ABSTRACT

DAYERIZADEH, ALIREZA. Isolated Gate Driver Power Supply for Medium Voltage
Applications. (Under the direction of Dr. Srdjan Lukic and Dr. Zeljko Pantic).

With the advancement of wide-bandgap semiconductors devices, medium voltage (1-
35 kV) power converters are being increasingly deployed in traction and transportation
electrification applications. When dealing with such voltage levels, the power switching
devices, often times Silicon Carbide (SiC) MOSFETS, require driving stages that are gal-
vanically isolated. More specifically, the gate driver must be powered from a galvanically
isolated power source. There are numerous commercially available isolated gate driver
power supply (IGDPS) solutions for applications less than 10 kV. However, almost no
commercially available devices exist that can reliably provide above 10 kV isolation. An-
other critical performance area of IGDPS is isolation capacitance, which is a figure of
merit for common mode current immunity. Most commercially available IGDPS note
figures of 4 pF to 10 pF, which may be inadequate considering the fast turn-on and off
times of the new generation of wide-bandgap semiconductors devices.

To achieve high levels of galvanic isolation and common mode current immunity,
state-of-the-art approaches in literature have used various transformer designs and wire-
less power transfer (WPT) based approaches. However, many studies fail to validate their
performance claims by way of a partial discharge or double pulse test for galvanic iso-
lation and common mode current immunity respectively. In this study, a design for an
IGDPS based on an industrial scientific medical (ISM) band WPT system is proposed
and tested. The WPT system, functioning as a loosely coupled transformer, is completely
encapsulated to guarantee isolation performance in a wide variety of environmental con-
ditions. It is comprised of a three coil system, with a transmitter /receiver coil along with
one repeater. The inclusion of the repeater allows for increased air gap which aids in
improving isolation. Furthermore, analysis is performed to determine the optimum cou-
pling of the repeater coil to provide for improved tolerance to system mistuning. Detailed
design and testing information is presented for the coil design, common mode current

immunity, partial discharge performance, and topology.
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Chapter 1
Introduction

Power electronics make up an essential element of every consumer, industrial and infras-
tructure electrical system. From this standpoint, advances in power electronics technology
have wide ranging global impact. With advances in wide-bandgap semiconductor tech-
nology, modern power electronics are finding increasing applications within the areas of
transportation electrification and utility power conversion. Due to their high voltage and
high power operation, special considerations must be taken into account when designing
and operating such systems.

One important consideration is the isolated gate driver power supply (IGDPS). Due
to the high operating voltage of some grid-tied and traction power converters, galvanic
isolation must be maintained between the power conversion and low voltage control
sections of these systems. This prevents any electrical arcing and allows for common mode
current immunity, which is essential for the reliability of such power converters. IGDPS
systems are used to power the gate drivers in these power converters while the gate drive
signals are typically sent optically. Most commercially available IGDPS systems achieve
their high galvanic isolation through the use of a transformer. This dissertation will focus
on an improvement of this traditional design with a design based on a industrial scientific
medical (ISM) band wireless power transfer (WPT) system to improve isolation.

This introduction chapter in particular will focus on a brief history of power switching
devices, gate drivers, and give an overview of the current state of the art IGDPSs re-
ported in literature. Research challenges and objects of this study will be presented along
with performance specifications of the proposed IGDPS. Subsequent sections of this dis-
sertation will focus on the innovative coil design of the transmitter/repeater/receiver

sections, magnetic fields analysis, conducted electromagnetic interference (EMI) tests,
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Figure 1.1: Timeline of the evolution of power electronics switching devices.

partial discharge analysis and testing, topology and simulations, encapsulation approach,

and hardware testing.

1.1 Brief History of Power Switching Devices

Early power conversion technology relied on thyratrons and mercury arc valves, which
were used as switching devices [1]. The invention of the bipolar junction transistor (BJT)
in 1948 and the silicon controlled rectifier in 1956 increased the diversity of power elec-
tronics applications. Improved BJTs appearing in the 1960s and 70s allowed for faster
switching frequencies, which made possible the inception of the modern DC-DC con-
verter. In the 1970s, further improvements were made with the introduction of the power
metal oxide-semiconductor field effect transistor (Power MOSFET) device. This voltage

driven switching device allowed for better efficiency and higher power densities. In the



early 1980s, a major milestone was reached with the introduction of the Insulated-gate
bipolar transistor (IGBT). This device, essentially a hybrid of BJT and MOSFET tech-
nology, made possible more compact and efficient power converters for use in high power
applications such as motor drives and traction, variable frequency drives and high volt-
age DC (HVDC), among others [2]. A timeline of advancements in power electronics
technology is shown in Fig. 1.1.

