
ABSTRACT

TENG, FEI. Optimizing Insulation Design for Transformers in Medium Voltage Power Conversion

Systems. (Under the direction of Dr. Srdjan Lukic).

Medium-frequency transformers (MFTs) play a crucial role in medium-voltage (MV) solid-

state transformer (SST) systems, particularly in extreme fast charging applications. Achieving

partial discharge (PD)-free operation while maintaining high power density is a significant

challenge due to the high electric field (E-field) stresses inherent in MV applications. This

dissertation focuses on the insulation design and optimization of MFTs used in both the main

power electronics circuits and auxiliary power supplies.

The study begins with an overview of insulation testing methodologies, including high

potential tests, basic insulation level tests, and PD tests, which are critical for evaluating

MFT insulation reliability. Given the importance of PD-free operation for long-term reliability,

particular emphasis is placed on understanding PD mechanisms, including void, corona, and

surface discharge, and their mitigation strategies.

A high voltage isolated auxiliary power supply is then introduced, utilizing a gapped trans-

former encapsulated in silicone gel. This design achieves PD-free insulation up to 18 kV RMS

while maintaining low coupling capacitance to minimize common-mode current. The pro-

posed solution ensures reliable operation in MV environments and offers a scalable approach

for auxiliary power in cascaded SST architectures.

To improve MFT insulation in main power conversion circuits, a novel structure is developed

using polypropylene sheets and potting compounds to create a void-free air gap, effectively

mitigating E-field intensity. A prototype transformer with this insulation structure is built

and achieves PD-free operation up to 30 kV RMS. This design is experimentally validated in a

resonant converter operating at 46 kW, demonstrating its feasibility for MV SST applications.

Further optimization is implemented to enhance MFT performance for dual-active-bridge



(DAB) converters by integrating a semiconductive shielding layer within the insulation structure.

This shielding layer improves the magnetic coupling coefficient while effectively confining the

E-field within high insulation materials, thereby reducing eddy current losses. The optimized

MFT achieves PD-free operation at 12.6 kV RMS and is successfully tested in a DAB converter

operating at 43 kW, which meets the insulation requirements for a 13.2 kV SST system.

This dissertation advances MFT insulation design by introducing and experimentally val-

idating novel approaches that improve high voltage insulation while optimizing magnetic

coupling and manufacturability. The proposed insulation structures enable PD-free operation

while minimizing insulation material usage and simplifying assembly, making them ideal for

high power, high voltage applications.
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CHAPTER

1

INTRODUCTION

1.1 Research Background

1.1.1 Electric Vehicles and Charging Infrastructure

Due to concerns about climate change and greenhouse gas emissions, many major countries

and governments have shown interest in zero-emission vehicles (ZEVs) to reduce the extensive

use of petroleum. Electric vehicles (EVs) are increasingly becoming the preferred technology

within ZEVs area Wood et al. (2023). In the automotive industry, particularly for light-duty

vehicles such as passenger cars and light trucks, the shift from combustion engines to electric

power is happening rapidly. For instance, the United States has set a target for 50% of light-duty

vehicle sales to be ZEVs by 2030. Globally, EV sales in China and Europe accounted for 29% and

1



21% of the light-duty vehicle market in 2022, respectively, and this trend is expected to continue

as shown in Fig. 1.1 according to Precedence Research (2023). Along with the growing demand

Figure 1.1: Electric vehicle market size 2023 to 2033

for EVs, there is also a signi�cant need for the development of EV fast charging infrastructure.

International Energy Agency (IEA) (2023) estimates that the number of fast chargers increased

by 330,000 globally in 2022. The United States installed 6,300 fast chargers in 2022, and deploy-

ment is expected to continue increasing in the coming years with the government's approval

of the National Electric Vehicle Infrastructure Formula Program. The methods proposed in this

dissertation aim to �ll technology gaps and solve engineering dif�culties in the EV fast charging

infrastructure using solid-state transformer (SST) technology. Fig. 1.2 presents an example

system diagram using SST technology for EV charging stations connect to medium-voltage

(MV) grid Awal et al. (2023).

