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Abstract

The global shift towards Electric Vehicles (EVs) is driven by their energy e ciency,
lower emissions, and reduced dependence on fossil fuels. As the demand for EVs
continues to rise, the need for EV ultra-fast chargers becomes paramount to enable
faster charging times and facilitate long-distance travel without compromising conve-
nience. In this context, solid-state transformers (SSTs) have emerged as a promising
technology to replace traditional line-frequency transformers (LFTSs) in various appli-
cations, including EV charging stations. SSTs o er improved system controllability,
power factor correction capabilities, and reduced size and weight through the utiliza-
tion of medium-frequency transformers (MFTs). This thesis focuses on enhancing
the e ciency and power density of the MFT used in SSTs.

A 1.2 MVA SST for EV ultra-fast charging stations is designed and simulated.
The SST incorporates average controllers responsible for regulating the output volt-
age and the input power factor, as well as, voltage and power balancing controllers
to ensure stable operation among its cells. Furthermore, a design methodology for
optimizing the MFT used in DC-to-DC converters for SST-based ultra-fast chargers
is introduced. The methodology is optimizing the e ciency and power density of the
transformer based on the transformer parameters input by the designer. A software

tool is developed to streamline the design process and enable the optimization of



various parameters, such as core material, size, and winding con gurations. The tool
facilitates the development of high-performance MFTs for SST applications.

The developed MFT optimization methodology is utilized to design a 100 kw, 20
kHz MFT, resulting in a remarkable 22.7% improvement in power density compared
to conventional design methods. The transformer showed superior e ciency and
power density compared to MFT designs in literature. Additionally, two scaled-down
transformers are designed and tested at 5 kW, employing both conventional and
optimization methods. The results demonstrate a signi cant 57.8% improvement in

speci C power.
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Chapter 1

Introduction

1.1 Motivation and Background

In recent years, there has been a growing global interest in Electric Vehicles (EVs) as
a promising solution to address the environmental challenges posed by traditional fos-
sil fuel-powered vehicles. The advancement of EV technology, along with increasing
environmental consciousness and government initiatives promoting sustainable trans-
portation, has led to a surge in the adoption of EVs worldwide. EVs have gained
interest owing to their multiple bene ts over conventional internal combustion engine
(ICE) vehicles including energy e ciency, energy security, lower fuel costs, and less
air pollution and greenhouse gas (GHG) emissions. EVs have been found to be three
to ve times more energy e cient compared to ICE vehicles [1][2]. Furthermore, EVs
reduce dependence on oil imports for many countries, as they alternatively rely on
domestically generated electricity, which can be sourced from sustainable renewable

energy resources and fuels. According to the Alternative Fuel Data Center (AFDC)
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from the US Department of Energy (DOE), the adoption of EVs has led to a signif-
icant reduction in annual tailpipe emissions. As of 2021, EVs have been shown to
reduce CO2 equivalent emissions from 5.71 tonnes per ICE vehicle to 1.27 tonnes per
EV [3]. This substantial reduction in emissions further highlights the environmental
bene ts of EVs.

The emissions of gases from ICE vehicles can have severe health consequences,
contributing to conditions such as asthma, heart disease, and lung disease [4]. Re-
search conducted by the American Lung Association suggests that by the year 2050,
the adoption of EVs could lead to signi cant improvements in public health. The
projections indicate potential healthcare cost reductions of nearl$l trillion, more
than 89,000 fewer premature deaths, and a decrease of 2.2 million asthma attacks
solely within the United States [5][6]. These explain the global transition to EVs and
growth in the EV market. The International Energy Agency (IEA) predicts that, by
2030, the EV stock expands from around 8 million in 2019 to 140 million vehicles
representing 7% of the global vehicle eet. Additionally, EV sales are expected to
jump from only 2.5% of cars sold globally to 18% in 2023. Also, by 2030, EVs are set
to surge to 60% of the total car sales in the US, European Union, and China which
are the leading markets [7][8].

