (3.15)

From the above discussions, the following inferences are made for the DM noise.

1. Since ipppar1 and ipppar2 are the DM current components of ground
parasitic capacitors, C; (i = a, b, ¢, d), the noise due to these currents is termed
as the MMDM noise.

2. The currents i;par1, trpmo, and i7pyr 12 flow in the main power flow path,

hence the noise due to these currents is termed as the IDM noise.

3. The DM current components due to Vpy, and Vpyy, flow through Z;, and

Zout, TESPECtively.

4. The i¢, (i = a,b,c,d) currents cannot be directly measured using a current
probe, as C; (i = a, b, ¢, d) are the distributed parasitic components. Hence, an
alternative indirect measurement method is necessary to measure the 237 pas 1

and 4707 par o currents.
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3.5.3 Measurement of IDM and MMDM Currents

In this section, the measurement of the IDM current (i;pps12) and the MMDM

currents (ipppaa and ipapar2) is discussed.

Measurement of IDM current through C,; (irpa_12)

The current through C,, cannot be directly measured using a current probe as
it is distributed between the primary and secondary windings of the transformer.
Therefore, two additional capacitors denoted by C.,; are connected externally to

match the impedance across the a’c and bd terminals. The C.,; in terms of C; is

Cop = m(C;”) (3.16)

where m is a positive integer. The currents ¢, , and ¢4 go through C,s due to vy,
and wvpg, respectively, as shown in Figure 3.7(a). The i, and 4, consist of the

CM current component, i., rr (given by (3.5)), and the DM current component,

i[DMJQ. The Z'[DMJQ is given as

(3.17)

The modified 7. and 4pq with Ce, are denoted by z';,c and i;d, respectively, as shown
in Figure 3.7(b). For the values of m that result in insignificant changes in vy, Vpq,
and i, rr for with and without C.,;, the DM current through the transformer with

Cezt iSa

Va/p — Ve .
)u = (1 +m)irpm iz (3.18)

The currents i;,c and i;d are divided between C;; and C,, in proportion to their
capacitances, as indicated in Figure 3.7(b). Therefore, the currents through Cl.;
(i€ Ghropeqry and dpy.,p) I terms of i;,c and i, are as indicated in Figure 3.7(b).

Thus, the measured i;pys 12 and i, rr from the currents through C,,; are given by

i:z’c(emt) - 7:;)d(ea:t)

2m
. I+m .
lem TF = T(Z;’c(ext) + l;)d(ext))' (320)

and (3.19)

UIDM_12 =

Measurement of iy pa 1 and iy pas 2 currents:

The igm,, tdmy, tdms, and ig,, currents obtained in Figure 3.6(e) are measured

at various places in the DAB converter, as shown in Figure 3.8. Thus, from
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(3.12)-(3.15), the iparpara and iararpare can be measured as

IMMDM 1 = tdm, — Ldmy ONA T MDM.2 = Ldms — bdmy - (3.21)

The following inferences are made from the measurement of IDM and MMDM noise

discussed above.

1. The externally connected capacitor, Ce, alters the IDM current by (1+m)

times. Thus, the actual IDM current (i.e., i;pys_12) is measured from (3.19).

2. For the DAB converter mounted on a single PCB, the PCB design should
be flexible to incorporate the external circuit required to measure the i2;pas 12

current.

3. As evident from Figure 3.6(e), reducing the parasitic capacitance C; (i =
a,b,c,d), by altering either the power semiconductor switch to heat sink
configuration or the heat sink to ground connections as discussed in [85], affects

the Z'MMDMJ and Z'MMDMQ currents.

3.6 Results and Discussions

3.6.1 System Description

The DAB converter prototype incorporating Si-IGBT modules is shown in Figure
3.9, and is investigated for validating the above-discussed CM and DM noise analysis.
The parameters of the experimental setup are provided in Table 3.1. The LISN
(LI-3P-232) is connected to the dc input of the DAB converter prototype. All
the experimental results are presented for the ungrounded load condition, as the
grounding condition of the load does not alter either the analysis or the measurement
methods. The frequency spectra are presented from 150 kHz to 30 MHz, which is
the conducted EMI frequency range.
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Figure 3.9: Experimental setup of DAB converter.

Table 3.1: System Operating Parameters Along with Parasitic Values

Parameter Value
Input voltage, Vi, 250 V
Output voltage, V, 250 V
Output power, P, 1 kW
Switching frequency, fs., 10 kHz
Transformer turns ratio, n 1
External inductance, L, 0.288 mH
Impedance-matched external capacitor, C,.; 70 pF
Winding capacitance of primary and secondary, C,, and Cj 140 pF
Parasitic capacitance of VSC1 and VSC2, C,, Cy, C., and Cy 220 pF
Input and output dc rails to ground capacitance, C;, Cy, C3, and Cy 120 pF

The parasitic capacitances are measured using a PSM3750 impedance analyzer

(that can measure the capacitance ranging from 1 pF to 1000 uF) at the switching

frequency and are listed in Table 3.1. The transformer parasitics, i.e., Cp, Cs, Cps,

are measured using the procedure mentioned in Figures 3.1(d) and (e). The currents

and voltages are measured using a high-bandwidth current probe (TCP202A) and
a high-bandwidth voltage probe (THDP0200), respectively. The experimental
frequency spectra data is obtained from Tektronix oscilloscope (MDO3014) which

has a bandwidth of 100 MHz.

The conducted EMI noise models are simulated using MATLAB-Simulink with the
system parameters listed in Table 3.1 to estimate the DM noise. The dv/dt imposed
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due to the switching action of active devices that excites the converter parasitics is
carefully matched in the numerical simulation with the exact hardware conditions

to obtain an accurate estimate of i;pas 12, ivrmpar 1, and iyarpar 2. The results are

discussed in the subsequent sections.



Chapter 3. Modelling and Analysis of Conducted EMI Noise in DAB Converter33

100 i —— estimated i —— ostimated
DM 12 PSR )
f_:l - measured ‘é 120 MMDM_1 ~— measured
] ==
= i
PR ] [
g En
5 | S
& | =
= 0 | =
; ; i j = 20 L— . D I e 30
200k M M M S(H 200k M M 1M f(H
(@) (b)
- i ——=— estimated
§_ 120 MMDM_2 ~——— measured
)
=
()
=
= 70
=
of
[~
=
20 L i " 4 JURYR
200k M aMm M f(Hz)
(c)

Figure 3.12: Measured and estimated frequency spectra of (a) irpas_12, (b) iaramrpara, and (c)
IMMDM2-

500 15
RS N | —~ 80
o 7] <
250 s . v 10 é 0
Ny I 2
N S %]
h= 0 5 -~ 'g 40
| N
2501 ¢ p it > 0 5020 Y
P=1000W | P=350W = St
-500 ! 5 i
(@) (b)
o120 i ——P=1000W ~ 120
g MMDM_I | . p=3sow S
2 100 & 100
& )
g 80 =z 80
£ =
- - 60 ) ‘d= 60
5o &
S 40 g 40
20 Bk 20 : : SIE Y S
200k M 4aM  10M f(Hz) 200k 1M am  10mf (Hz)
(c) (d)

Figure 3.13: (a) Output voltage (V,) and output current (I,) for change in load power from
1000W to 350W, (b) measured frequency spectra irpas_12 for 1000W and 350W, (c¢) measured
frequency spectra iprarpar_1 for 1000W and 350W, and (e) measured frequency spectra éprarpar_o
for 1000W and 350W.

3.6.2 Measurement of i, 7 Current

The frequency spectra of the CM current measured at the primary side of the

transformer and the VSC2 to ground current (i.e., ic, +ic, +ic, +ic,) are observed
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to be equal, as shown in Figure 3.10(a). Thus, it can be concluded from Figure
3.10(a) that the VSC2 to ground current flow through C,s and thus validating (3.4).
The measured i, 7F in the DAB prototype using the current probe arrangement
discussed in Chapter 1 is shown in Figure 3.10(b); the corresponding estimated
spectrum using the CM equivalent circuit presented in Figure 3.2(d) is shown in
Figure 3.10(b). As observed from Figure 3.10(b), the estimated and measured i, rr
is very close, which validates the transformer modelling and the CM equivalent

circuit presented in Figure 3.2(d).

3.6.3 Measurement of IDM and MMDM Currents

To measure the i;ppr 12 current, Cepy = Cps = 70 pF is chosen i.e., m = 1. The
matching capacitance profile of twice the C,, with twice the C,,; is shown in Figure
3.10(c). It is observed from Figures. 3.11(a) and (b) that inserting C.,; does not alter
either vy, or vpg. Also, from Figure 3.11(c), it is seen that i, rr also does not vary
without and with the C.,;. Therefore, the proposed external impedance-matched
circuit is used to measure the DM current flowing through the transformer owing to

the capacitive coupling.

The frequency spectra of i;pys 12 measured based on (3.19) and that estimated using
the DM equivalent circuit presented in Figure 3.3(d) are shown in Figure (3.12)(a).
The iprarpara current is measured from i, and igy,,, as discussed in (3.21), and
the same is estimated from the DM equivalent circuit. The corresponding results
are shown in Figure 3.12(b). Similarly, the i/ pas2 current is measured from gy,
idm, as discussed in (3.21); and the same is estimated from the DM equivalent
circuit. The obtained frequency spectra of the measured and estimated ip/pparo
are illustrated in Figure 3.12(c). It can be seen from the estimated and the measured
t7pym_12 that the proposed equivalent circuit can predict the DM noise with a high

degree of accuracy.

Moreover, the frequency spectra comparison of the i;pas 12, tarnmpar 1, and taprpar o
current is shown in Figure 3.13 for the change in load from 1000W to 350W. The V,
and the output current (I,) for the load change from 1000W to 350W is shown in
Figure 3.13(a). It is observed from Figure 3.13(a) that, the V, remain constant at
250V, while the I, changes from 4.1A to 1.4A. The frequency spectra of the i;pas 12,
tvmpm.1, and iy ppare currents for change in P, from 1000W to 350W are shown
in Figures. 3.13(b), (c), and (d), respectively. It is observed that with reduction in
P, from 1000W to 350W, I, decreases; thereby reducing the irpar 12, tararpar, and

Z'MMDMQ currents.
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Figure 3.14: Uncertainty in i;par12 measurement due to uncertainty in Cps and Cegy
measurements for (a) m values ranging from 0.01 to 5, (b) m = 0.01, and (¢) m = 5.

3.6.4 Sensitivity of the i;py 10 Current Measurement

Scheme to the Uncertainties in C,, and C¢;;

The uncertainties in the Cp, measurement during transformer parameter extraction

affect the i;py 12 current measurement. Also, the capacitor connected as Co.y

has finite capacitance tolerance (varying between 5% to 20% for off-the-shelf

components). Therefore, it is necessary to analyze the impact of these uncertainties

on the measured i;pys 12 current. The DM current through the transformer with an

impedance-matched external capacitor, Ce,; is given by (3.18) and is simplified as
W(Varb — Vea)

1= #[Cps + Coent] (3.22)

Let £0C,s and +6C,,; be the uncertainties in the C),, and C.,, respectively. The

uncertainty in ¢ i.e., di is [86]

5i = M, [6C2, 4+ 6C2,. (3.23)

Hence, the uncertainty in i;pys 10 i.€., dirpar12 is

. W(Va'p — Ve
Sirparis = W’ [6C2 + 6C2,,. (3.24)

As evident from (3.24), the measured i;pas12 1S sensitive to uncertainty in Cp, Ceyt,
and the choice of m; the same is quantified in Figure 3.14. It is observed from Figure
3.14(b) that the error in either C,s or C.yy highly impacts i;pas 12 measurement for
very low values of m. In addition, for high values of m, a significant change in v, vpq

and i, 7r can be observed for with and without C,,;; that leads to incorrect i;pas 12
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measurement. Thus, the range of m has to be chosen considering the trade-off

between the sensitivity and accuracy in the i;pys 12 current measurement.