1.1.2 Medium-Voltage Solid-State Transformer in EV Charging

The concept of SST can be dated back to the 1960s when William McMurray from General Elec-

tric Company �rst introduced power converter circuits having a high frequency link. However,

the development of SST was initially hindered by the limitations of device performance and
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Figure 1.2: System diagram of medium voltage extreme fast charging station using solid-state
transformer technology

economic factors at the time. With the advent of the 21st century, breakthroughs in power

electronics devices and magnetic components have positioned solid-state transformers at

the forefront of academic research and industrial application. Particularly in the last decade,

the rapid growth of wide-band gap (WBG) semiconductor devices such as silicon carbide

(SiC) and gallium nitride (GaN) have infused new life into the development of SSTs She et al.

(2017). These transformers have seen exponential application growth in areas such as electrical

transportation traction, data center power supplies, and EV charging, demonstrating their

potential to revolutionize various industrial �elds.

As shown in Fig. 1.2, an MV SST fast charging system includes an AC / DC converter that

connects to MV grid, a DC distribution equipment with breakers, and multiple DC nodes as

the low voltage (LV) DC output terminals feeding the EV batteries. The AC / DC power module

comprises an active front end (AFE) converter, and a dual active bridge (DAB) with an MFT.

Fig. 1.3 shows a diagram of the AC/ DC converter, which connects to the 13.2 kV grid and

features a 1 MW power level Awal et al. (2023). The direct connection to the MV grid requires a

high voltage rating for SiC power devices or modules that are expensive and hard to source.

Therefore, the multi-level cascaded H-bridge topology is commonly used such that the total
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voltage stress is divided by the number of cascaded levels. The cascaded H-bridges feature

an input-series-output-parallel (ISOP) structure that reduces the voltage stress and current

rating of each submodule. The main insulation barrier between the MV side and the LV side

is provided by a medium frequency transformer (MFT) as shown in Fig. 1.3. Thanks to the

ISOP con�guration, the MFT primary winding only takes a differential voltage around 1–2 kV,

reducing the insulation strength requirements on the windings. Finally, on the LV DC side, a

750 V DC bus is formed and achieves voltage step-down from 13.2 kV AC to 750 V DC. The key

innovation of this SST structure is that there is no need to utilize a conventional line frequency

step-down transformer to bridge the MV grid line and LV DC terminals. By using SiC metal-

oxide-semiconductor �eld-effect transistors (MOSFETs), the system has higher ef�ciency, lower

cost, and higher power density compared to the solution using conventional transformers.

Meanwhile, as SiC MOSFETs can be operated at a higher switching frequency, typically in the

10 kHz to 100 kHz range, the size of the MV MFT can be further reduced. However, as the main

and only insulation barrier in the MV SST system, it introduces challenges to the electrical

insulation design of the MFT. The motivation for this dissertation is discussed in the next

section.

1.2 Challenges in Electrical Insulation Design for Medium-

Voltage Solid-State Transformers

Challenges in electrical insulation design for MV SSTs can be observed by analyzing the circuit

diagram in Fig. 1.3. The power electronics modules in Level 1 are located far from the midpoint

on the MV side, which has an electric potential close to earth ground. This con�guration

causes the MFTs in Level 1 to withstand the full common-mode (CM) voltage stress from the

feeder to the grounded LV output. This CM voltage reaches a peak value exceeding 13 kV due

to the series cascade of the six modules. Using the PLECS simulation tool, the voltage stress

experienced by the topmost MFT shown in Fig.1.4. The differential-mode (DM) stress refers
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Figure 1.3: Diagram of cascaded H-bridge AC / DC solid-state transformer connects to medium
voltage grid

to the voltage across the MFT primary-side terminals, which is typically less than 3 kV. This

CM voltage stress is applied between the primary and secondary windings, and between the

primary windings and grounded magnetic cores. There is a breakdown risk in the MV SSTs after

prolonged operation as the insulation materials are subjected to chronic deterioration. Partial

discharge (PD) is the main concern that leads to electrical breakdown. PD occurs when the

electric �eld intensity exceeds the critical �eld strength of the insulation material. It does not

immediately bridge the insulators to conductors, but the generation of free electrons and heat

can damage the insulation material. Therefore, designing an MFT with an insulation strength

greater than 20 kV without PD, while achieving high power density, is challenging.