This growth faces several challenges including vehicle range anxiety, battery charg-
ing time, and charging infrastructure availability. Despite signi cant advancements
in battery technology and improvements in energy density, the driving range of EVs
remains a concern for many drivers [9]. The driving range can be improved by hav-
ing more advanced and energy-dense batteries. However, this is limited by its mass

and cost which should not exceed the range of 50% of the whole vehicle cost [4][10].
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Moreover, the extended charging duration of EV batteries presents a notable inconve-
nience for drivers, adding to their concerns. Hence, fast-charging stations are needed
to decrease the charging time and boost the driving range, without increasing the
size and weight of the battery.

One of the critical components for the successful integration and widespread ac-
ceptance of EVs is the availability of a reliable and e cient Electric Vehicle Charging
Infrastructure (EVCI). EVCI encompasses the network of charging stations and as-
sociated infrastructure required to recharge EVs. It plays a vital role in addressing
the concerns related to the limited driving range and charging accessibility, ensur-
ing a seamless and convenient experience for EV owners. Fast charging stations rely
on line frequency transformers to convert medium-voltage AC input to low-voltage
AC. However, these transformers are characterized by their bulkiness, high instal-
lation costs, and signi cant power losses. A potential solution is the utilization of
solid-state transformers (SSTs). They o er the advantages of compact size, while
still providing essential functionalities such as voltage conversion, galvanic isolation,
power factor correction, higher e ciency, renewable energy sources integration, and
improved controllability [11]. SSTs are power electronic converters that comprise dif-
ferent power conversion stages along with a medium-frequency transformer (MFT).
A major contributor to the size of SSTs is the MFT. Hence, a design optimization
methodology is needed for this transformer to improve its e ciency and power density.

This thesis focuses on the design and optimization of an SST for an EV ultra-fast
charging station with a capacity of 1.2 MVA. The SST is designed to control the
input reactive power and regulate the output voltage, enabling integration with EV

chargers. Voltage and power balancing controllers are implemented to ensure stable
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and balanced operation among the SST cells. Furthermore, a design optimization
methodology for the MFT is introduced to enhance its e ciency and power density.

To facilitate the design process of the MFT, a software tool is developed, providing
optimization capabilities and simplifying the overall design procedure. By utilizing
this tool, a 100 kW, 20 kHz MFT is successfully designed, resulting in a remarkable
22.7% improvement in power density compared to conventional design methods found
in the literature.

Additionally, two scaled-down transformers are designed using both the conven-
tional design method and the optimization method, and tested at a power rating of 5
kW. The results demonstrate a signi cant 57.8% improvement in speci ¢ power, with
an 0.1% increase in converter e ciency, showcasing the e ectiveness of the optimiza-

tion approach.

1.2 Research Objectives

The thesis objective is to develop a comprehensive tool that facilitates and opti-
mizes the design process of MFTs speci cally for SST applications. The tool aims
to streamline the design process by considering key factors such as e ciency and
power density. By utilizing this tool, various design parameters can be analyzed and
optimized, including core material, core size, and winding con gurations, to achieve
optimal e ciency and power density. Ultimately, the goal is to enable the design of

high-performance and compact transformers that contribute to the advancement of

SST technology.
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1.3 Thesis Contributions

The thesis contributions are summarized below.

" A comprehensive review of the EV chargers covering their levels, regulatory
standards, and connectors, as well as, the EV chargers in the market and the

di erent con gurations of the EV charging stations.

A comprehensive review of the SST technology and its di erent capabilities, con-
gurations, and applications. Additionally, a review of the converter topologies
for the di erent SST conversion stages, as well as, the SST designs for di erent

applications and the EV charging stations in literature.

A 1.2 MVA, 4.16kV SST for EV charging station application is designed and
simulated. Voltage and power balancing controllers are implemented to control
the power-sharing among the SST cells and maintain voltage balance over the

DC-link capacitors.