3.7 Summary

The CM and DM equivalent circuits have been deduced to analyze the propagation
paths of the individual ground currents and converter currents in the DAB converter.
An impedance-match external capacitor is proposed as a suitable measurement
technique to experimentally obtain the DM noise through the transformer. The
experimentally obtained CM and DM noise through the transformer is in close
agreement with the analytical models. In addition, the sensitivity of the proposed
measurement technique to the uncertainty in the estimated parasitics of the
transformer and external measurement capacitor is also presented. Along with
the DM noise due to parasitics within the converter, termed IDM noise, the
converter-to-ground parasitics result in additional DM noise, termed MMDM noise;
thus increasing the overall DM noise in both primary and secondary sides of the
transformer. The propagation path for MMDM noise has been analyzed and the

necessary mathematical expressions have been presented.



Chapter 4

CM Noise Mitigation Techniques
with Integrated Magnetics

4.1 Introduction

The CM noise generated by the excitation of the converter-to-ground parasitics due
to the high dv/dt switching nodes has to be reduced within the desired standard
limits to ensure the EMC. Typically, passive CM filters, such as CM chokes and
CM LC filters, are widely used at the DC input to attenuate the CM noise. This
chapter introduces circulating CM current (CCMC), a persistent issue resulting
from the incorporation of these CM filters. Additionally, a detailed discussion
on a coupled-inductor-based integrated magnetic approach to mitigate CCMC is
presented.

While the coupled inductor-based approach effectively reduces CCMC, it doesn’t
eliminate the need for a DC-input CM filter. Consequently, a concentric CM choke
is designed to replace traditional toroidal CM chokes, aiming to reduce the space
occupied by CM filters.

In addition to the aforementioned integrated magnetics approach for CM filtration,
this chapter extensively explores a comparative analysis of the impact of discrete
inductor and integrated transformers on the CM noise profile of the DAB converter.
The CM choke requirement with the discrete inductor and the integrated transformer

is presented in detail.

4.2 Coupled Inductor-Based Technique to
Mitigate Circulating CM Current

In general, the propagation path of the circulating current, which arises due to the
mismatch in the primary and the secondary voltages of the transformer, within the
DAB converter is indicated by path A in Figure 4.1. The total CM current in the
DAB converter tends to flow through the LISN, as indicated by path B in Figure
4.1. The CM noise analysis with the CM current propagating along Path B is widely
explored [9], [87], [14]. Conventional input CM filters reduce the CM current through
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Figure 4.1: Indicating the propagation paths of CM current, circulating current (CC), and
circulating CM current (CCMC).

Figure 4.2: Experimental setup of isolated DAB converter.

the LISN within the desired standard limit. However, the CM current propagation
through Path C, termed circulating CM current (CCMC), shown in Figure 4.1, is

further discussed in detail.
As indicated by Path C in Figure 4.1, the high-frequency CCMC flows within the

converter. This aids the near-field coupling between the converter components [88].

Table 4.1: Experimental Operating Conditions

Parameter | Value || Parameter | Value || Parameter | Value

Vi 250 V V, 250 V Power 1 kW
fsw 10 kHz 1:n 1:1 L, 288 uH
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4.2.1 Experimental Setup

The prototype DAB converter for the circulating CM current analysis is shown in
Figure 4.2. The DAB converter is operated with SPST incorporating the F28379D
launchpad. The detailed operating conditions are listed in Table 4.1. A LISN
(LI-3P-232) is inserted at the DC input port to decouple the CM noise of the DAB
converter from the external noise of the main supply. To analyze the CCMC, the
CM noise model derived in Chapter 2 is considered, as shown in Figure 4.3(a). As
seen the Figure 4.3(a), the ideal transformer windings in the CM noise model are
replaced by the controlled voltage and current sources. Further, the reduced CM
noise model, obtained from Figure 4.3(a), is shown in Figure 4.3(b) and is considered
to analyze the CCMC in the DAB converter. The expressions for vy, and ve,, in

the simplified CM noise model shown in Fig. 4.3(b) are given by
Van + Ubn Ven! + Vdns

Vo, = —5 and Ve, = — (4.1)

While, the Z;, (k =1,2,3,4,5,6) impedance in Fig. 4.3(b) is given by

1 1 1

9 Z = 9 Z = ? 42
Jw(Cr+Cy) 727 ju(Ca+Cy) T jwC (4:2)

Z1 =0.5Z118n, Zo =

1 1 Z.

L
jW(Cg‘f‘Cd)’ 0 ]W(03+C4)7 7 1+ijTOp’ an 8 ]w( pt+ TL2)

(4.3)
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Figure 4.3: (a) CM noise model indicating the currents to the ground and (b) simplified CM
noise model.



40 Chapter 4. CM Noise Mitigation Techniques with Integrated Magnetics

100
80
60 385al0a
40 [HER

Magnitude (dByuA)

10° 107f(Hy

Figure 4.4: Frequency spectra of the i,sc2 and the i,  currents.

120
N bare current - 100 i ba?re current
T 100 ! ot with input CM choke || % 80 C with input CM choke
& ——— DO160 standard > 4
u
3 3
g g 4
= =
& ¥ 20
= =

bare current
with input CM choke

Magnitude (dByA)

i ; Ralud e
10° 107 f(Hz)
(©)

Figure 4.5: With the 1.5 mH CM choke, bare current frequency spectra of (a) icm, (b) ic,,, and
(C) ivscl‘

4.2.2 Origination of the CCMC

Further, the circumstances that originate the CCMC and the voltage source that
results in the CCMC are discussed in detail.

The CM currents from the VSC1-to-ground and VSC2-to-ground are denoted by %y,
and i,s.,, respectively, as indicated in Figure 4.3(b). The 4,5, and i,s., are expressed
in terms of the current through the parasitic capacitance, C; (i = a,b, ¢, d, 1,2, 3,4)

as

Tyscl = ica + icb + icl + 7:02 and Tysc2 = icc + icd + +i03 + ’ic4. (44)

The algebraic sum of the 4,51 and i,s. current gives the total CM current (i) in
the DAB converter. The i, current is measured by clamping the DC link wires into
a high bandwidth current probe (TCP202A), as discussed in Chapter 1. As evident

from Figure 4.3(b), the i, current returns from the ground to the converter through
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the Z, impedance. Therefore, the 7,45 current is equal to the CM current through
Zy or Cps (ic,,) in the conducted EMI frequency range (150 KHz to 30 MHz), as
shown from Figure 4.4. Since, the i, and the ic currents are identical, the i,
current is rewritten as the algebraic sum of the 7,,., and the ic,, currents.

The frequency spectrum of the measured 4., current is shown in Figure 4.5(a).
As observed from Figure 4.5(a), the i, current exceeds the DO160 limit line.
To mitigate i, within the standard, the first-order and second-order CM filters
namely CM choke and CM LC filter are employed at the DC-input port of the DAB
converter, as shown in Figure 4.6(a). The impact of the input CM filters on the ic,,

and the i, currents are discussed further along with the origination of the CCMC.

Input CM choke to address the 7., current

The frequency spectra of bare ic,, ic,,, and s currents measured simultaneously
are shown in Figures 4.5(a), (b), and (c), respectively. It is observed from Figures
4.5(a) and (b) that, the ic,, current component is dominant in the i, current. To
mitigate 7., within the standard limit, 1.5 mH CM choke is inserted at the input
port of the DAB converter [89]. In Figure 4.5(a), the updated frequency spectrum of
the 7., current with the 1.5 mH CM choke is below the standard limit line. However,
the 1.5 mH CM choke does not alter the ic,, current, as evident from Figure 4.5(b);
this is explained from the CM equivalent circuit shown in Figure 4.3(b). With the
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1.5 mH CM choke, the Z; is modified as shown in Figure 4.6(b), and is given by

Z
Zi(w) = L;SN + jw * (1.5 mH). (4.5)

From (4.5), it is observed that, the 1.5 mH CM choke increases the impedance
offered by Z;. Therefore, the impedance offered by the P; path is higher than the
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impedance offered along the P, path, as shown in Figure 4.6(c). Hence the i¢,,
current tends to flow through the path P, i.e., through the Z, and Z3 impedance;
this results in the increment of the i,s; current, as evident from Figure 4.5(c).
Thus, with the 1.5 mH CM choke, the ic,, current tends to flow through the VSC1
to the ground parasitic impedances (Zs, Z3); thereby increasing the VSC1-to-ground

current.

Input CM LC filter to address the i, current

To mitigate the 7., current, the CM LC filter of 1 mH and 1 nF are inserted at
the dc input port of the DAB converter [89]. With the input CM LC filter, the
iem reduces within the standard limit line, as evident from Figure 4.7(a). However,
the ic,, current remains unchanged, as seen from Figure 4.7(b). This is analyzed
from the CM equivalent circuit shown in Figure 4.3(c). With the CM LC filter, the

modified Z; impedance is shown in Figure 4.8(a) and is given by

A
Z1(w) = L;SN

+ jw* (1 mH) (4.6)

The impedance offered by the Z; impedance increases due to the 1 mH inductance,
as seen in (4.6). Therefore, the impedance along the path P; is higher than the
impedance along the path P, as shown in Figure 4.8(b). The Z s in the path P, is
the impedance of the 1 nI capacitance. Thus, the ic,, current tends to flow through
Zef, Zy, and Zs and appears in the frequency spectrum of the currents in path P, as
evident from Figure 4.7(c). Thus, with the input CM LC filter, the i¢,, current flows
through the capacitor of the CM LC filter (Z.;) and the VSCI-to-ground parasitic
impedances (Z2, Z3); thereby increasing the VSC1-to-ground current.

Quantification of the CCMC and its voltage source

The bare i¢,, current, the ic,, current with the input CM choke, and the i¢,, current
with the input CM LC filter remain unaltered, as observed from Figures 4.5(b) and
4.7(b). Besides, inserting the input CM filter results in the flow of i¢,, through the
Zo, A3, Ly, 45, g, and the ground; thus, forming the CCMC loop, as indicated in
Figure 4.8(c). Thus, the i¢,, is the CCMC that circulates between VSC1, VSC2,
and the ground, as indicated in Figure 4.6(a).

Since i¢,, current is the CCMC, the voltage across Z; (vgz,) in the CM equivalent
circuit in Figure 4.3(b) is the voltage source of the CCMC. To quantify the vz,, the
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Thevenin equivalent voltage and the impedance across the Z, is obtained as

v, Zs3(Zy + Z») Zs
th — Ucml - —Ucmg
ZZy+ 212y + ZoZs Zs + Zg
Z7
cd and 4.7
+ 7 ng 4 an (4.7)
AVAYA AV AV
T — 14243 4 Dl “rZs (4.8)
Iy + I\ Zs+ ZaZis  Zs+ Zg  Zr+ Zs
Thus, the voltage source of CCMC (vg,) is expressed as
Vz, =AUem; — DVemy, + Vg, (4.9)
AVAVAR VA
0= 123(Z1 + Zs) 7 (4.10)
(Z4 + Zth)(ZIZ2 + 21Z3 + ZQZg)
b ZyZs d ZLyZn
= , and ¢ = :
(Zs+ Zw)(Zs + Zs) (Zs+ Zw)(Z7 + Zs)

The following inferences are made from the above discussion.
1. The CCMC exists after inserting the input CM filters.

2. The ic,, current forms a circulating current loop in the presence of the input
CM filters. Hence, the CCMC is quantified as the i¢,, current.

3. The combined voltages, Vem1, Vema, and V4 acts as the voltage source of the

ic,, current, as evident from (4.9).

4.2.3 Design of Coupled Inductor to Mitigation CCMC

As the CCMC circulates between the VSC1 and VSC2 through Z,4, as observed from
Figure 4.8(c), the CCMC can be addressed by altering the CM path impedance
between the VSC1 and VSC2. Thus, the coupled inductor is chosen to address
the CCMC as it (a) increases the CM impedance between VSC1 and VSC2;
thereby reducing the CCMC and (b) incorporates the required L, to transfer the
desired power in the DAB converter without increasing the number of the magnetic
components.

The coupled inductor is inserted at the transformer’s primary side. The mutual
inductance (M) and the self inductances (L, Ls) of the coupled inductor are
designed to serve as, (a) the CM filter to attenuate the CCMC and (b) the L,
to transfer the desired power to the load. The winding structure of the coupled
inductor is simple and resembles that of the CM choke, as shown in Figure 4.9(a).