The MV cascaded H-bridge converter imposes additional requirements on the auxiliary

power supplies as well. These auxiliary power supplies provide a low DC voltage source, typically

12–24 V, for devices in the AFE and on the high-voltage side of the DAB converter, such as

gate drivers, control circuits, and sensors. Similarly to the main MFT in the DAB converter,

this auxiliary power supply provides galvanic isolation between the 13.2 kV feeder and earth
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Figure 1.4: Simulated CM voltage stress and DM voltage stress on the topmost MFT

ground. Therefore, the insulation requirements for the main transformer can also be applied

to the transformer in the auxiliary power supply.

1.3 Dissertation Outline

This dissertation is organized as follows: Chapter 2 �rst introduces testing methods and stan-

dards for MV transformer insulation evaluation. It discusses the high potential test, basic

insulation level test, and partial discharge test to understand the differences in testing condi-

tions, such as applied voltage pro�le and voltage level, among each testing method. Then, this

dissertation focuses on improving the partial discharge test as the main goal for transformer

insulation design, as it indicates the lowest voltage level for prolonged operation. Lastly, a

brief introduction to the partial discharge mechanism shows common partial discharge events

seen in transformers and the corresponding mitigation methods. In Chapter 3, an auxiliary

power supply design using a transformer with an air gap for MV SSTs is introduced. Design

considerations for achieving high insulation strength (low PD) and lower coupling capacitance

are presented. Then, a detailed introduction of a prototype auxiliary power supply features a

20 W, 24 V output with 18 kV insulation and 2.1 pF coupling capacitance is shown, along with

simulation and experimental results to validate the design approach. The proposed auxiliary
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power supply is successfully implemented in the 1 MW fast charging station connected to

a 13.2 kV distribution line, as shown in previous sections. Chapter 4 presents an innovative

insulation structure for achieving PD-free operation for MV MFTs. Design consideration on the

insulation structure are discussed. A novel MFT design using a loosely coupled transformer

to achieve high insulation strength. Considerations on the insulation design are validated by

experimental results on a prototype transformer. Chapter 5 presents optimization methods for

the insulation structure, including the design of semiconductive shielding layers to mitigate

electric �eld intensity and improve the magnetic coupling of the transformer. The chapter intro-

duces innovative insulation structures that utilize PP sheets and potting compounds to create

void-free air gaps, ensuring PD-free operation under high voltage stress. Further optimization

incorporates semiconductive shielding layers to enhance magnetic coupling and con�ne the

electric �eld within high insulation materials. Experimental validation of the optimized MFT

demonstrates its effectiveness for DAB converter applications, achieving PD-free operation

at 12.6 kV RMS and successful performance in a DAB system operating at 43 kW. Chapter 6

concludes this dissertation by summarizing the key �ndings and contributions of the research.
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CHAPTER

2

INSULATION TESTING METHODS AND

PARTIAL DISCHARGE IN MEDIUM

VOLTAGE POWER CONVERTERS

The wide commercialization of WBG semiconductors has enabled a signi�cant rise in ap-

plications for MV power converters, which also brings up the requirements in the electrical

insulation system design. Insulation safety plays an important role in preventing system failure

that can be harmful to human health, cause �nancial loss on equipment investment, damage

utility, and impact other economic factors. Therefore, to achieve safe operation, MV power

converters must be evaluated by insulation tests. This evaluation includes not only the tests con-

ducted on the overall converter system but also key subunits that provide insulation strength.
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Commonly used insulation testing methods are High Potential (Hipot) test, Basic Insulation

Level test (BIL) and Partial Discharge (PD) test. Testing principles and impacts on validating

MV converter insulation design will be discussed in this chapter and this study adopts PD test

as the main method.