Recently, MOSFETSs and IGBTs which utilize wide band-gap semiconductor materials
such as Silicon Carbide (SiC) and Gallium Nitride (GaN) have been introduced. Due to
their superior material proprieties, wide band-gap semiconductor devices offer numerous
benefits over silicon. These benefits include high temperature performance, improved
thermal and electrical conductivity, higher switching frequencies and operating voltages.
These attributes allow power converters that utilize this technology to operate with higher
efficiency and power density [3, 4, 5]. This has led to their utilization in a wide variety of
applications. In particular, recent advances in SiC technology has led to the development
of 10 and 15kV SiC MOSFET devices [6]. These devices are finding applications in next
generation power electronics systems including fast chargers, motor drives, and other
medium voltage (MV) power converter topologies [7, 8]. However, these improvements
in performance come with strict gate driving and isolation requirements which become

more critical as the operating voltage increases.

1.1.1 Gate Drivers and Isolated Gate Driver Power Supplies

Power MOSFETS and IGBTs, both being voltage driven devices, contain a gate capaci-
tance. This capacitance must be charged and discharged during each switching cycle. In
power conversion applications, Power MOSFETs and IGBTs relay on gate drivers that
interface between the logic level control input and the gate of the switching device. Gate
drivers function as power amplifiers that provide sufficient current to allow for reliable
switching at the required gate voltage.

When used in high voltage applications, the aforementioned SiC MOSFETSs have
strict gate driving requirements, which includes a high level of galvanic isolation between
the signal processing and gate driven power stages. In typical gate driver applications, as
shown in Fig. 1.2, an IGDPS is used to power the gate driver and provide this isolation.

High galvanic isolation is required to prevent any arcing from occurring from the
high voltage switching stage of the power converter to the low voltage control stage.

This property is even more crucial with the new generation of SiC MOSFETSs, which
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Figure 1.2: Medium voltage topology showing isolated gate driver power supply.

can operate up to 15 kV. The standard approach for achieving high levels of galvanic
isolation has been through the use of transformers, both ferrite and air-cored. The air-
cored system generally operate as WPT systems, which is the approach taken in this
study. To provide adequate protection for future gate driving applications, this study
aims to achieve galvanic isolation levels of 20-25 kV.

Low coupling capacitance is also crucial in maintaining overall reliable operation. Slew
rates of new SiC can be as high as 100 kV/ s. The coupling current between the primary
and secondary sides of the isolation transformer is dependent on the coupling capacitance
Cp of the transformer, as show in Fig. 1.2. With a high slew rate and a coupling capac-
itance of a few pFs, the coupling current flow between the primary and secondary side,
also known as common mode current, may be almost 1 ampere. This magnitude of cur-
rent can damage sensitive control circuitry and compromise the reliability of the power
converter. Therefore, to insure reliable converter operation, this study aims to achieve
a coupling capacitance of less than 1pF. It should also be noted that there are other
pathways for common mode current to couple, such as to ground, which can affect the
isolation capability of the power supply. An example of common mode current pathways
can be seen in Fig. 1.3 and 1.4. It should be noted that these are circuit diagrams for
the double pulse test used to measure common mode current. This will be detailed in a
subsequent chapter.

With new generation of SiC having increasing gate charges, sometimes near 1000 nC,
it is anticipated that future IGDPSs will be required to have output powers in the range
of 5 to 10W. With the targeted applications of these IGDPSs being kW level power
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converters, the overall efficiency of a subsystem that operates at a few watts is of little
concern. However, most commercially available power supplies tend to acheive between

60-90 percent efficiency, which will be the targeted level for this study.

1.2 State-of-the-Art Approaches

There are numerous studies that have shown various approaches demonstrating galvanic
isolated gate driver power supplies. Approaches can be broken down into two main strate-
gies: tightly coupled isolation transformers and loosely coupled wireless power transfer
(WPT) approach.