The corresponding magnetic equivalent circuit is shown in Figure 4.9(b).
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Figure 4.9: (a) Flux generated by the i, and i, in the coupled inductor, (b) magnetic equivalent
circuit of the coupled inductor, (c) terminal connection to measure L, (d) terminal connection
to measure Lgy,, (e) measurement of L., (f) matching differential mode impedance profile across
a and b nodes with and without the coupled inductor, and (g) frequency spectra of bare current
(dark green), with coupled inductor between VSC1 and VSC2 (blue), and with coupled inductor
between VSC1 and VSC2 and the input CM choke for CCMC.

The CM and the differential mode (DM) inductance offered by the coupled inductor

are given, using the CM and DM inductance measurement given in [90], as

LyLy — M?
Ly + Ly —2M

Loy, = and Lgy, = Ly + Ly — 2M. (4.11)
The impedance due to L., attenuates the CCMC; the Ly, serves the purpose of
L,. To measure L., and Ly, the terminal connections of the coupled inductor
are indicated in Figure 4.9(c) and (d), respectively. For constant power transfer
before and after employing the coupled inductor, the inductance measured across a
and b nodes in Figure 4.9(d) should be equal to the inductance measured across a
and b nodes in Figure 4.9(e). This implies that the Ly, is equal to L, to maintain
the desired operating conditions of the DAB converter. The L; and L, required to

attain the desired L., and Lg,, can be rewritten from (4.11) in terms of coupling
coefficient (k) as

Lcdem Lcdem %
L1L2 _ k2 (I?’Ld Ll + LQ Ldm + 2]{7(1_—]@> . (412)

Thus, solving (4.12) gives the values of L; and Ly of the coupled inductor to achieve
the desired L., and Lg,,.
Thus, the coupled inductor reduces the CCMC and avoids the necessity of the

additional externally connected L,. As the coupled inductor has weak coupling
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between the windings, higher L4, can be achieved; this increases the feasibility of
the coupled inductors for various power levels in the DAB converter. Moreover,
mitigation of the CCMC with the coupled inductor does not alter the number of
magnetic components in the DAB converter while maintaining the system operating
conditions.

To mitigate the CCMC in the prototype DAB converter, the L., and Ly, are
calculated as 3.5 mH and 288 pH, respectively. The coupled inductor is indicated
in Figure 4.2(a). Accordingly, the L; and Lo values are calculated from (4.12) as
3.65 mH and 3.52 mH, respectively. The matching inductance profile of Ly, and
L, is shown in Figure 4.9(f); thus ensuring the 1 kW power flow with the coupled
inductor. The DO160 EMI standard is chosen for the CCMC and the 4., currents.
From the frequency spectrum of the CCMC shown in Figure 4.9(g), it is evident
that the coupled inductive passive mitigation technique effectively mitigates the
CCMC. Thus, unlike the input CM filtration techniques, the coupled inductor-based
technique effectively mitigates the CCMC.

4.3 Concentric CM Choke for CM Noise
Mitigation

This section of the chapter presents the winding structure with concentric toroidal
cores, termed concentric CM choke, to achieve higher CM inductance with minimal
box volume, compared to the conventional CM choke. The step-by-step design
guidelines are formulated to achieve volume reduction with the presented concentric
CM choke configuration. Following the given design guidelines, the presented
concentric CM choke can achieve the desired CM inductance by incorporating the
‘n” number of concentric cores of different core materials. Unlike the concentric CM
choke presented to achieve volume reduction in this paper, the similar configurations
discussed in [91], [92], and [72] intend to increase the DM inductance of the
conventional CM choke. This increase in the leakage inductance of the CM choke,
at the expense of reduced DM saturation current, emanates the saturation issues in
the CM choke core. Besides, the DM noise is usually filtered out with a small input
filter and high-frequency capacitors; whereas the CM noise attenuation requires
a bulky discrete filter which limits the power density of the converter [93],[94].
Thus, the winding structure and design of the concentric CM choke presented
in this chapter reduce the box volume by retaining the design simplicity of the
conventional CM choke, without any additional design considerations in terms of
saturation of the core. The reduction in the box volume of the designed concentric
CM choke, compared to the conventional CM choke, is verified experimentally for a

DAB converter prototype.



Chapter 4. CM Noise Mitigation Techniques with Integrated Magnetics 47

RCRI RCRZ
Depy D
Ni,(D Nif(D) Ni (D N3
(i)

Figure 4.10: (a) Concentric CM choke, (b) flux distribution in cores CR1 and CR2, (c) magnetic
circuits of (i) CR1 core, (ii) CR2 core, and (iii) concentric CM choke.

4.3.1 Design of Concentric CM Choke

The winding structure of the concentric CM choke with two cores, CR1, and C'R2
is shown in Figure 4.10(a). The orientation of flux generated by the phase and null
windings with N, and N,, number of turns, respectively, in CR1 and C'R2 cores is
shown in Figure 4.10(b). The magnetic circuit of CR1 and C'R2, and the concentric
CM choke are given in Figure 4.10(c)(i), (ii), and (iii), respectively. écr1, Pcre
and ¢cpr are the total flux in CR1, C'R2 and the concentric CM choke, respectively.
In Figure 4.10(c), Rer1 and Reogo are half the reluctance of CR1 and C'R2 cores,

respectively, and are given by

lei/2

) 4.13
MO/’LTiAei ( )

Reori =

where, l.;, 1, and A.; are the mean magnetic length, relative permeability, and the
area of the cross-section of the i core, respectively. The flux in the concentric CM

choke can be written as

¢p = ¢lp + ¢mpp + (bmpn
N, Nyin

= + + and 4.14
Pip 2(Ror1 + Rore)  2(Reri + Rore) 414
¢n = ¢ln + ¢mnn + ¢mnp
N,i Nyi
nln Pl (4.15)

= ¢ln + + ’

2(Rori + Rore)  2(Reri + Rore)
where ¢, and ¢,, are the fluxes due to phase and null windings, respectively; ¢y; is
the leakage flux of iy, winding, ¢,,; is the magnetizing flux of 7;, winding linking
itself, and ¢,,;; is the magnetizing flux of i winding linking the j* winding. Thus,
the total flux generated in the concentric CM core is ¢pcr = ¢, + ¢p,. If 7, and

are the winding resistances of phase and null windings, respectively, the respective
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N2, 1 NyN, [, 1 1 di
Llp + Tp(RCRl + RCR2> p2 <2RCR1 + RCRz) {ﬁ}
)

N, N, N2 din
2 <R(,}R1 - RCIRQ) Lin + T(Rclm Rcle at
(4.17)
voltages are given by
I R R e R (4.16)
Vn 0 Tn Zn dt Nn¢n

Substituting (4.14) and (4.15) in (4.16) gives the voltage across phase and null

windings as shown in (4.17).

4.3.2 Estimation of CM Inductance

To analyze the CM performance of the concentric CM choke, substituting, N, =
Np =N, i, =iy =lem/2, and V, =V}, = v, in (4.17) gives

em L, N? [ 1 1 ]) i
PR (ol . 4.18
Y Tp2+<2+2 Fom | Roml) dt (4.18)

Neglecting the winding resistance (r,) and the leakage inductance (L;,) gives the

CM inductance of the concentric CM choke as

N2 1 1
L, = —( n > 419
2 \Rcm  Rcre (4.19)

Thus, the generalized expression for the CM inductance of the concentric CM choke

with n concentric cores can be written as

L—N2<1+1+1+ +1) (4.20)
o 2 \Rcpi  Rcre  Reomrs Regn/’ '

where Rcp, is half the reluctance of the n' core. DBesides, the L., of the

conventional CM choke is given by [95]

N2
Lcmconv = ?
2Rcr

(4.21)

where N is the number of turns and Rgp is the reluctance of one-half of the
conventional CM choke core.

Thus, from (4.20) and (4.21), it is evident that the concentric CM choke has
more flexibility to combine various cores and obtain the desired L.,,, unlike the
conventional CM choke. The design guideline to achieve the desired L., with the

concentric CM choke is formulated in the flowchart given in Figure 4.11.
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/ Estimate the required L,,, /

v

Calculate the reluctances
of all the available cores

v

<«— From (3.13)

Select a core with the From (3.20)
lesser inner diameter L

‘Calculate required number of turns (N ) to obtain the required L., |

I

Place the previous and
the new selected cores

concentrically as shown
in Figure 3.10(a)
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biggest inner diameter
A

{

Choose the next bigger
volume core with
same inner diameter

Core is saturated?
YES

Wind the concentric cores
as per the winding structure
shown in Figure 3.10(a)

design complete

Figure 4.11: Design guidelines for concentric CM choke.

As per the guidelines in Figure 4.11, initially, the core with a smaller inner diameter
has to be chosen and then another core that fits concentrically with the previous
core is selected. If the L., of this concentric structure, calculated from (4.20), does
not meet the desired L.,,, another core is chosen to place concentrically with the
previous concentric structure. Thus, the procedure is repeated till L., calculated
from (4.20), meets the desired Le,.
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CM chokes.

4.3.3 Box Volume Comparison of Concentric and
Conventional CM Choke

Let the desired CM inductance (Lcy;,) be 9 mH. The C'R1 core with the magnetic
properties and the physical dimensions mentioned in Table 4.2 is used to design
the conventional CM choke. With the number of turns and the reluctance as given
in Table 4.2, the L., estimated from (4.21) is 8.58 mH; while the L., measured
with the impedance analyzer is 8.44 mH. The CM impedance profile of the designed

conventional CM choke is shown in Figure 4.12(a).

Further, to design the concentric CM choke, C'R2 and C'R3 cores with the physical
dimensions and the magnetic properties given in Table 4.2 are chosen, as per the
guidelines mentioned in Figure 4.11. To attain the desired L., (i.e., 9 mH) with
CR2 and CR3 cores, the number of turns estimated from (4.20) is 12. Thus, the
Ley, of the designed concentric CM choke is measured using an impedance analyzer
(PSM3750) as 9.16 mH. The CM impedance profile of the concentric CM choke
is shown in Figure 4.12(a). It is to be noted that, the CM impedance profiles
of conventional and concentric CM chokes match with great accuracy within the
conducted EMI frequency range (i.e., from 150 kHz to 30 MHz).

The box volume of the conventional CM choke and concentric CM choke is calculated
as 13812.768 mm?® and 7088.931 mm3, respectively, as mentioned in Table 4.2. It
is to be noted that the C'R1 core depicts the box volume of the conventional CM
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Ground plane

Voltage probe

LISN c \ 7 “ Transformer

Figure 4.13: Experimental setup of DAB converter.

Table 4.3: System Operating Parameters

Parameter | Value || Parameter | Value || Parameter | Value

Vi 300 V fsw 10 kHz Power 1115W
vV, 300V 1:n 1:1 L.+ 1 618 nH

choke; while the physical dimensions of the C'R2 core depict the box volume of the
concentric CM choke. Hence, the box volume of the concentric CM choke is reduced
by 48.67% when compared to the conventional CM choke, as shown in Figure 4.12(b).
Thus, for the desired CM inductance, the concentric CM choke occupies a lower box

volume compared to the conventional CM choke.

4.3.4 Experimental Validation of Concentric CM Choke

The analysis presented for the concentric CM choke is validated experimentally
using a single-phase DAB converter prototype incorporating Si-IGBT modules.The
experimental setup of the DAB converter prototype is shown in Figure 4.13. The
experimental parameters for testing are mentioned in Table 4.3 with the DAB
controlled using the SPS control technique.