A range of insulation strength evaluation standards has been published by international

organizations. Typically, these standards provide de�nitions and methodologies for testing and

design across a variety of voltage levels for different applications. Ozdemir et al. (2020) summa-

rizes several insulation coordination standards by International Electrotechnical Commission

(IEC), Underwriters Laboratories (UL), and the Institute of Electrical and Electronics Engineers

(IEEE). These standards cover working voltage levels from as low as 1 kV AC or 1.5 kV DC to 60

kV AC. As a relatively new technology in the electrical engineering area, very few standards

speci�cally designed to evaluate MV power electronics systems exist up to 2023. Researchers

and engineers are adopting existing standards from other applications but with the same

voltage level, similar environmental pollution conditions, and similar insulation materials. For

example, UL 347A (2022) covers “enclosed medium voltage power conversion equipment, such

as variable frequency controllers, that control and transfer power to motors” for voltage levels

above 1500 V to 38 kV; IEC 61800-5-1 (2022) de�nes the requirements for adjustable speed

electrical power drive systems operating up to 35 kV; IEC 60076-11 (2018) applies to dry-type

transformers with the highest voltage for equipment up to and including 72.5 kV, with at least

one winding operating at greater than 1.1 kV; IEEE Standard for General Requirements for

Dry-Type Distribution and Power Transformers, as shown in IEEE Std C57.12.01 (2020) de�nes

general requirements for dry-type distribution and power transformers operating from 1.2 kV

to 34.5 kV.

In this chapter, three major methods for testing the insulation strength of MV power con-

verters are �rst discussed. Then, a more detailed discussion on the mechanism of PD events in

power converters and its testing equipment is introduced.
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2.1 Methods and Standards for Isolation Performance Evalua-

tion

2.1.1 High Potential Test

Hipot test, sometimes also called dielectric withstand test, uses a voltage source that may

be either DC or AC at line frequency 50 / 60 Hz to apply voltage stress between the testing

sample and monitors the leakage current �ows through the sample. The purpose of hipot test

is to ensure the ability that the insulation can withstand voltage stress that is above the rated

value with a safety margin without electrical breakdown. While different standards in different

applications has different requirements on the pro�le of the applied voltage and leakage current

threshold, requirements indicated by IEC 60076-11 (2018) for dry-type transformers de�nes

60-second period of applied voltage. The acceptable leakage current during the test ranges

from 0.5 mA to 20 mA depends on applications and standards. When electrical breakdown

occurs or the voltage stress applied is close to breakdown voltage, rapidly increase can be

detected in the measured leakage current and arcing may be observed. Hipot test is considered

to be a destructive test, as electrical breakdown causes inevitable damage to the insulation

system. Table 2.1 shows the test voltage levels that are provided by IEC 60076-11 (2018). For

testing transformers, the connection is con�gured in a way described in Fig. 2.1. Terminals of

primary windings and secondary windings of the transformer are shorted to avoid differential

voltage applied or induced to the windings. In this way, the voltage stress is distributed between

transformer high voltage conductors and grounded conductors where insulators locates.

2.1.2 Basic Insulation Level Test

Basic Insulation Level (BIL) test is to evaluate the voltage stress withstand capability against

high voltage surges, such as lightning strikes or high dv / dt surges caused by switching. Unlike

hipot test that is to test insulation performance near rated voltage level, BIL test speci�cally
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Table 2.1: Test voltage levels in IEC 60076-11

Highest voltage for equipment Applied voltage
(r.m.s.) kV (r.m.s.) kV

� 1.1 3
3.6 10
7.2 20
12.0 28
17.5 38
24.0 50
36.0 70
40.5 80
52.0 95
72.5 140

Figure 2.1: Hipot test equivalent circuit
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focuses on testing the ability of insulation to withstand extraordinary voltage spikes. A BIL test

platform consists of a voltage impulse generator that can generate voltage spikes as high as 6

to 7 times of rated voltage in less than 2 microseconds. During the test, the voltage impulse is

monitored and plotted with respect to the time. If the measured voltage waveform is smooth

without any collapse during the testing period, the device under test (DUT) passes the BIL test.

Regarding testing transformers, the primary winding is connected in series with the impulse

generator, the secondary winding terminals are shorted and connect to ground. In this way,

there is no induced voltage in the secondary winding, and the turn-to-turn insulation strength

of the primary winding can also be tested. Zhao et al. (2017) described a BIL test conducted on

a high isolation transformer prototype. The equivalent testing circuit and the voltage pro�le

are shown in Fig. 2.2 and Fig. 2.3, respectively. The peak value of the applied impulse was 30.3

kV according to standard IEEE Std. C57.12.01.