1.2.1 Transformer Based Approaches

These approaches utilize a transformer which generally exhibits a high degree of coupling.
I[solation is achieved through the innovative structure of the transformer and sometimes
through the addition of materials such as Teflon or Kapton tape.

Authors in [9, 10] demonstrate a design based on a U-core transformer. The core
is first wrapped in Kapton tape, followed by isolation paper, polyester film and finally
encapsulated within silicone gel. The total output power is reported to be 2.5W while
isolation capacitance is 5pF. A 10kV partial discharge test was performed to confirm the
transformer’s isolation capability.

In [11], a 10W isolated gate driver power supply scheme is shown demonstrating four
isolated outputs from a single input source. The system is based on an LLC converter
topology with an isolated toroidal transformer for each output section. Finite element
analysis (FEA) is performed to simulate the transformer’s isolation capability. Their
simulations indicate a partial discharge inception voltage of approximately 5.1kV RMS
with an experimental value of 4.6kV RMS. In [12], authors design a gate driver and
power supply combination with a novel transformer which features low inter-winding
capacitance. The design is validated through a common mode current measurement by
way of a double pulse test.

Authors in [13, 14] implement a series-series topology resonant converter with a planar
air pot core transformer for an IGBT gate driver power supply. Epoxy, Teflon, and
polyesterimide are tested as dielectric material. Their analysis shows a breakdown voltage
of between 27 and 40 kV, depending on what material and insulation configuration is used.

The output power tested ranged from 2 to 5 W with the reported isolation capacitance



is less than 4 pF.

It should be noted that in [12, 13, 14], no partial discharge test is performed to validate
the isolation performance. Authors in [9, 10] do perform a partial discharge test, but stop
short at 10 kV with inception not occurring at that voltage. In [9, 10, 11, 13, 14], no
common-mode current test is performed to validate the reported isolation capacitance

values.

1.2.2 Wireless Power Transfer based Approaches

These approaches utilize a WPT system based approach in which a loosely coupled
transmitter and receiver coils behave as an air core transformer that provides a high
degree of isolation through it’s physical distance. WPT systems already have found many
applications in transportation electrification and consumer electronics [15, 16, 17, 18, 19,
20].

In [21], authors present a WPT based series-series-CL resonant converter for a gate
driver power supply for 10 kV SiC devices. The system features a 100 W power output
with 4 pF of isolation capacitance. The isolation voltage is reported to be 24 kV. In
[22], authors use a WPT based system within a resonant DC-DC topology to obtain a
reported 55 kV RMS isolation voltage. However, it should be noted that this isolation
voltage figure is based on the air gap of the WPT system and the dielectric breakdown
of air. Authors in [23] use a similar approach. However, their approach uses one large
transmitting coil and several smaller receiving coils.

In [24], a WPT approach is used for an isolated gate driver power supply. A point
of note of this study is the emphasis the authors place on the gate driver’s sensitivity
to Electromagnetic Interference (EMI). Interestingly, an EMI analysis is performed to
measure the interference the WPT system might cause to surrounding components. In
[25], authors demonstrate a 6.78 MHz WPT based isolated auxiliary power supply for
medium voltage gate driving applications. The authors report isolation voltages of 40 kV,
isolation capacitance of less than 10 pF and output power of 15 W. Their work is expanded
upon in [26], where in depth analysis of high voltage insulation design is covered. Authors
in [27, 28] demonstrate a WPT based compact power supply with epoxy embedded coils
and grounded shielding to reduce CM current. Lastly, authors in [29] utilize a repeater
based WPT system to power multiple IGBT gate drivers.

Similar to the transformer based approaches, these previously reported WPT ap-

proaches lack a comprehensive analysis of their claimed isolation performance. Voltage



isolation values are reported based on the dielectric breakdown of air and not on a partial
discharge analysis. Furthermore, in many of these studies, the isolation capacitance is not

verified through common mode current measurements by way of a double pulse test.