A CM choke of 1.75 mH attenuates the 4., within the DO160 standard limit line,
as evident from Figure 4.14(a). Therefore, a concentric CM choke of 1.75 mH is
designed as per the guidelines in the flowchart given in Figure 4.11. The magnetic
properties and dimensions of the conventional and the designed concentric CM choke
are detailed in Table 4.4. It is evident from Figure 4.14(a) that the conventional CM
choke and the designed concentric CM choke attenuate ., within the standard.
The calculated box volume of the conventional CM choke and the designed concentric

CM choke are given in Table 4.4. The box volume of the concentric CM choke is
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Figure 4.14: (a) Frequency spectrum of bare i, current, with 1.75 mH conventional CM
choke, and with 1.74 mH concentric CM choke, and (b) size comparison of conventional (left)
and concentric (right) CM chokes.

reduced by 77.46% compared to the conventional CM choke, as evident from Table
4.4. This reduction in the box volume can also be observed from the conventional
and concentric CM chokes of 1.75 mH shown in Figure 4.14(b). Hence, the proposed
concentric CM choke attenuates the i, current with the reduced box volume when
compared to the conventional CM choke. Thus, the concentric CM choke acts as a

better replacement for the conventional CM chokes in terms of volume occupancy.

4.4 CM Noise Analysis of DAB Converter with

Integrated Transformer

With the concept of integrated magnetics, the externally connected discrete
inductor, employed to transfer the desired power flow, is integrated into the
transformer, termed integrated transformer, by suitably designing its leakage
inductance [63]. Studies reveal that incorporating the integrated transformer has
the benefits of a minimum number of magnetic components, lower losses, and lesser
volume, thereby improving the power density of the converter [63], [64], [65]. The
general techniques employed to design an integrated transformer with the desired

leakage inductance are as follows [63], [96].

1. By altering the distance between the primary (p) and secondary (s) windings,
as shown in Figures 4.15(a), (b), and (c), the leakage inductance requirement

of few uH can be achieved.

2. By modifying the transformer core structure either by increasing the air gap,
as shown in Figures 4.15(c) and (d), or by employing external magnetic
components such as leakage layers and magnetic shunts, as shown in Figures
4.15(e) and (f).

The above-listed techniques to design the integrated transformer result in a change

in the transformer intrawinding parasitic capacitance, which significantly influences
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(a) (d)

(c) (f)

Figure 4.15: Winding and core modifications for improving leakage inductance of integrated
transformers employed for DAB converter.

the CM noise of the DAB converter. Therefore, the change in the transformer’s
intrawinding parasitic capacitance is understood from the electric field distribution
simulated in ANSYS, as shown in Figure 4.16.

4.4.1 Magnetic Tank Parasitic Consideration for CM Noise
Analysis

In the magnetic tank, a shell-type transformer with the increase in the
distance (d) between primary (p) and secondary (s) windings is considered,
to achieve the desired leakage inductance, as shown in Figure 4.17(a). The
parasitic elements of the transformer constitute primary leakage inductance (L,),
secondary leakage inductance (L), magnetizing inductance (L,,), primary winding
turn-to-turn capacitance (C,), secondary winding turn-to-turn capacitance (Cy),
and primary-to-secondary winding parasitic capacitance (Cps), as shown in Figure
4.18(a). L, and Ly contribute to the power transfer in the DAB converter. The C)

of the integrated transformer accounts for the CM noise propagation between VSC1
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Figure 4.16: Electric field distribution to analyze the various integrated transformer’s
intrawinding parasitic capacitance, Cy;.

and VSC2. Hence, the impact of the increase in d to achieve the desired leakage

inductance on Cps is further analyzed.

The capacitance Cp, for the cylindrical winding structure is given by [80]

o 4me €27,
ps r+d
T

(4.22)
In
where z is the number of turns per layer, r is the radius of the primary winding, and
ro is the radius of the copper wire including the insulation. The effective dielectric

constant (e,) is calculated from

: (4.23)

where k;, i = {1,2,3,...} is the dielectric constant of each insulating layer spread
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Figure 4.17: (a) Modifications in a shell-type transformer to achieve the desired leakage
inductance, (b) top cross-sectional view of the transformer, and (c) electric field variation with
the increase in d.

with thickness d;, i = {1,2,3,...}, as shown in Figure 4.17(b). With an increase
in d, the electric field between the primary and secondary windings decreases, as
shown in Figure 4.17(c); therefore, an increase in d reduces C,,. Thus, it can be
concluded that an increase in the distance between the p and s windings, to obtain
the desired leakage inductance, reduces C),. In addition, the reduction in C,s reduces
the VSC2-to-ground currents and thereby reduces the total CM noise in the DAB

converter.

Further, the CM noise analysis of the DAB converter incorporating the integrated

transformer shown in Figure 4.17(a) is discussed in detail.

4.4.2 CM Noise Analysis with Integrated Transformer

The CM noise model of the DAB converter is shown in Figure 4.18(a). The Thevenin
impedance across Zprsy gives the CM impedance (Z.,,) of the DAB converter, as
shown in Figure 4.18(b). Further simplifying the circuit in Figure 4.18(b) gives the
Zem circuit shown in Figure 4.18(c). In general, as Ly is comparatively lower than
L,,, the parallel combination of L,, and Ls in Figure 4.18(c) is approximated as
L. The series combination of L, and L gives the total leakage inductance of the
transformer (L;). Thus, the resultant Z,, circuit is shown in Figure 4.18(d). Where,
Zypse1 and Z,..0 are the equivalent ground parasitic impedances of VSC1 and VSC2,
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Figure 4.18: (a) CM noise model, (b) Z,, circuit, (c) intermediate Z.,, circuit, (d) resultant Z,,
circuit, (e) magnetic tank with discrete L., (f) Z.,, circuit with discrete L., and (g) intermediate
Zem circuit with discrete L,..

respectively, and are given as

YAVAYAYL,
szcl = )
ZaZip(Zh + Za) + Z1Z9(Zo + Z)
YAV AYA
szcQ =

ZoZy(Z3+ Zy) + Z3Z4(Ze + Zg)

(4.24)

(4.25)
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The impedance Z' in Figure 4.18(d) is the impedance of the magnetic tank circuit.

Thus, from Figure 4.18(d), Z.,, can be written as

szcl (ZU862 + Zl)

Zcm = 7.
szcl + ZU562 + Z

(4.26)

The impedance Z' with integrated transformer (Z, ) is given from Figure 4.18(c)

wnt

as

/ 1
int — O .
SCps

(4.27)

Thus, the Z., in the DAB converter with an integrated transformer is ideally

capacitive, as mentioned in Table 4.5.

4.4.3 Comparison of CM Impedance without and with the

Integrated Transformer

The magnetic tank circuit, without the integrated transformer, is composed of a
discrete inductor (L,) and a transformer, as shown in Figure 4.18(e). In Figure
4.18(e), R, and C, denote the equivalent series resistance and equivalent shunt
capacitance of L,, respectively. Thus, the Z,,, circuit incorporating the magnetic
tank with discrete L, is shown in Figure 4.18(f). Further simplifying the circuit in
Figure 4.18(f) gives the Z,,, circuit shown in Figure 4.18(g). The Z  with discrete
L, (Z,,) is obtained from Figure 4.18(g) and is given by (4.28) in Table 4.5.

As evident from Figure 4.18(g), the presence of discrete L, stimulates the influence
of Cp, Ly, and Lg on the Z,,, along with Cps, Cppse, and Cyppe. Hence, the presence of
discrete L, generates unwanted resonances in the Z.,, impedance profile, as shown
in Table 4.5; thereby increasing the CM noise of the DAB converter at resonant
frequency with minimum Z., magnitude. The impedance profiles of Z., with
integrated and discrete L, are given in Table 4.5 assuming the Z,,q and Z,.o as
capacitive impedances. With integrated L,, the values of C,, L,, and L, do not
affect the Z.,, impedance profile and thereby do not influence the CM noise; thus
eliminating the undesired resonances in the impedance profile of Z.,,. Hence, the
integrated L, improves the CM noise performance of the DAB converter. Thus, from
the aforementioned analysis, the magnetic tank with an integrated transformer is
preferred over the magnetic tank with discrete L, for better CM noise performance
of the DAB converter.
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Table 4.5: CM Impedance Models for Discrete and Integrated Magnetic Tank Cases

Case

7 Approximate Z,,, model 7 Approximate Z.,, plot 7

Remarks

Integrated L,

Q\i\u
- Cps2
Zem S——
2
% HN%E Zyse: H

12|

e Impact of only Cps, Cyser, and Cyseo is seen in Ze,.

e Comparatively fewer design complications.

Discrete L,

Nﬁ.\ﬁ

dis

F HN—GQ\ v N<MQNH

Z|

Unwanted
resonances
fdueto Zy

o Effect of ), comes into play along with C.., Cps, Cyse,
and Clse (increases the parameters that complicate the
effective design for pre-compliance test).

¢ Additionally, unwanted resonances occur at a frequency
defined by L,, L;, C,, and C,.

7 2 s2L1(sLy+Ry)(Cps+2Cy4+2Cp)+28(Lyr+L;)+2R,
dis 7 sCps | $2L1(sLr+Ry)(Cps+4Cr+4Cp)+4s(Lr+L;)+4R,
(4.28)
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Figure 4.19: Time-domain profiles of transformer’s primary voltage (v,), secondary voltage (v;),
and primary current (i1,) of the DAB converter incorporating the integrated transformer.
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Figure 4.20: Top cross-sectional view of (a) conventional transformer incorporated with the
discrete L, in the magnetic tank and (b) integrated transformer.
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Figure 4.21: Impedance and phase profiles of Z/,, and Z/, .

4.4.4 Experimental Results

The analysis presented for the integrated transformer is validated experimentally
using a single-phase DAB converter prototype.The experimental setup and operating
conditions of the DAB converter prototype are the same as that shown in Figure
4.13 and Table 4.3, respectively. The primary voltage (v,), secondary voltage (vs) of

the transformer, and inductor current ¢; incorporating the integrated transformer

are shown in Figure 4.19.
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Table 4.6: Estimated and Measured C,; with Discrete and Integral L,

&H &w &w & To T Q@m Qumuv
ki | ko | ks €r z
(mm) | (mm) | (mm) | (mm) (mm) | (mm) | estimated | measured
Discrete L, |34 (33| - | 0.045 | 1.86 - 1.905 | 3.3 |42 1 13.1 113.58 115
Integrated L, | 3.4 | 3.3 | 4.4 | 0.045 1 3.95 5 4.118 | 42 1 18 78.5 77
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Impact of d on C,, of the integrated transformer

The distance (d) between p and s windings of the conventional transformer is
increased to design the integrated transformer with the desired leakage inductance
of 618 pH, as given in Table 4.3. The top cross-sectional views of the conventional
transformer and the integrated transformer are shown in Figures 4.20(a) and (b),
respectively. As observed from Figure 4.20(b), the discrete L, is integrated into the
transformer by increasing the distance d using FR4 insulation of 3.95 mm thickness.
Substituting the dielectric constants of the insulating layers and the thickness of the
insulation mentioned in Table 4.6 in (4.22), the estimated C,s of the transformer
incorporated with the discrete L, is 113.58 pF'; while the measured C), is 115 pF, as
given in Table 4.6. Similarly, the C,, estimated for the transformer with integrated
L, is 78.5 pF; while the measured C), is 77 pF, as given in Table 4.6. Thus, from
Table 4.6, it can be concluded that the C)s reduces with an increase in the distance
d between p and s windings; thus validating the analysis.

In addition, the impedance and phase profiles of Z/ , and Z/,, is shown in Figure
4.21. It is observed from Figure 4.21 that, the Z/ , impedance is higher than the
Z%; impedance, in particular for frequencies below 1.5 MHz, due to the reduction
in Cp, capacitance with integrated L,. Hence, the 4., current with integrated L, is

less compared to discrete L,, as shown in Figure 4.22.

discrete L, integrated L,

HEn et e T
L e e

Y 4ii v

115 (v;,=3007) 785 (v, =250 1))
Power (W)

5(]0(1}1-”:200 V) 280 (v’_n:150 V) 125 (v, =100 V)
(a)

m— iscrete L, integrated L,

115 (@=35469 7185 (DP=229

500 = 9 - o o
Power (W) (f) 13419 280 (P=7.379 125 (P=3.169

Figure 4.22: Frequency spectrum of i.,, current with discrete L, (dark) and integrated L, (light)
for various (a) output voltages and (b) phase-shift, with SPST.