Figure 2.2: BIL test equivalent circuit

2.1.3 Partial Discharge Test

The PD test is essential for evaluating the insulation quality of MV equipment under rated

operating voltage conditions. It focuses on testing and detecting discharge points that do
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Figure 2.3: BIL test applied voltage pro�le

not immediately break the insulation material in a short time but could potentially lead to

electrical failure after prolonged voltage stress. PD occurs in any high voltage power equipment

when the E-�eld intensity exceeds the critical E �eld value required to start a discharge. A

typical PD test setup includes a line frequency transformer that generates sinusoidal voltage,

high-voltage coupling capacitors, and a circuit network for measuring the charges. Standards

such as IEC 60076-11 (2018) and IEEE Std C57.12.01 (2020) de�ne the test procedures for

dry-type transformers, and an applied voltage pro�le from Ozdemir et al. (2020) is shown in

Fig. 2.4.

Figure 2.4: PD test applied voltage pro�le according to IEC 60076-11 and IEEE Std. C57. 124
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2.2 Types of Partial Discharge in Transformer Insulation and

Mitigation Method

2.2.1 Paschen's Law and Air Breakdown

Paschen's Law is named after the physicist Friedrich Paschen. It describes the relationship

between the breakdown voltage of a gas in a uniform electric �eld and the pressure and

gap distance. This law constitutes a fundamental concept for understanding the behavior

of electrical breakdown in gases. Suppose a uniform E �eld is formed by two metal plates

placed in parallel with a distance in between, ignoring the E �eld distortion at the edges of the

plates, the uniform E �eld can be described by

E =
V

d
(2.1)

where V is the voltage and d is the distance over which the voltage is applied. The applied

voltage that leads to electric breakdown between the electrodes is called breakdown voltage

Vb . The breakdown voltage represents the minimum voltage required for a gas to conduct

electricity and form a plasma, indicating PD occurs. According to Husain and Nema (1982), this

breakdown voltage is inversely proportional to the product of gas pressure and gap distance:

Vb =
B � pd

ln
�

A�pd

ln(1+ 1

 )

� (2.2)
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Vb : Breakdown voltage

B : A constant related to the excitation and ionization energies

p : Pressure of the gas

d : Gap distance between the electrodes

A : Saturation ionization in the gas related to pressure


 : Secondary ioniaztion coef�cient

Paschen's Law states that the breakdown voltage reaches a minimum value for a �xed gas

under optimal pressure and gap distance conditions. The breakdown voltage increases at low

pressures as pressure decreases due to the lack of enough gas molecules to ionize and form

a conductive path. Conversely, at very high pressures, the breakdown voltage also increases

because collisions between molecules increase, reducing the mean free path of the electrons.

Therefore, it becomes more dif�cult for them to gain enough energy to ionize the gas.

In MV transformers, where the insulation system is subjected to varying degrees of electrical

stress, Paschen's law is of great signi�cance. Uneven electric �eld distribution within insulating

materials can lead to partial discharge activity. Allen et al. (1981); Sun et al. (2021) presents

a critical E �eld value of 2.65 kV / mm under the normal air ambient and pressure for air to

start ionization. Lu et al. (2023a) uses 3 kV / mm as the breakdown strength of air to guide the

insulation design.

2.2.2 Void Discharge

Void discharge occurs in voids or air-�lled cracks within the transformer insulation material.

These voids can form due to various factors, such as incomplete insulation manufacturing

processes according to Li et al. (2021), thermal expansion and shrinkage of insulators according

to Lu et al. (2023a), or degradation of the insulation material over time. When high voltage
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is applied to the transformer insulation, the electric �eld stress within the voids causes the

ionization of the gas molecules present within them. This ionization process creates partial

discharges, called void discharges, which, if not addressed, can cause insulation material

degradation and ultimately transformer failure. These discharges generate heat and cause

localized degradation of the insulation material.

Mitigating void discharge involves several strategies. First, vacuum casting techniques can

be used during the manufacturing process to remove air and moisture from the insulation ma-

terial and reduce the formation of voids. Second, using insulation materials with low viscosity

can minimize the formation of voids within the insulation. Additionally, potting compound

curing under high pressure also helps reduce the occurrence of void discharge according to

equation (2.2).