Table 1.1: Literature Review

Author Approach Power | Isolation PD Test | Year
Zhang [10] Transformer | 2.5 W 5.0 pF, 10.0 kV | Yes 2020
Sen [11] Transformer | 10 W 4.6 kV Yes 2020
Am [13] Transformer | 2.0 W 4.0 pF, 27.0 kV | No 2017
Sarrazin [14] | Transformer | 5.0 W 4.0 pF, 40.0 kV | No 2017
Sun [24] WPT 100.0 W | 4.0 pF, 24.0 kV | No 2020
Steiner [22] | WPT 100.0 W | 55.0 kV No 2009
Kusaka [23] | WPT 1.0 W 20.0 kV No 2014
Pan [24] WPT 0.7W | 1.7 pF, 55.0 kV | No 2016
Spro [25, 26] | WPT 15.0 W | 10.0 pF, 40.0 kV | No 2021
Van [27] WPT 1.8 W |23 pF, 25.0kV | No 2020

1.3 Research Challenges

As demonstrated in the previous overview, current state-of-the-art approaches in litera-
ture do not present a feasible system that can be deployed outside of a laboratory en-
vironment. In this section we review research challenges related to designing an IGDPS

system.

e Partial Discharge Testing: Many aforementioned studies use dielectric break-
down as a figure of merit to highlight isolation performance. However, this approach
has some flaws. Even though failure does not occur immediately, the presence of
partial discharge indicates the initiation of breakdown of the dielectric material. In
this case, the dielectric material will eventually breakdown over time, depending
on the severity of the discharge occurrence. A measurement of partial discharge in-
ception voltage is a more accurate measurement of insulation capability. Therefore,
isolation performance must be verified through partial discharge tests to confirm

the partial discharge inception voltage.



e Isolation Capacitance: In the aforementioned studies, isolation capacitance per-
formance is usually given as a value measured from the isolation transformer with
an LCR meter. This approach does not account for the numerous capacitive cou-
pling pathways that can be present in the converter design. One study [12] did use a
double pulse test to measure common mode current and extrapolated the isolation
capacitance from this value. However, the transformer design used in that study,

lacking encapsulate, was not ideal for use outside a laboratory environment.

e Coil Design and EMC: Some studies used a WPT based system to achieve
high isolation performance. At high frequencies, these designs can also have power
density benefits. However, operation at MHz frequencies can lead to very high
losses in the transmitting and receiving coils of such systems. Proper analysis of coil
design can lead to significant improvements in overall system efficiency. However,
such WPT systems magnetic field performance must also be studied to ensure
the emanated fields do not compromise overall power supply performance or other

sensitive electronics in the use case application.

e Converter Design: Lastly, the selected converter topology is a significant factor in
determining overall performance. At high operating frequencies, resonant converters
should be used to maintain high efficiency. Furthermore, control approaches that
minimize or eliminate communication to the primary side should be used to preserve

isolation capability.

e Encapsulation: Transformers and WPT approaches must be encapsulated to allow
for reliable isolation performance through a wide variety of environmental condi-
tions. Exposure to external environmental conditions, such as humidity, dust and
debris can cause the isolation performance to vary considerably. However, for highly
resonant converters dependent on precise low tolerance components, complete en-
capsulation of the system brings some challenges. Primarily, the preservation of
system tuning when encapsulated. Specifically, the converter may become de-tuned
when encapsulated due to the higher permittivity of the encapsulate material com-

pared to air.



1.4 Research Objectives: Power Supply Requirements

This section will cover the different performance requirements pertaining to the IGDPS

and the rationale behind the requirement.

1.4.1 Power Level

As covered previously, most IGDPS presented in existing literature range from the 2.5
W to 15 W range. This allows for the powering of one or multiple devices from a single
power supply, while maintaining an acceptable power budget allowance. For our design,
we have chosen the power range of 10 to 15 W as a target design goal, based on future
needs for MV SiC MOSFET modules with significant gate charge values.

1.4.2 Efficiency

In order to maintain a high level of overall efficiency for the system in which the power
supply is implemented in, the power supply itself must operate efficiently. It should be
noted that in our application approach, efficiency and galvanic isolation metrics, are
inversely related. In other words, the approaches taken to increase isolation come at the
expense of decreasing efficiency. With this in mind, our target efficiency is 65 to 75 percent
at our nominal operating power. This is inline with reported literature and commercially

available devices.