CM Noise with discrete and integrated L,

The frequency spectra of i., measured at the dc input port with discrete and
integrated L, for various power levels are shown in Figure 4.22. It is observed
from Figure 4.22 that integrating L, into the transformer eliminates the undesired

resonance at around 1.4 MHz and thus reduces the 7., current. Moreover, it is
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Figure 4.23: (a) Frequency spectrum of bare i, current with discrete L, and with 3.5 mH
conventional CM choke and (b) frequency spectrum of bare i, current with integrated transformer
and with 1.75 mH conventional CM choke.

observed that with the discrete L,, a CM choke of 3.5 mH attenuates the i,
within the DO160 standard limit line, as evident from Figure 4.23(a); whereas
with the integrated L,, a CM choke of 1.75 mH is sufficient to attenuate i,
within the standard, as evident from Figure 4.23(b). Thus, the input CM choke
requirement for the DAB converter prototype is reduced by 50% with the integrated
L,. Therefore, the DAB converter with the integrated transformer gives better CM

noise performance; thus validating the analysis.

4.5 Summary

The analysis of the CCMC is carried out with the help of the CM equivalent circuit.
It is verified experimentally that, the input CM filtration techniques incorporated
to reduce the total CM current in the DAB converter results in the CCMC. With
the input CM choke, the CCMC propagates through the VSC1 and VSC2 ground
parasitic capacitance via the ground. The voltage source of the CCMC constitutes
the CM voltage sources of VSC1 and VSC2. Based on the analysis of the CCMC,
the coupled inductor-based approach is incorporated to mitigate the CCMC along
with providing the required inductance between VSC1 and VSC2 for the desired
power transfer.

The experimental results prove that the designed concentric CM choke attenuates
the CM noise of the DAB converter with a reduced box volume by 77.46% compared
to the conventional CM choke. Hence, employing the concentric CM choke winding
configuration instead of the conventional CM choke significantly reduces the volume
occupied by the CM filter.

The CM noise analysis of the DAB converter with the magnetic tank incorporating

an integrated transformer has been presented in detail. The analysis and
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experimental results prove that the magnetic tank with the discrete inductor results
in unwanted resonances in the CM noise spectrum; while the magnetic tank with
the integrated transformer has low CM noise. This is because, the increase in the
distance between the primary and secondary windings, to achieve the desired leakage
inductance, results in a reduction in the primary-to-secondary winding capacitance;
thereby reducing the CM noise of the DAB converter. For the DAB converter
prototype, the conventional CM choke requirement is reduced by 50% with the
integrated transformer. Thus, incorporating the integrated transformer improves
the CM noise performance of the DAB converter with reduced input CM filter

requirement.
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Chapter 5

DM Noise Mitigation Techniques
With Integrated Magnetics

5.1 Introduction

To meet the higher inductance requirement without increasing the volume occupied
by the inductor, this chapter presents toroidal inductor configurations namely
concentric toroidal inductor (CTI) and concentric toroidal differential-mode choke
(CTDMC). The CTI and CTDMC structures help in achieving higher inductances
within the given box volume. The detailed analysis to estimate the inductances of

CTI and CTDMC is presented along with the experimental validation.

5.2 Concentric Toroidal Inductor

The winding structure, analytical expression to estimate the inductance, and
the experimental verification for the CTI configuration are further discussed.
Additionally, the inductance comparison of CTI with the traditional inductor of

the same volume is discussed in detail.

5.2.1 Analysis of CTI

The winding structure of the traditional inductor and the CTI are shown in Figures
5.1(a) and (b), respectively. As illustrated in Figure 5.1(b), the CTI consists of an
outer core (C1) with NV} turns and an inner core (C2) with N, turns. The magnetic
equivalent circuits of C1, C2, and the CTI are shown in Figure 5.1(c)(i), (ii) and
(iii), respectively.

The induced voltages on the windings of C1 and C2 are given by

, d , N? N\ di
‘/1 _7"12—|—N1—CZI =7+ <L11+2R101>% (51)
, d , N3 \di
‘/2:7“11—}-]\72%:7’224‘ <L12+2R2‘2>E (52)

where, r; and ry are the winding resistance of Ny and Nj turns, respectively; ¢; and

¢y are the flux in C1 and C2, respectively; L;; and L;; are the leakage inductances
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Figure 5.1: (a) Traditional inductor, (b) CTIL, and (c) magnetic equivalent circuit of (i) outer
core C1 (traditional inductor), (ii) inner core C2, and (iii) CTI.
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Figure 5.2: Traditional inductor (blue) and CTI (orange) (a) inductance profiles, (b) DM
impedance profiles, and (c) (i) traditional inductor and (ii) CTI used for experimental validation.

of C1 and C2, respectively. Rc; and Rgo are half the reluctance of cores C1 and
C2, respectively.

The induced voltage V; corresponds to the traditional inductor with /Ny turns wound

on C1. Hence, the inductance of the traditional inductor is written from (5.1) as,

NN

Lcom} =L ~
nt 2Rchn 2R

(5.3)

While the induced voltage corresponding to the CTI is the sum of V; and V5, that
is expressed using (5.1) and (5.2) as
N? N2  di

V= i+ (Lp+ L ! —
(7“1—|—7“2)Z—|—( n+ 12+2R01 2R02>dt

(5.4)

Thus, assuming negligible winding resistances (r1, r3) and the leakage inductances
(Li1, Li2) in (5.4), the inductance offered by the CTI can be expressed as
N? Ny N} N2

Lopp = Ly + Lig + —5 + ~
crr =hu et on et o N ok T R

(5.5)

Hence, from (5.3) and (5.5) it can be concluded that with the same volume, the
CTI provides higher inductance compared to the traditional inductor. This increase

in the inductance of CTI is further verified experimentally.
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Table 5.1: Magnetic Properties of Cores

Core | OD (mm) | ID (mm) | Hr (mm) | u,. | Reluctance

C1 58.90 40.56 18.87 4000 | 177481.9745
C2 36.50 22.85 14.82 2000 | 360230.5476

* OD is the outer diameter, ID is the inner diameter, and Hrp is the height of the
core.

Table 5.2: Estimated and Experimental L.,,, and Lorr

N; | Ny | Estimated | Experimental

Leony | 16 | - 1.44 mH 1.45 mH
Lepr | 16 |9 1.67 mH 1.69 mH

5.2.2 Experimental Validation of CTI

The CTI is built with two cores C1 and C2 of dimensions, relative permeability
(1), and reluctance mentioned in Table 5.1. The estimated value of L, from
(5.3) with 16 turns wound on C1 is 1.44mH; while the experimentally measured
inductance is 1.45mH, as shown in Figure 5.2(a). Similarly, the Lop; for Ny = 16
and Ny = 9 on C1 and C2 cores, respectively, is estimated to be 1.67mH; while the
experimentally measured value is 1.69mH, as shown in Figure 5.2(a). Hence, the
Loty given by (5.5) accurately estimates the inductance of the CTI; and Lepy is
higher than L., by 240uH, as evident from Table 5.2. Due to higher Lor; when
compared to Ly, the impedance offered by the CTI is higher than the traditional
inductor, as shown in Figure 5.2(b). The traditional inductor and CTI employed for
experimental validation are shown in Figure 5.2(c)(i) and (ii), respectively. Thus,
the inductance of the proposed CTI configuration is higher than the traditional

inductor with the same volume.
5.3 Concentric Toroidal DM Choke

The winding structure, analytical expression to estimate the inductance, and
the experimental verification for the CTDMC configuration are further discussed.
Additionally, the inductance comparison of CTDMC with the traditional inductor

of the same volume is discussed in detail.
5.3.1 Analysis of CTDMC

The traditional DM choke and the CTDMC winding structures are shown in Figure
5.3(a) and (b), respectively. As evident from Figure 5.3(a), the inductance in the
traditional DM choke is due to ¢; and ¢4 in core C1; while the inductance of CTDMC
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Figure 5.3: (a) Traditional DM choke, (b) CTDMC, and (c) magnetic circuit of (i) outer core
C1 (traditional DM choke), (ii) inner core C2, and (iii) CTDMC.
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Figure 5.4: Traditional DM choke (blue) and CTDMC (orange) (a) inductance profiles, (b)

DM impedance profiles, and (c) (i) traditional DM choke and (ii) CTDMC used for experimental
validation.

is contributed by the flux ¢; and ¢, in core C1 along with the flux ¢5 and ¢3 in
core C2. The magnetic equivalent circuits of C1, C2, and the CTDMC are shown
in Figure 5.3(c)(i), (ii), and (iii), respectively. The flux ¢; (i = 1,2,3,4) due to
winding of N; (i = 1,2,3,4) turns is given by [95]

Nyip - Nyig

1= ¢+ Pm11 + Pm1a = Pu + 2R, + T (5.6)
G2 = G12 + Omaz + Pmaz = P2 + % + ;\gi; (5.7)
¢3 = P13 + Pm3s + Pm3z2 = Pz + ;VT?’Z + ;\;2%27 (5.8)
G4 = Q14 + Omaa + Omar = o + %ﬁj + ;\%2, (5.9)

where ¢y; is the leakage flux in winding with V; turns, ¢,,,; is the mutual flux due
to winding with N; turns linking the winding with N; turns; Rcy and Reo are half
the reluctance of cores C1 and C2, respectively.

The DM inductance of the traditional DM choke (Lgp_cony) is Obtained by replacing
Ny by (N7 + Ny) in (5.3), as i1 = i = i that flows through the (V; + Ny4) turns
generate the total flux in C1. Hence, Ly, conv 1S expressed as,

(N1 + Ny)* (N1 + Ny)?
2Rc1 2Re

Ldm,corw = Lll + Ll4 + y (510)

where L;; is the leakage inductance of the winding with N; turns. Similarly, to obtain

the DM inductance of CTDMC, initially, the voltage induced in winding with the
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. N2 N2 NiN. No N ;
L L 1 2 NiNg 4 NoNg dig

|:‘/1 _ M 01 |4 i it Lae + op +op hic ]\?502 . 7
V- 0 r 7 NaN3 | NiNg Ny o Nf | (%2
2 2 2 2Rca + 2Rc Lz + Lia + 2Rco + 2Rc dt

i1 and iy currents is written as in (5.11) [95]. The induced voltage (V = V; + V3)
due to the DM current in CTDMC is obtained by substituting i; = is =4 in (5.11).

Hence, V' is written from (5.11) as,

4 . 4
Z di Ny + Ny)? Ny + N3)?
V:’L Tl—f-%(g le—f—( ! 4) +( 2 3)> (511)
- —1

Thus, the DM inductance of CTDMC (Lgn.crpmc), neglecting the leakage

inductances, is written from (5.11) as,

(N1 + Ny)* | (Ny+ Ns)?
2R 2Rco

Lam.crpmc &~ (5.12)

Hence, from (5.10) and (5.12) it can be concluded that the proposed CTDMC
provides higher inductance compared to the traditional DM choke of the same

volume.

5.3.2 Experimental Validation of CTDMC

To validate the analysis, a traditional DM choke built with N; = 9 and Ny = 8
turns wound on core C1 is chosen; while the CTDMC is built on cores C1 and C2
with the number of turns mentioned in Table 5.3. The Lgm cone @nd Lgm cTDMC
estimated from (5.10) and (5.12) are 1.63mH and 2.1mH, respectively; while,
the experimentally obtained Lgy, cone and Lg, crpyme are 1.66mH and 2.1mH,
respectively, as shown in Figure 5.4(a). It is evident from Figure 5.3 that,
the expression in (5.12) provides accurate estimation of Ly, crpyme; and the
Lgm crpyme is greater than Ly, conw by 440pH. Due to the high Ly, crpyme, the
impedance of Ly, crpyme is higher than the impedance offered by Lgmn cony, as
evident from Figure 5.4(b). The traditional DM choke and the CTDMC used for
experimental verification are shown in Figure 5.4(c)(i) and (ii), respectively. Thus,
the experimental verification validates that the DM inductance of the proposed
CTDMC is higher than the traditional DM choke of the same box volume.