2.2.3 Corona Discharge

Corona discharge occurs around irregularly shaped conductors where there is signi�cant

gradient in the electric potential distribution. For MV transformers, air is commonly used as

the gaseous media for insulation Kieferndorf et al. (2016); Mogorovic and Dujic (2018b); Czyz

et al. (2022b). Corona discharge is often seen around electrical connectors, wire terminals, and

edges of conductive materials Gradinger et al. (2017). Unlike void discharge that the generated

electron stream can directly deteriorate the insulator, the corona discharge cause less harm

to the solid insulation materials as the discharging process happens on conductors and air.

However, mitigation of corona discharge is still necessary due to the following reasons. First of

all, corona discharge generates electrical power loss as energy is released from the conductor

to its surrounded air in the form of light, sound, heat and chemical reactions. This power loss

leads to a reduction in the overall ef�ciency of the MV power converter. Secondly, Dordizadeh

et al. (2015) reports that corona discharge leads to the production of ozone, which can be

harmful to both the environment and human health. Lastly, corona discharge can also lead

to not only audible noise, but also electromagnetic interference which may be harmful to the
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surrounding equipments.

Mitigation of corona discharge in MV power converter systems can be sorted into several

methods. Larger conductors have a larger surface area, which reduces the electric �eld strength

at the conductor's surface by spreading the voltage over a larger area Sun et al. (2021). Using

conductors with smooth surfaces or optimizing the conductor shape to a more rounded shape

can help evenly distribute the electric �eld and reduce high intensity spots that can cause

corona discharges. Increasing the distance between conductors can reduce electrical stress on

the insulation air gap. By keeping the conductors farther apart, the electric �eld strength can

be reduced, thereby reducing the likelihood of ionization that causes corona discharge.

2.2.4 Surface Discharge

Surface discharge occurs at the interface between air and other solid or liquid dielectric mate-

rials. This type of PD usually happens when the E �eld component along the insulation surface

goes extremely high such that free electrons �nd a path along the interface. A common cause

of surface discharges in MV SSTs is the presence of contaminants such as dust, moisture, or

conductive particles, which create conductive paths that facilitate the initiation of the dis-

charge. Mitigation strategies for surface discharge include humidity control, pollution degree

control and increasing the creepage distance. Teng et al. (2022); Li et al. (2023) introduce a

method that using grooves on dielectric material surface to increase the creepage distance

which reduces the chace of surface discharge occurrence.

2.3 Conclusions

This chapter provides an in-depth review of the testing methods for insulation systems and

the mitigation methods of partial discharge events in MV SSTs. It discusses testing methods

including the hipot test, partial discharge test, and basic insulation level test, all of which

align with the corresponding IEC, UL, and IEEE standards to rigorously examine insulation
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materials. The chapter highlights the importance of focusing on partial discharge in dielectric

design, considering it a critical aspect of ensuring long-term insulation reliability. Commonly

seen PD events in MV SSTs such as void discharge, corona discharge, and surface discharge

are detailed, along with an overview of their mitigation methods. These discussions provide

valuable insights into the design of insulation systems for MV SSTs.
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CHAPTER

3

DESIGN OF HIGH VOLTAGE ISOLATED

AUXILIARY POWER SUPPLY

3.1 Introduction

Silicon carbide (SiC) MOSFETs have experienced tremendous growth in use in medium-voltage

(MV) applications due to the superior properties of SiC devices compared to silicon-based

devices. The high blocking voltage enables the integration of power converters into MV distri-

bution systems. The fast switching capability allows reduced volume of passive components

and therefore smaller system footprint. The low switching loss helps to increase the ef�ciency

of the converter and alleviates the thermal design challenges She et al. (2017).

However, the introduction of SiC MOSFETs in MV power electronics applications also
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brings new design challenges, especially for the gate driver power supply (GDPS). First of all,

the isolation barrier, usually a transformer, in the GDPS must provide the required galvanic

isolation between the power side and the gate drive signal side. The creepage and clearance

distance between the input and output of the GDPS should also be suf�cient for long-term

operation. In addition, the coupling capacitance of the GDPS's isolation barrier needs to be

comparatively low in order to suppress the common-mode (CM) current generated by high

dv/ dt during the switching transient. The negative effect of a high coupling capacitance can

lead to a malfunction of the control and sample circuit, which can lead to a failure of the

power converter Kiladis et al. (2006). Normally, this coupling capacitance is less than 5 pF Srdic

et al. (2019); Dalal et al. (2017); Zhang et al. (2019); Hu et al. (2020); Sen et al. (2020); Yan et al.