1.4.3 Power Density

One of the key advantages of wide-bandgap based power electronics is the increased power
density benefits it provides. Compared to silicon counterparts, GaN and SiC MOSFET's
can operate at higher temperatures, which reduces heat sink size. Furthermore, the higher
switching frequency allows for a reduction of passive component size, further reducing
power converter size.

The target application, for which the power supply being designed in this study is for,
are medium voltage (MV) converters which utilize SiC devices. Compared to legacy tech-
nology, these MV converters offer superb power density. In order to further compliment
this, the IGDPS being designed for use in such a system should also exhibit high power

density performance. It is with this reasoning, along with isolation considerations, which
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GaN devices were chosen and the operating frequency of the converter was designed at

the ISM band of 6.78 MHz.

1.4.4 Isolation

With the emergence of 10 kV to 15 kV SiC devices, isolation levels of gate driver power
supplies must be able to meet this high voltage level along with an associated safety factor.
Furthermore, this isolation must be maintained in adverse environmental conditions, such
as humidity, heat and cold. Therefore, the power supply and its associated electronics
should be encapsulated. Encapsulation brings about a slew of manufacturing challenges.
The formation of voids within the encapsulate can cause partial discharge inception to
occur, which can breakdown the encapsulate material over time. Therefore, care must
be taken in order to minimize these voids. Based on this, partial discharge testing of
the converter should show isolation performance of 20 kV to 25 kV, giving a reasonable
safety factor for use in future 15 kV SiC MOSFETsS.

1.4.5 Control

In order to further enhance the isolation capability of the power supply, a secondary side
control scheme should be implemented. This will eliminate the need to communicate with
the primary side during converter operation. Therefore, the chosen topology must be able
to maintain efficiency without alternation of it’s primary side duty cycle, frequency, or

input voltage.

1.5 Proposed Research Contributions and Disserta-

tion Organization

The dissertation is broken down into chapters, with each focused on a critical aspect of
the overall design of IGDPS. The areas of interest include: coil design analysis, magnetic
fields analysis and EMI, partial discharge analysis and encapsulation approach, topology
and parasitics, hardware testing and conclusion. The main research contribution of this
study is the design of the IGDPS as a whole. However, there are innovations and insights

for various aspects of the design. The layout of the proposed system is shown in Fig. 1.5.
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Figure 1.5: Proposed IGDPS System

1.5.1 Transmitter /Repeater/Receiver Coil Design Analysis

This chapter will focus on the design of the transmitting and receiving coils that make up
the 6.78 MHz WPT link, as shown in Fig. 1.5. The focus will be on an analysis of three
coil designs: solid, paralleled track, and PCB litz. First, an overview of skin and proximity
effect is provided. Emphasis will be given with regards to how these phenomenon effect
the performance of the coil design. Next, the three coil designs will be simulated in
ANSYS Finite Element Analysis (FEA) software to provide values for effective series
resistance (ESR) and by extension, quality factor (Q). Following this, a selection of coil
design will be made and additional FEA simulations will be conducted to optimize the
correct value for the converter. Lastly, hardware validation tests will be conducted by

measuring the impedance of the fabricated coils using a vector network analyzer (VNA).

e Research Contribution: Comparative study of three planar PCB inductor coil

designs for use within a WPT system.

1.5.2 Magnetic Fields Analysis and EMI

Due to the IGDPS design being based on a WPT system, an analysis of the overall
electromagnetic impact of the design is imperative. This analysis will be broken down into
two parts: magnetic fields analysis and electromagnetic interference (EMI). The magnetic
fields analysis will focus on the effect of the emanating magnetic fields to the converter’s
electronics and potential surroundings. This is imperative due to the high density of the
IGDPS design. The goal is to demonstrate that the magnetic field emanating from the air
core transformer will not impact the converter’s performance or surrounding components.

The next area of focus is electromagnetic compatibility (EMC). Traditionally, this

area is broken down into conducted and radiated measurements, which are compared to
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international standards. For the purpose of this dissertation, we will perform conducted
EMC test by way of a double pulse test to measure common mode current [30]. By
measuring the common mode current, the ultimate goal is to determine the IGDPS

isolation capacitance performance and to identify coupling pathways of this current.

e Research Contribution: FEA of emanated magnetic fields and its effect on con-
verter performance. Measurement of isolation capacitance through measurement of
conducted EMI (common mode current). To the author’s knowledge, this is a first

of such measurements for an encapsulated WPT system of this type.