5.4 Summary

The analytical expressions of the proposed CTI and CTDMC configurations are

derived and validated experimentally. The theoretical analysis and the experimental
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Table 5.3: Estimated and Experimental Ly, cony and Lg, crprce

Ny | Ny | N3 | Ny | Estimated | Experimental

Ldm.cons 9 | - | - |8 1.63 mH 1.66 mH
Ldm,CTDMC 9 5 5 9 2.1 mH 2.1 mH

results prove that the CTI and CTDMC provide higher inductance by 16.5% and
26.5% than the traditional inductor and the traditional DM choke, respectively,
of the same volume. Hence, in the scenarios with the limitation in flexibility to
increase the volume occupancy, the proposed CTI and CTDMC are preferred to

achieve higher inductance values.



Chapter 6

Passive Integrated Chokes with
Improved DM Inductance

6.1 Introduction

This chapter presents two integrated chokes, IC-1 and IC-2, by incorporating either
ER cores or ER and I cores into the window area of the toroidal CM choke. Based
on the CM and DM noise attenuation requirement, either the IC-1 or the IC-2 can
be designed to reduce the PCB area and volume of the EMI filter. A similar core
arrangement is utilized in [97], the winding structure does not fully utilize the ER
core; thus limiting the achievable DM inductance. Thus, the proposed integrated

chokes offer the following advantages.
1. The commercially available ER and I cores are utilized.

2. The adjustable air gap between the two ER cores or between the ER and I

cores eliminates the risk of DM choke core saturation.

3. The winding structure of the proposed integrated chokes fully utilizes the cores,

thus resulting in higher inductances.

The analytical approach to calculate the CM and DM inductance of the two proposed
integrated chokes is presented with experimental validation. The CM and DM flux
paths and magnetic core saturation analysis are presented using ANSYS simulations.
The EMI filter volume reduction with the conventional CM and proposed integrated

choke is verified on a SiC-DAB converter.

6.2 Design of Proposed Integrated Choke, IC-1

The core structural arrangement of one of the proposed integrated chokes, denoted
by IC-1, is shown in Figure 6.1(a). The integrated choke IC-1 consists of an ER
core inserted in the window area of the toroidal core. The electrical equivalence of
IC-1 is as shown in Figure 6.1(b). The CM and DM inductance offered by IC-1

is denoted by Lepmrc—1) and Lgmrc-1)- The winding arrangement on the toroidal
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Figure 6.1: (a) Structural arrangement of IC-1, (b) electrical equivalence of IC-1, (c) winding
arrangement in ER and toroidal cores of IC-1, (d) CM and DM flux distribution in the cores of
IC-1, (e) magnetic equivalent circuit for i.,, current excitation in ER core of IC-1, (f) magnetic
equivalent circuit for i, current excitation in the toroidal core of IC-1, (g) magnetic equivalent
circuit with i4., current excitation in ER core of IC-1, (h) winding terminal connections of IC-1 to
measure the L, ;¢—1) inductance, and (i) winding terminal connections of IC-1 to measure the
Lgm1c—1) inductance.

and the ER cores of IC-1 is shown in Figure 6.1(c). In Figure 6.1(c), Ney and N
denote the number of turns on the outer limb and the center limbs of the ER core,
respectively; Ny denotes half the number of turns on the toroidal core; R.; and Ro
are the reluctance of the outer and center limbs of the ER core, respectively; R,
and R, denote the air gap reluctance of the outer and center limbs of the ER core,
respectively; R; denotes half the reluctance of the toroidal core. The reluctance in
k' section (Ry) can be obtained from [69)

Lk
Ry = ———, 6.1
,uo:urkAk ( )
where [, Ag, and . are the mean magnetic path length, cross-sectional area, and
relative permeability corresponding to k' section respectively; pu, is the relative
permeability of free space. The theoretical estimation of Ley,;c—1) and Lgmc-1)

inductance of the proposed integrated choke is discussed further.
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6.2.1 Estimation of L, c-1) Inductance

The flux generated in the toroidal and ER cores with the CM current (i, ) excitation
is shown in Figure 6.1(d). The corresponding magnetic equivalent circuit of the ER
core with the i.,, current excitation is shown in Figure 6.1(e). As indicated in Figure

6.1(e), the flux due to the i, current in the ER core, ¢cm e(1c—1), is given by

Nellcm

W FRor + R’ (6.2)

Qscm,e(lc’—l) =
Therefore, the CM inductance offered by the ER core, Ly, ¢(rc—1), can be written
as

Lcm,e(lcfl) = (63)
Similarly, the flux generated by the ., current in the toroidal core, ¢.,,, is shown
in Figure 6.1(d). The corresponding magnetic equivalent circuit of the toroidal core

with the 4., current excitation is shown in Figure 6.1(f). Thus, the CM inductance,

Lemt, due to the ¢, flux in the toroidal core can be written as [69]

N?

L = —. 4
cm_t 2Rt (6 )

Thus, the total CM inductance offered by IC-1, Ly7c—1), is the sum of the CM
inductance offered by the ER and the toroidal core. Thus, the L.p,;c—1) inductance
of IC-1, is obtained from (6.3) and (6.4) as

Na N
2(Ra + R,) ' 2R,

Lcm(ICfl) = Lcm,e(ICfl) + Lemit = (65)
To experimentally measure the Lc,c-1) inductance, the winding terminal

connections of /C' — 1 are shown in Figure 6.1(h).

6.2.2 Estimation of Lg,c-1) Inductance

The flux generated in the toroidal and ER cores with the DM current (i4,) excitation
is shown in Figure 6.1(d). The magnetic equivalent circuit of the ER cores with the
iam current excitation is shown in Figure 6.1(g). As indicated in Figure 6.1(g), the

flux due to the 74, current in the ER core, ¢gm c1c-1), is given by

<2Nel + 4N62)idm
el + 2R32 + ZRQ + Rg.

¢dm,e(]C—1) = R (66)
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Therefore, the DM inductance offered by the ER core, Lgy, ¢(1c—1), can be written

as

2(Ney + 2N5)?
e1 +2Re2 + 2R, + R,

Lam_e(rc-1) = Ia (6.7)

Similarly, the flux generated in the toroidal core with the 74, current excitation

results in the DM inductance, L4, ¢, given by

Lobldm ef A N7
leyy

Lim: = (6.8)

where, Ay, ftgm cff, and l.p¢ are the cross-sectional area of the toroidal core, effective
DM permeability, and the effective mean magnetic length, respectively. The [.s¢
is expressed in terms of the outer diameter (OD), inner diameter (/D) and angle

covered by each winding (6) as [69]

oD? /0 62 0 62
= — 17, — 2( - — ) —
lefs NG <4+1—|—sm2> + 1D (4 1+sm2> . (6.9)

Thus, the total DM inductance, Lgy,;c—1), offered by the proposed integrated choke
IC-1 is given from (6.7) and (6.8) as

Lamic-1) = Lam_e(rc-1) + Lam.s
2(]\/Yel + 2N62)2 + ;uoﬂclm,eff*’415]\[752
R + 2R + 2R, + R, lefs '

- (6.10)
The winding terminal connections of IC'—1 to experimentally measure the L, ;c—-1)
inductance is shown in Figure 6.1(i). Further, the CM and DM flux distribution of
IC-1 is validated from ANSYS 3D Maxwell simulations.

6.2.3 Magnetic Flux Density and Saturation Analysis of
IC-1

The net flux generated by the i.,, and 74, currents in various sections of the ER core
is shown in Figure 6.2(a). From Figure 6.1(c), the resultant flux in the i*" section,

birc—1), @ =1,2,3, is given by

(bdm,e(lcfl) .
— st ¢cm,e(IC’fl)a 1_{172}

Sitrc-1) = ’ | (6.11)
Pdmt + Pdm_e(10-1); i=3
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Figure 6.2: (a) Resultant flux in the toroidal and ER cores of IC -1, (b) dimensions of the toroidal
and ER cores of IC-1, (¢) CM flux distribution in the toroidal core, (d) CM flux distribution in
the ER cores, (e) DM flux distribution in the toroidal core, and (f) DM flux distribution in the

ER cores.
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Similarly, the resultant flux ¢, irc—1y, ¢ ={1,2}, is given by
/ / ¢dm,e(IC’71)
Pr10-1) = Paio—1) = — 5 Pem_e(10-1)- (6.12)

As evident from Figures 6.2(a) and (b), the ¢1(;c—1) and qb’l( 1c—1) flux flows through
the area of cross-section A;. In addition, ¢o;c—1) and (b;( ro-1) flux flows through the
area of cross-section A,. Hence, from (6.11) and (6.12), the ¢1rc—1) and ¢ozc—1)
results in higher magnetic flux density than gzﬁll (1o—1) and gb’z( 1o-1)> respectively. Thus,
the magnetic flux density By c-1), Bagc-1), and Bsjc—1) corresponding to ¢y(rc—1),

Go(10—-1), and @3(c—1), respectively, can be expressed as

¢
Bio) = 1(IC—1)
_( em_e(IC-1) lem Ldme([Cl)idm) (6 13)
A 2(Ne1 + 2Neo) '
¢
Borc-1) = ey
__( cm_e(IC—1) tem Ldme([Cl)idm) (6 14>
A 2(Nel + 2N32) '
s(
Bsrc-1) = 1]40 D
3
1 (Ldm _e(IC— 1)7;dm Ldmtidm) (6 15)
~ Ay U (N 1 2N,,) N ) '

were Ay, Ag, and Az are the cross-sectional area, as shown in Figure 6.2(b). Thus,

the maximum flux density in the ER core, Byuz e(10-1), is given by

Braz_e(ic—1) = max{Bic-1y, Bagrc—1y, Bsgc—-1)}- (6.16)

Similarly, the resultant flux in the toroidal core is given by

¢dm t

¢t ¢cm t + 9 (617)
Thus, the maximum flux density in the toroidal core is given as
1 . Ldm,tidm
Bzt = —— <Lcm em —> 6.18
= AN, tlem T 5 ( )

Hence, to avoid saturation in ER and the toroidal cores, the B,z o(rc—1) and Biaa ¢
should be less than the saturation flux density, B, of the respective cores. To
analyze the flux distribution in the toroidal and ER cores of IC-1, the IC-1 is
simulated in ANSYS 3D Maxwell. The resultant flux in the toroidal and ER cores

with the i, and i4, current excitation is shown in Figure 6.2(a). The dimensions
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A, B,C, D, E,F,G, H, and I in Figure 6.2(b) are 9.4 mm, 21.34 mm, 30 mm,
11.58 mm, 16.18 mm, 9.5 mm, 37 mm, 53 mm, and 23.05 mm, respectively.

The CM flux generated in the toroidal and ER cores with the i, current of 300 mA
is shown in Figures 6.2(c) and (d), respectively. As observed from Figure 6.2(d), the
CM flux in the ER core flows through the outer limbs with 4., current excitation,
thus validating the magnetic equivalent circuit shown in Figure 6.1(e). Similarly,
the DM flux generated in the toroidal and ER cores with the i4,, current of 4 A is
shown in Figures 6.2(e) and (f), respectively. As observed from Figure 6.2(f), the
DM flux path in the ER core is through the center limb with ¢4, current excitation,
thus validating the magnetic equivalent circuit shown in Figure 6.1(g). It is to be
noted that, to reduce the simulation burden, the following turns are considered in
the ANSYS simulation N; =1, N.; =1 and N.,=1. However, with N; =35, N, =11,
and N_=8 turns, the maximum flux density in the toroidal core is obtained as 1 T,
which is less than the By, = 1.2 T for nanocrystalline core material [3]. Similarly,
from Figures 6.2(d) and (f), for the above-mentioned Ny, N1, and N,y turns, the
maximum flux density in the ER cores is obtained as 0.38 T, which is less than the
Bt = 0.5 T for ferrite core material [3].

Thus, the following inferences can be made for IC-1.

1. The toroidal core majorly contributes to the CM inductance of the IC-1,
therefore the Ly, ¢(;c—1) component dominates in the Lc,,c-1) inductance.

Hence, the maximum magnetic flux density in the toroidal core is depicted by
the CM flux in the core.