(2022); Sun et al. (2021); Mainali et al. (2018). Moreover, the output voltage regulation cannot

be easily achieved by traditional methods such as feedback control because any electrical

connection across the isolation barrier will undermine the isolation strength. In general, the

isolation barrier of GDPS is the key component that determines isolation strength and coupling

capacitance.

3.2 Literature Review

Recent literature has shown a number of benchmarks using different techniques for GDPS

design to achieve high isolation and low coupling capacitance. In general, the recent studies

can be classi�ed into three approaches depending on whether a voltage transformer (VT) or a

current transformer (CT), or wireless power transfer (WPT) is used.

3.2.1 Voltage Transformer based Auxiliary Power Supply Designs

In VT based designs, Dalal et al. (2017) demonstrated a transformer that had multiple secondary

windings on a toroidal ferrite core with 2.6 pF and 3.5 pF coupling capacitance respectively.

However, no isolation test results were presented. In Zhang et al. (2019), a PCB-winding-based
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�yback converter with a regulating circuit on the primary side was presented. The converter

survived the 20 kV DC test for 1 hour and the measured coupling capacitance was less than

2.8 pF. The conventional transformer has inherent limitations in isolation performance and

coupling capacitance reduction. On the one hand, the voltage transformer requires suf�cient

creepage and clearance distance between the primary and secondary side to prevent a high

electric �eld, because the breakdown path can easily �nd a way through the windings along

with the edge of the core Srdic et al. (2019). On the other hand, despite numerous attempts that

have been made to reduce the winding area and increase the winding distance, the coupling

capacitance of the voltage transformer is still around 3 pF.

3.2.2 Current Transformer based Auxiliary Power Supply Designs

In CT based designs, Hu et al. (2020) demonstrated an LCCL-LC converter using a cable with

high isolation rating as the primary side current bus. The design exhibited a coupling capaci-

tance of 1.67 pF and 12 kV PDIV. An LLC converter was designed in Sen et al. (2020) which was

also CT based, showed a coupling capacitance of 3 pF and 4.6 kV RMS PDIV. More recently,

Yan et al. (2022) presented an LCCL-LC converter which had 5 kV PDIV, 1.86 pF and 16 kV,

3.6 pF using air and silicone as dielectric material, respectively. A CT usually has a current

source on the primary side circuit and a current-transducer-like transformer to couple the

secondary side circuit. The primary winding, usually with one turn, functions as an AC current

bus and can feed multiple secondary multi-turn windings through the window of toroid cores.

By increasing the length of this AC current bus cable, the clearance distance and creepage

distance between the primary side and secondary side can be very large thanks to the length

along the cable coating. However, the isolation strength of a CT depends greatly on the material

properties of the coating of the primary side cable, which normally has a higher dielectric

constant and worsens the coupling capacitance. Another design challenge of CT is that the

electric �eld distribution is very sensitive to the mechanical geometry of the transformer: Sen

et al. (2020) gives an example that misplacement of the primary wire, which is quite common
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in practice, results in a stronger electric �eld than expected and reduces the PDIV. 3.1 shows

an example of when the primary winding of a CT is placed off-center. It can be seen that the E

�eld is distributed unevenly, leading to high E �eld intensity in the air that initiates PD.

Figure 3.1: Unevenly distributed E �eld with increased intensity due to the off-center primary
winding in current transformers

3.2.3 Wireless Power Transfer based Auxiliary Power Supply Designs

As for designs using WPT, Sun et al. (2021) presented a GDPS with no detected PD under 33 kV

DC and a coupling capacitance of 2.76 pF. Reference Mainali et al. (2018) showed a GDPS using

an air-core transformer with a coupling capacitance of less than 5 pF, but no detailed test of

isolation strength was presented. WPT-based GDPS's usually operate at MHz level switching

frequency to achieve high ef�ciency as the coils are weakly coupled. In addition, the distance

between the coils must be large because the isolation relies on air, resulting in relatively low

power density. The MHz level operating frequency also increases the complexity of the circuit

design and may cause interference with the surrounding equipment.

This paper combines VT and WPT by introducing a large air gap into the conventional
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