1.5.3 Partial Discharge Analysis and Encapsulation Approach

Due to the fact that the IGDPS is designed to work with medium voltage 10-15kV devices,
an analysis of partial discharge performance is essential to ensure reliable operation.
As medium voltage devices become more commercially available, this area of analysis
is showing increasing research interest. The analysis will first focus on results of FEA
simulations in predicting partial discharge occurrence. These simulations will validate
calculations found in recent literature. Partial discharge performance will be compared
for various void sizes, locations and conductor spacing. Following this, lab results from
partial discharge testing will be shown and compared. The last section of this chapter
will focus on the encapsulation approach and method. Some challenges and solutions of

the encapsulation process will be discussed.

e Research Contribution: FEA of the effect of void size and location on partial
discharge inception performance. Procedure for the reduction of voids during the

encapsulation process.

1.5.4 Topology and Parasitics

The IGDPS design uses a innovative Class EF converter design recently published in
literature [31, 32, 33]. With operation at 6.78 MHz, it is imperative that care is taken in
board design and component selection. This section will present ANSYS Q3D results for
the designed board parasitics and how it effects overall converter performance. Critically,
parasitics will be compared for both the boards in air and in encapsulate. The goal is to
show that the encapsulate has an overall minimal effect on converter performance.
Furthermore, the design of the power supply utilizes a repeater coil, which allows for

increased air gap and improved isolation. The placement of this repeater coil affects the
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overall converter sensitivity and must be carefully selected. Therefore, analysis was done
to characterize the efficiency and power transfer performance of the converter and various
repeater coil placement intervals. In other words, the effect of varying the coupling of the
transmitter and receiver coil to the repeater coil was studied. Another goal of this analysis
was to determine at what placement interval of the repeater coil allows for improved
immunity to mistuning of the three coil system. This is an important consideration due

to the fact that the converter must be tuned prior to encapsulating.

e Research Contribution: Analysis of the effect of repeater coil placement location
on the power, efficiency and tuning sensitivity of a three coil wireless power transfer

system.

1.5.5 Hardware Testing

Finally, the hardware testing section will validate the overall converter performance.
Details will be provided on converter performance in both encapsulated and non encap-
sulated converter versions. A breakdown of the sources of power loss will be presented.
Specifically, hardware testing is conducted to measure the efficiency and power transfer
level at varying placement distances of the repeater coil. Both regulated and unregulated
versions of the converter will be tested. Additionally, the repeater coil and receiver coil
will be purposefully mistuned in order to meet a certain target power transfer and effi-
ciency level for a given repeater coil placement location. This is done in order to validate
the analysis in the previous section. Lastly, tests will be conducted with the converter
fully encapsulated. It should be noted that the previous section also includes hardware
tests in the form of the common mode current measurement to determine the isolation

capacitance.
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Chapter 2

Coil Design Analysis

2.1 Introduction

This chapter focuses on the coil design for the primary and secondary sides of the system’s
loosely coupled transformer. First, key physical properties related to the magnetics of
coil design will be detailed. Next, a brief literature review detailing the state of the art
approaches will be covered. Following this, finite element analysis (FEA) results of the
proposed designs will be presented for analysis. Hardware results, obtaining using a vector
network analyzer (VNA), will be shown in the final version of the dissertation to validate

the design parameters obtained in the FEA.

2.2 Loss Sources in High Quality Factor coils

One of the key benefits of high frequency operation is the corresponding reduction in
component values and sizes. Operating at this high frequency allows the system to exploit
the coil’s high quality factor in order to maintain a reasonable power transfer efficiency,
even at low coupling coefficients. The quality factor (Q) of a coil is defined as:
L

Q== (2.1)
In (2.1), L is the self-inductance, and R is the effective series resistance (ESR) of the coil.
Furthermore, as defined in [34], the overall link efficiency of two coupled coils is reliant

upon the quality factor of each coil as well as the coupling factor:
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Figure 2.1: Conductor showing skin effect with skin depth

_ L KQ1Q;
(1+ e k2Q1Q-)?2

where K is the coupling factor, Q; and Q, are the respective quality factors for the

(2.2)

primary and secondary coils. Therefore, ESR must be minimized to obtain a high quality
factor to reduce losses and maintain a high link efficiency. The sources of resistive losses

for coils is largely influenced by two phenomenon: skin effect and proximity effect.