2. The combined toroidal and ER cores contribute to the L, jc—1) inductance.

6.3 Design of the Integrated Choke, IC-2

For the CM choke with a lesser inner diameter, one-half of the ER core is replaced
by the I core, as shown in Figure 6.3(a). The integrated choke IC-2 consists of
the combined ER and I core inserted in the window area of the toroidal core.
The electrical equivalence of IC-2 is as shown in Figure 6.3(b). The CM and DM
inductance offered by 1C-2 is denoted by Ly, (rc—2) and Lgy,(1c—2), as shown in Figure
6.3(b). The winding arrangement on the toroidal and the ER cores of IC-2 is shown
in Figure 6.3(c). In Figure 6.3(c), N and N denote the number of turns on
the outer limb and the center limbs of the ER core, respectively; N; denotes half
the number of turns on the toroidal core; R.; and R., are the reluctance of the
outer and center limbs of the ER core, respectively; R, and R, denote the air gap

reluctance of the outer and center limbs of the ER core, respectively; R; denotes half
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Figure 6.3: (a) Structural arrangement of 1C-2, (b) electrical equivalence of IC-2, (c¢) winding
arrangement in toroidal, ER, and I cores of IC-2, (d) CM and DM flux distribution in the cores
of IC-2, (e) magnetic equivalent circuit for 4., current excitation of ER and I cores of IC-2, (f)
magnetic equivalent circuit for i4,, current excitation in ER and I cores of IC-2, (g) winding terminal
connections of IC-2 to measure the L,,,;c—2) inductance, and (h) winding terminal connections
of IC-2 to measure the Lg,,;c—2) inductance.

the reluctance of the toroidal core. The reluctance of each section can be obtained
from (6.1).

The theoretical estimation of Ly, ;c—2) and Lgy,rc—2) inductance of the proposed
integrated choke is presented below. In addition, the flux distribution of IC-2 is
validated using ANSYS simulations in detail.

6.3.1 Estimation of L.,c_2) Inductance

The flux generated in the toroidal, ER, and I core with the i.,, excitation is shown
in Figure 6.3(d). The corresponding magnetic circuit of the ER and I cores with the
iem current excitation is shown in Figure 6.3(e). In Figure 6.3(e), the R; denotes
half the reluctance of the I core. As indicated in Figure 6.3(e), the flux due to the

iem current in the ER and I cores, ¢cp_e(rc—2), is given by

Nelicm
2(Re1 + Ri+ R,)

¢Cm,e(1072) = (619)
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Therefore, the CM inductance offered by the combined ER and I cores, Lep, e(rc—2),

can be written as

N
2(Re1 + Ri+ Ry)

Lcm,e(IC—2) = (620)

Similarly, the CM inductance offered by the toroidal core with the i, current is
given by (6.4). Thus, the total CM inductance offered by 1C-2, Ley(rc—2), is the
sum of the CM inductance offered by the combined ER and I cores, and the toroidal

core. Thus, Ley,rc—2) inductance is obtained from (6.20) and (6.4) as

Lcm(ICfQ) = Lcm,e(ICf2) + Lem

- + L (6.21)

The winding terminal connections of IC-2 to experimentally measure the L., ;c—2)

inductance are shown in Figure 6.3(g).

6.3.2 Estimation of L4, ;c—2 Inductance

The flux generated in the toroidal, ER, and I core with the 4, excitation is shown
in Figure 6.3(d). The magnetic circuit of the combined ER and I cores with the iy,
current excitation is shown in Figure 6.3(f). As indicated in Figure 6.3(f), the flux

due to the ig, current in the ER and I cores, ¢gm «((1c—2), is given by

(2Nel + 4N62)idm
e1 2R + 2R, + R, + R;’

Odm_e(1C—2) = 7 (6.22)

Therefore, the DM inductance offered by the combined ER and I cores can be written

as

2(Ney + 2N5)?
Rei + 2R + 2R, + R, + R;’

Ldm,e(IC’—Q) - (623)
Similarly, the DM inductance offered by the toroidal core with the 74, current
excitation is given by (6.8). Thus, the total DM inductance, Lgmc—2), offered by
the proposed choke IC-2 is given from (6.8) and (6.23) as

Ldm(ICf2) = Ldm,e(IC?Z) + Lam_t
2<Nel + 2N62>2 ,U/olfldm,eff1415]\];52
Rel —|— 2R62 —|— 2Ra + Rg + Rz leff .

(6.24)

The winding terminal connections of IC-2 to experimentally measure the Lgnrc—2)
inductance are shown in Figure 6.3(h). Further, the CM and DM flux distribution
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of IC-2 is validated from ANSYS 3D Maxwell simulations.

6.3.3 Magnetic Flux Density and Saturation Analysis of
IC-2

The net flux generated by the 7., and i4, currents in various sections of the toroidal,
ER, and I core is shown in Figure 6.4(a). From Figure 6.3(c), the resultant flux in
the " section, ¢;jc—2), © = 1,2,3, is given by

Pdm_e(1C—2) .
+ ¢cm,e(IC—2)a 1—{1;2}
Gi(1c—2) = 2 . (6.25)
¢dm,t + ¢dm,e(lcf2)a i=3

Similarly, the resultant flux qﬁ;( 109 @ ={1,2}, is given by

/ ! ¢dm,e I1C-2)
P110-2) = Pa1o-2) = + — Qem_e(10—2)- (6.26)

As evident from Figures 6.4(a) and (b), the ¢1(;c—2) and (bll( 10—9) flux flows through
the area of cross-section A;. In addition, ¢o;c—9) and gb;( 1c-9) flux flows through
the area of cross-section A,. Hence, from (6.25) and (6.26), the ¢(;c—2) and ¢orc—2)
results in higher magnetic flux density than qb/l (10—2) and qb;( 1c-2) respectively. Thus,
the magnetic flux density By c—2), Bac—2), and Bsjc—g) corresponding to ¢1(rc—2),

Ga(10—2), and @3(1c—2), respectively, can be expressed as

¢
Bigoos) — 1(IC—2)
__< em_e(IC—2)tem Ldme(w_z)idm> (6.27)
Y 2(Na + 2N.o) '
Pa(10—
Byc-2) = il 2
( em_e(I0—2)tem Ldme(IC—2)idm> (6.28)
2(Ne1 + 2Neo) '
§Z53 10—2
B3c—2) = A )
3
_1 (Ldme(m—z)idm Ldmtidm) (6.29)
Az \ (Nep + 2Ne2) N ’ |

where Ay, Ay, and Aj are the cross-sectional area, as shown in Figure 6.4(b). Thus,

the maximum flux density in the ER core, Byu; c(10—-2), is given by

Binaz_e(ic—2) = max{Bi1c—2), Ba(rc—2), B3ic—-2) }- (6.30)
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Figure 6.4: (a) Resultant flux in toroidal, ER, and I cores, (b) dimensions of toroidal, ER and I
cores, (¢) CM flux distribution in the toroidal core, (d) CM flux distribution in the ER and I cores,
(e) DM flux distribution in the toroidal core, and (f) DM flux distribution in the ER and I cores.
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Similarly, the maximum flux density in the I core is expressed as

[0} _
e stics) — g(f 2) (6.31)
A; Ne 2<N€1 + 2N€2> , |

where A; is the cross-sectional area of the I core, as shown in Figure 6.4(b). The
maximum flux density in the toroidal core remains the same as given in (6.18).
Hence, to avoid saturation in ER, I, and the toroidal cores, the B,,qse(rc—2),
Bz i(tc—2), and By, ¢ should be less than the saturation flux density, By, of

the respective cores.

To analyze the flux distribution in the toroidal, ER and I cores of 1C-2, the IC-2
is simulated in ANSYS 3D Maxwell. The resultant flux in the toroidal ER and I
cores is as given in Figure 6.4(a). The dimensions A, B, C, D, E, F, G, H, I, J,
K, and L indicated in Figure 6.4(b) are considered as 9.4 mm, 21.34 mm, 30 mm,
11.58 mm, 16.18 mm, 9.5 mm, 29.35 mm, 42.60 mm, 17.80 mm, 31 mm, and 8 mm,
and 11.60 mm respectively. The CM flux generated in the toroidal ER and I cores
with the i, current of 200 mA is shown in Figures 6.4(c) and (d), respectively. As
observed from Figure 6.4(d), the CM flux in the ER flows through the outer limbs
with ., current excitation, thus validating the magnetic equivalent circuit shown
in Figure 6.3(e). In the same way, the DM flux generated in the toroidal ER and I
cores with the i4, current of 3.5 A is shown in Figures 6.4(e) and (f), respectively.
As observed from Figure 6.4(f), the DM flux in the ER core flows through the
center limb with 44, current excitation, thus validating the magnetic equivalent
circuit shown in Figure 6.1(f). It is to be noted that, to reduce the simulation
burden, the following turns are considered in the ANSYS simulation N; =1, N =1
and Ne=1. However, for N; =25, N,; =10, and N_=4 turns, the maximum flux
density in the toroidal core is obtained as 0.5 T, which is less than the By, = 1.2
T for nanocrystalline core material [3]. Similarly, from Figures 6.4(d) and (f), for
the above-mentioned Ny, N.i, and Ny turns, the maximum flux density in the ER
and I cores is obtained as 0.4 T, which is less than the B,,; = 0.5 T for ferrite core

material [3].

Thus, the following inferences can be made on 1C-2.

1. The toroidal core majorly contributes to the CM inductance of the IC-2,
therefore the L., o(1c—2) component dominates in the Ly, ;c—2)) inductance.
Hence, the maximum magnetic flux density in the toroidal core is depicted by
the CM flux in the core.
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Figure 6.5: Experimental setup of the DAB converter.
2. The combined toroidal, ER, and I cores contribute to the Lguc—2) inductance.

Table 6.1: Conventional CM and DM Choke Details

EMI CM choke DM choke

filter Lem Core N* | Lgn Core N*

EMI 23.3 mH | T60006-12 35 100 pH | S130060 19
Filter-I | (1 No.) | 050-W565 (2 No.) 215943

EMI 6.3 mH | T60006-L2 o 50 uH HIS106026
Filter-II | (1 No.) | 040-W452 (2No.) | 215174 | 34

* N denotes the number of turns.

6.4 Experimental Verification of IC-1 and I1C-2

The presented integrated chokes IC-1 and IC-2 are validated experimentally on a
single-phase isolated DAB converter. The experimental setup of the DAB converter
is shown in Figure 6.5. The DAB converter is operated with the SPST at a switching
frequency of 50 kHz. The LISN (LI-3P-232) is connected at the DC input port to
decouple the noise of the main supply and the DAB converter. The i, and ig,
currents of the DAB converter are measured using a high bandwidth current probe
(TCP202A).

To validate the performance of IC-1 and IC-2, the DAB converter is operated at 1 kW
(DC voltages and currents of 250 V and 4 A, respectively) and 0.5 kW (DC voltages
and currents of 150 V and 3.5 A, respectively). The bare i, and i4,, currents for the
output power of 1 kW are shown in green in Figures. 6.6(a) and (b), respectively.

Similarly, the bare i, and g4, currents at the output power of 0.5 kW are shown in
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Table 6.2: Core Properties

Choke N, Ny | Ry (HY) | Ry (HY) | R, (HY) | R, (H™Y) | R (H!) | 2R, (HY)
IC-1 | Noy =11, Nop =8 | 35 | 1004478.8 | 318320.06 | 1605360.538 | 2708361.74 - 50300.53
IC-2 | Noy =10, Nop =4 | 25 | 502239.4 | 159160.03 | 1605360.54 | 2708361.74 | 439806.69 | 50253.29
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Figure 6.6: (a) CM current with EMI filter incorporating conventional and IC-1 choke, (b) DM
current with EMI filter incorporating conventional and IC-1 choke, (¢) CM current with EMI filter
incorporating conventional and IC-2 choke, and (d) DM current with EMI filter incorporating
conventional and IC-2 choke.
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Figure 6.7: Electrical equivalence of single-stage EMI filter.