2.2.1 Skin Effect

In conductors experiencing AC excitation, the changing current induces a changing mag-
netic field, indicated by magnetic flux density B. The surface integral of the normal
component of B, is the magnetic lux g as defined by:

7

S

Within the conductor, this magnetic flux creates a counter electro-motive force (back
EMF) ", by way of Faraday’s Law of Induction:
" d g

= G (2.4)
This back EMF within the conductor results in the generation of eddy currents that
oppose the changing primary current. The intensity of back EMF is most pronounced
at the conductor’s center, which displaces the conducting electrons to the surface of the
conductor. Therefore, in high frequency alternating current applications, the majority of
current flows at the surface of the conductor up to a certain depth, known as skin depth

[35]. The formula for the skin depth , as noted is [36] and shown in Fig. 2.1, is as follows:
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where is the resistivity of the conductor, is the product of the permeability of the con-
ductor and the permeability of free space ( ¢ o). It should be noted that this equation is
valid for frequencies significantly below 1/ where is the permittivity of the conductor
equivalent to the product of the permittivity of free space o and the permittivity of the
material .

The overall effect of this is that the current density of the current carrying wire will
increase towards the surface (or skin) of the conductor as the frequency is increased,
which causes a higher current density in a smaller cross sectional area of the conductor
which results in increasing ohmic losses. The total power losses incurred by the skin effect
can be quantified as:
1|2 |
2

acW_ (2'6>
In (2.6), is the resistivity of the conductor, is the skin depth, | is the conductor length,

I:)skin =

w is the conductor width [37]. The skin effect can be mitigated through careful conductor
design, such as litz wire. This type of wire consists of insulated twisting strands which
act together so that the magnetic field is equal across all conductors. This will be covered

in more detail later in this chapter.

2.2.2 Proximity Effect

Another important phenomenon to consider is the proximity effect, which consequently
also results in increased ohmic losses. This occurs when two adjacent wires carrying
alternating current interact with each other in such a way that eddy currents are induced
in each wire from the other’s magnetic fields by way of (2.3) and (2.4). The induced
currents flowing in the adjacent conductors cause a redistribution of current density
within the conductor resulting in an increase in AC resistance. The effect is depicted in

Fig. 2.2. Proximity effect losses can be normalized and represented by the unitless factor

G [38]:

sinh sin
G= —M— 2.7
cosh + cos (2.7)

The variable is equivalent to:
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a. Opposite Direction

b. Same Direction

Figure 2.2: Paralleled conductors depicting proximity effect for: current moving in the
opposite direction (top) and the same direction (bottom).

p_
d
= —- 2.8
. (28)
where d is the conductor diameter and is the skin depth. The total power loss due to
the proximity effect can be calculated as [38]:
H2
Pproximity =G— (29)
where H is the peak value of the external magnetic field external to the conductor, and

is the conductivity of the conductor [38].

2.3 State of the Art Approaches

To take advantage of the power density benefits brought upon by high frequency oper-
ation, planar PCB coils are typically used in most high frequency WPT designs. Such
designs have widely been used in mobile consumer electronics [39, 40]. One of the main

concerns with implementing planar PCB inductors for wireless power transfer is the mini-
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Figure 2.3: Coil Dimensions

mization of effective series resistance (ESR), which is a product of the skin and proximity
effects, covered in the previous section. Minimizing ESR is essential in achieving a high
quality factor for efficient system operation and requires careful consideration. Many
implementations of planar PCB inductors are oriented in a rectangular pattern. The

inductance equation for a rectangle loop is defined by way of [41]:

p___
P H+ HZFW?
L=N>°" oW +H)+2 HZfWZ Hln w+
pﬁ
W In H+ R+ W +Hln ? +W In ¥ (2.10)
H 2 2

However, these implementations typically suffer from high proximity losses reducing
the coil’s overall quality factor. To address this, authors in [42] have used a parallel
multi track approach. In this approach, the PCB based coil’s conducting trace is split
or "paralled” in the location which experiences the highest magnetic field (H in A/m)
thereby reducing the resulting proximity effect losses. The planar PCB inductor coil is
used in a 15 W WPT system with an overall system efficiency improvement of 5%.

In larger, kW-level wireless power systems and wired applications of power electronics

up to a few MHz in switching frequency, litz wire is typically used for high efficiency
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Figure 2.4: Litz wire transposition pattern, denoted as one complete transposition
length

operation [43, 44]. The alternating twists of the litz coil strand, shown in Fig. 2.4, allow
for an even distribution of the magnetic field experienced by each strand. The result is
that litz wire minimizes coil ESR brought upon by the skin and proximity effects, which
improves the quality factor of the coil. However, implementation of such a structure
within a PCB based coil is challenging.

Authors in [45, 46] propose a printed circuit board implementation of litz wire. The
design uses isolated traces that are twisted in accordance to a specified transposition
pattern. The goal is to ultimately achieve current density equivalence in each of the
strands and to reduce the total flux linkage between the tracks. The authors report an
overall 26% reduction in ESR using the PCB litz wire approach. This coil structure also
minimizes the total conductive surface area facing the adjacent coil, which may aid in
minimizing coupling capacitance.

In the next section of this chapter, three approaches of the PCB planar coil are
simulated and analyzed. These include the planar solid conductor, paralleled ”split”
track, and the PCB litz approach. Comparisons of each coils quality factor and overall
loss contribution to the system are made. Lastly, preliminary characterization results of

each coil are presented.
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2.4 Coil Types

This section will involve an analysis of three solenoid-type planar PCB coil types: solid
conductor, paralleled track, and PCB litz. ANSYS finite element analysis (FEA) will be
used to study the distribution of current density within the conductors and identify the
coil with the highest quality factor. Following this, hardware results will be shown that
characterize the coil’s ESR and Quality factor by way of a Vector Network Analyzer
(VNA).

2.4.1 Finite Element Analysis of Coils

The three analyzed coil types are shown in Fig. 2.5. For a baseline simulation, the an-
alyzed coils were are simulated as 2 oz copper weight, four turns and the exact same
external dimensions. This standardization of copper weight and size allowed for a more
accurate comparison. From the results presented in Table 2.1, it can be seen that the
PCB litz coil has the highest quality factor of the three designs. At a quality factor (Q) of
approximately 152, the litz PCB coil outperforms the paralleled design by approximately
4% and the solid design by 20%.

Table 2.1: Finite Element Analysis Results of the Studied Coil Designs

Coil Type | Cu Weight | L at 6.78 MHz | ESR at 6.78 MHz | Q at 6.78 MHz
Solid 2 o0z 583.86 nH 196.18 mOhm 126.78
Parallel 2 oz 594.45 nH 172.61 mOhm 146.71
Litz 2 0z 532.91 nH 149.27 mOhm 152.09

Diagrams showing the current density of three coil desings are shown in Fig. 2.6. As
expected, the solid coil is shown to have a high current density towards the edges of the
conductor. The paralleled conductor follows this trend, with the highest current density
appearing in the two outer tracks. Finally, the PCB Litz coil appears to show more
uniform current density throughout the stand lengths, which aids in improving the total

ESR performance.
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Figure 2.5: Three analyzed coil types shown: solid conductor (left), paralleled multi-
track (center), PCB litz (right).

As previously mentioned, the dimensions of all three coils were designed to be equal.
However, it should be noted that the PCB litz design, with its five strands, had to split
in 0.2 mm strands. This was to keep in accordance with the 1.0mm width of the solid
coil and the 0.25 mm width of the paralleled track strands. This caused the paralleled
track design, whose tracks had an equivalent spacing of 0.25mm, to be the widest of
three designs, which by way of equation (2.10), boosts inductance value. Furthermore,
the reduced track width size of the PCB litz design resulted in higher ESR losses. The
PCB litz trace, being 0.2 mm wide and 71  m thick (2 oz) is significantly larger than
the skin depth at 6.78 MHz, which is 25 m . Despite this, ESR improvements may still
be attained by using higher weight copper. This is because that even at 6.78 MHz, only
a certain percentage of current density is situated within the skin depth, with some of
the current density distribution being still located towards the middle of the conductor.

These factors will be studied in greater detail in the final version of the dissertation.
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