Table 6.3: Estimated and Measured CM and DM Inductance of IC-1 and IC-2

Lemrc-1y | Lam@ac-1) | Lemio—2) | Lamc-2)
Estimated | 23.37 mH | 333.03 pH | 6.23 mH | 146.48 puH
Measured | 23.30 mH | 346.14 xH | 5.6 mH | 164.5 uH

green in Figures. 6.6(c) and (d), respectively. It is observed from Figure 6.6 that the
bare i, and %4, currents exceed the standard limit line. Hence, a single-stage EMI
filter, whose electrical equivalence is shown in Figure 6.7, is employed to mitigate
the 7., and i4, currents within the standard. For the DAB converter operating at
1 kW, the EMI filter-I1 with the conventional chokes is designed to reduce the i, as
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Figure 6.8: Measured impedance (solid line) and phase (dotted line) of the proposed and
conventional chokes. (a) CM impedance of IC-1 and the corresponding conventional choke, (b)
DM impedance of IC-1 and the corresponding conventional choke, (¢) CM impedance of IC-2
and the corresponding conventional choke, and (d) DM impedance of IC-2 and the corresponding
conventional choke.

(a)

Figure 6.9: Thermal performance of single-stage EMI filter. (a) Conventional chokes of EMI
filter-1, (b) IC-1, (c) conventional chokes of EMI filter-II, and (d) IC-2.

Table 6.4: PCB Area and Box Volume of EMI Filters with Conventional and
Proposed Chokes

PCB Area | Filter Vol
Filter Type | Type of choke rea | Tiier voiume
(mm?) (mm?)
EMI filter-I Conventional 8192.5 286737.5
IC-1 6780 237300
C tional | 6658.2 199746
EMI filter-1T |— o088
I1C-2 5127.3 179455.5

well as 44y, currents within the standard, as shown in blue in Figures. 6.6(a) and (b),
respectively. Similarly, for the DAB converter operating at 0.5 kW, the EMI filter-11

with the conventional chokes is designed to reduce the 7., as well as i4, currents
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Figure 6.10: Single-stage EMI filters. (a) EMI filter-1 and (b) EMI filter-I1I.

within the standard, as shown in blue in Figures. 6.6(c) and (d), respectively. The
core properties of the conventional chokes in EMI filters I and II are listed in Table

6.1. Further, the CM and DM noise incorporating the EMI filters I and II with the
IC-1 and IC-2 chokes, respectively, are discussed in detail.

6.4.1 Estimated and Experimental Small Signal

Measurement

The core properties, reluctance, and the number of turns for the designed integrated
chokes IC-1 and IC-2 are listed in Table 6.2. The relative permeability of the ER and
toroidal cores of IC-1 are 1000 and 12000, respectively. The relative permeability of
ER, I, and toroidal cores of IC-2 are 1000, 260, and 7500, respectively.

The inductance Lemrc—1), Lam(rc—1)s Lem(1c—2); and Lgm(1c—2) estimated from (6.5),
(6.10), (6.21), and (6.24), respectively, and the corresponding measured values are
given in Table 6.3. It is observed from Table 6.3 that the estimated and measured
Lem(rc—1y and Ley,rc—2) inductance match to a greater extent. The small deviations
in the measured and estimated Lgnrc—1) and Lgy,1c—2) inductance are due to the
increase in the effective permeability of the toroidal core after inserting either the
ER cores or ER and I cores into the window area of the toroidal core [71].

The CM and DM impedance of EMI filter I with conventional chokes and IC-1 are
shown in Figures. 6.8(a) and (b). Similarly, the CM and DM impedance of EMI
filter IT with the conventional chokes and IC-2 are shown in Figure 6.8(c) and (d).
It is observed from Figures. 6.8(a) and (c) that, the CM impedance of the EMI
filters I and II with the conventional and proposed chokes match to a greater extent
till 1 MHz. However, the dis-similarities above 1 MHz in Figure 6.8(a) and (c) are
due to the effect of equivalent parasitic capacitance (EPC) of the windings [46];
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Table 6.5: Comparison Between EMI Filters with Conventional and Proposed
Chokes

PCB A Filter Vol
EMI filter | Type of choke rea | Hiter Votutne
(mm?) (mm?)
tional 192. 2 )
EMI Filtor.I Conventiona 8192.5 86737.5
Proposed 6780.0 237300.0
tional 2 199746.
EMI FilterII Conventiona 6658 99746.0
Proposed 5127.3 179455.5

however, this doesn’t significantly impact the CM current attenuation performance.
It is observed from Figure 6.8(b) and (d) that the EMI filters I and II with the

conventional and proposed chokes offer identical DM impedance.

6.4.2 Attenuation Performance of EMI Filters with

Conventional and Proposed Chokes

The attenuated 4., and 44, currents with the EMI filter-I incorporating 1C-1
are shown in light green in Figures. 6.6(a) and (b), respectively. Similarly, the
attenuated 7., and 74,, currents with the EMI filter-II incorporating IC-2 are shown

in light green in Figures. 6.6(c) and (d), respectively.

It is observed from Figure 6.6 that EMI filters I and II incorporating the conventional
and proposed integrated chokes offer similar CM and DM noise attenuation

performance.

In addition, the thermal behavior of the EMI filter-1 with conventional chokes and
IC-1, with an output current of 4 A, is shown in Figures 6.9(a) and (b), respectively.
Similarly, the thermal behavior of the EMI filter-II with conventional chokes and
IC-2, with an output current of 3.5 A, is shown in Figures 6.9(c) and (d), respectively.
It is observed from Figure 6.9 that the maximum temperatures of the conventional
and the proposed chokes are similar in both the EMI filters I and II. Thus, the EMI
filters I and II with the proposed choke provide similar attenuation and thermal
performance as compared to the corresponding EMI filters with the conventional
chokes. Further, the benefits of the proposed chokes in terms of the PCB area and

volume are discussed in detail.
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Table 6.6: Comparative Assessment

Feature [68] [69] [70] IC-1 | IC-2
Utilizes commercially available cores Yes Yes Yes Yes Yes
Utilizes the whole core area No Yes No Yes Yes
Flexibility to adjust the air gap No Yes No Yes Yes
Additional DM flux in CM choke core | No Yes No No No

6.4.3 Comparison of PCB Area and Volume of EMI filters
with the Conventional and Proposed Chokes

The designed single-stage EMI filters I and II with the conventional and proposed
chokes are shown in Figure 6.10. The PCB footprint area and box volume of the
EMI filters, shown in Figure 6.10, are presented in Table 6.5. As evident from Table
6.5, the EMI filter-I incorporating IC-1 reduces the PCB footprint area and box
volume by 17.2 %, when compared to the EMI filter-1 with conventional chokes.
Similarly, the IC-2 reduces the PCB footprint area and box volume of EMI filter-11
by 23 % and 10 %, respectively, when compared to the corresponding conventional
chokes. Thus, employing the proposed chokes reduces the PCB footprint area and
box volume of the EMI filters.

6.4.4 Comparative assessment

As discussed in Section 2.1, the integrated chokes presented in [68], [69], and [70]
utilize the window area of the CM choke to improve the DM inductance. Hence, to
validate the benefits of IC-1 and IC-2, the qualitative comparison of IC-1 and 1C-2
with the integrated chokes presented in [68], [69], and [70] is formulated in Table 6.6.
It is evident from Table 6.6 that, the IC-1 and IC-2 have all the desired features such
as (a) utilizing the commercially available core structures, (b) utilizing the core area
to a larger extent, (c) providing flexibility to alter the DM inductance by utilizing
the air gap, and (d) avoiding the additional DM flux through the high permeability
CM choke; thereby avoiding the CM choke core saturation. Thus, IC-1 and IC-2

show improved performance to that reported in the literature.

6.5 Summary

The core arrangements and the winding structures of the two integrated magnetic
chokes IC-1 and IC-2 have been discussed in detail in this paper. The theoretically
estimated CM and DM inductances offered by IC-1 and IC-2 match to a greater
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extent with the experimental measurements. From the ANSYS simulations, the
CM and DM flux paths in all the cores of IC-1 and IC-2 match with the analysis.
The EMI filter-I with the IC-1 choke and the EMI filter-II with the IC-2 choke
are observed to have similar attenuation performance when compared to their
equivalent EMI filters with conventional chokes. With the identical CM and DM
noise attenuation performance, the PCB area and box volume of the EMI filter with
IC-1 are reduced by 17.2 % when compared to the EMI filter with conventional
chokes. While, the PCB area and box volume of the EMI filter with IC-2 are
reduced by 23 % and 10 %, respectively when compared to the EMI filter with the

conventional chokes.



Chapter 7

Conclusion and Future Work

7.1 Conclusion

The conducted EMI study plays a vital role in preventing the undesired operational
performance of the DAB converter. The considerably large number of the high
dv/dt nodes in the DAB converter and their corresponding parasitic capacitance
complicate the CM and DM noise propagation paths. However, the CM and DM
noise propagation paths are thoroughly analyzed from the CM and DM noise models
derived in this thesis.

The experimental approach to measure the CM and DM noise through the
transformer’s intrawinding parasitic capacitance is presented by employing an
impedance-match circuit. The sensitivity of the DM noise measurement
incorporating the impedance-match circuit is discussed in detail. In addition, the
estimated and measured MMDM noise match significantly.

Further, the thesis focuses on analyzing the DAB converter’s CM and DM noise
propagation paths in the presence of the first and second-order DC-input CM filter.
It is observed that, with either the DC-input CM choke or CM LC filter, the CM
noise at the DC-input side is diverted to flow through the existing lower impedance
paths. This diversion in the flow of CM noise within the converter instead of getting
attenuated resulted in CCMC. The coupled-inductor-based approach presented in
this thesis, to address the CCMC, provides the below functionalities.

1. It provides the required inductance for the desired power transfer in the DAB

converter.
2. It provides the required CM inductance to attenuate the CCMC.

In addition to the coupled-inductor-based integrated magnetic structure, the work
in the thesis presents a concentric CM choke structure that can be incorporated into
the DC-side CM filters. It is observed that, with identical CM noise attenuation
performance, the concentric CM choke occupies a substantially lower volume than
the conventional toroidal CM choke. Thus, the concentric CM choke reduces the
volume occupancy of the CM filters. Therefore, the concentric common-mode choke

serves as an effective substitute for conventional toroidal CM chokes in CM EMI
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filters. Moreover, the CM noise of the DAB converter incorporating the integrated
transformer is analyzed in detail. It is observed that the CM noise significantly
reduces with the integrated transformer due to the elimination of the unwanted
resonances in the CM impedance of the DAB converter. Thus employing the
integrated transformer reduces the CM noise of the DAB converter, thereby reducing
the CM choke inductance requirement.

Similarly, the presented CTI and the CTDMC configurations improve the DM
inductance within the box volume of the inductor. Hence, incorporating the CTT and
CTDMC provides the benefit of achieving higher DM inductance when compared
to their equivalent conventional toroidal inductors without an increase in volume
occupancy.

Along with the above-mentioned CM and DM integrated structures, the thesis
presents the two integrated choke structures for single-stage passive EMI filters.
The presented integrated chokes offer higher DM inductance when compared to
its equivalent conventional CM choke structure, thereby reducing the external DM
inductance requirement in the conducted EMI filters. As the designed integrated
chokes offer higher DM inductance, it eliminates the requirement of additional

inductors in the EMI filters, thus reducing the volume of the passive EMI filters.

Thus, the conclusions can be made from the thesis.

1. The external-matched impedance approach effectively estimates the conducted
EMI noise through the transformer’s primary to secondary winding capacitive

coupling.

2. The coupled-inductor-based approach reduces the CCMC in the DAB

converter.

3. The concentric CM choke structure reduces the volume occupancy of the CM
filters.

4. Incorporating an integrated transformer reduces the CM noise of the DAB

converter, thereby reducing the CM filter requirement.

5. The integrated DM inductors improve the DM impedance without increasing

the volume occupancy.

6. The integrated choke with higher DM impedance effectively reduces the

volume of the single-stage passive EMI filters.
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7.2 Future work

The future scope of the work includes,

1. Exploring the mitigation techniques to reduce the CCMC in isolated
phase-shift full-bridge de-dc converter topologies.

2. Investigating the radiated emissions due to the integrated structures and
exploring the winding or core configurations that effectively eliminate the

radiated noise.

3. Incorporating various parasitic capacitance cancellation techniques to improve
the frequency response of the passive EMI filters with the presented integrated

chokes.

4. Investigating the conducted as well as radiated EMI noise in the solid state

transformer that incorporates the isolated DAB converters.
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