A review of the di erent design methods for the MFT comparing their e ciency,
power density, speci c power, and complexity. Additionally, a user-friendly
software tool is developed to optimize the transformer's e ciency and power
density by inputting the system parameters and receiving the corresponding
design parameters including the core material, size, number of turns, and the

litz wire to be used.
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1.4 List of Publications

1. E. Abdelhamid Younis, O. Zayed, A. Elezab, M. Ibrahim, and M. Narimani,
\Transformer Design for Solid-State Transformer (SST)-Based EV Charging
Station Applications,” Accepted in 2023 IEEE Transportation Electri cation
Conference and Expo (ITEC), IEEE, 2023. [12]

2. A. Elezab, E. Abdelhamid Younis, and M. Narimani, \High-E ciency Series
Resonant DC/DC Converter for SST-Based EV Fast Chargers Submitted to
IEEE Transportation Electri cation Conference and Expo (ITEC-Asia), 2023.
[13]

1.5 Thesis Organization

The thesis is organized into seven chapters.

Chapter 1 discussed the motivation and background for the development of SST-
based EV DC fast charging stations, and the optimized design methodology for the
MFT. The research objectives, contributions, and publications have also been high-
lighted.

Chapter 2 focuses on EV charging levels and standards including AC Level 1, AC
Level 2, and DC Charging, reviewing existing chargers in the market. It delves into
di erent con gurations of DC charging stations and the associated challenges. The
challenges facing EV charging stations are also highlighted including the need for
bulky MV/LV line-frequency transformers.

Chapter 3 presents a comprehensive introduction to SSTs, discussing their appli-

cations and con gurations ranging from single-stage AC-to-AC converters to complex
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multi-stage converters with high and low-voltage intermediate DC buses. Addition-
ally, various converter topologies utilized in SST designs are discussed and compared
for the di erent SST conversion stages. A thorough review of existing SST designs
in literature, particularly for charging station applications, is provided. Additionally,

the chapter outlines the chosen case study.

Chapter 4 details the design and simulation processes of the developed SST, be-
ginning with an explanation of the average controllers for both stages using the dq
control for the recti er stage and the single-phase shift control for the DC-to-DC dual
active bridge stage. It then discusses the voltage and power balancing controllers for
SST cells to maintain the voltage balance over the intermediate DC-link capacitors,
and control and equally distribute the power-sharing among the DC-to-DC converter
cells. Simulation studies are presented to demonstrate the overall operation of the
SST at di erent loading and switching conditions.

Chapter 5 introduces a design methodology for the MFT employed in the SST.
Conventional design methods are discussed, followed by an exploration of the opti-
mization methodology considering the e ciency, power density, and complexity of the
design method. A specic 100 kW, 20 kHz transformer design is presented, comparing
the outcomes achieved using both conventional and optimization methods. Addition-
ally, a review of high-power MFT designs from the existing literature is conducted
and compared to the designed 100 kW transformer.

Chapter 6 focuses on the design and implementation of two scaled-down 5 kW
transformers using the two di erent design methods. The transformers are tested
using a 5 kW DC-to-DC converter setup to compare their performance, power den-

sity, and speci ¢ power. Experimental results obtained from the implemented 5 kW
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converter setup are provided to facilitate a comparison between the two scaled-down
transformers. Detailed measurements and waveforms for both transformers and the
converter are included in this chapter.

Chapter 7 is dedicated to conclusions and future work.



Chapter 2

EV Charging Stations

Moving towards EVs requires battery storage capability to supply the vehicle systems'
energy and power demands. The Li-ion battery technology has advanced over the past
decade, making EVs more cost-e ective, and energy-dense (200-300 Wh/kg). This
along with the considerable improvements in the e ciency of the electric propulsion
drivetrain makes EVs more practical [9]. Nevertheless, EVs are still less practical
than conventional gasoline vehicles as their driving range on one charge is shorter
than that of gasoline vehicles, owing to the huge di erence in energy density between
batteries and gas (12000 Wh/kg) [9][14]. Another challenge facing the widespread
adoption of EVs is the lack of EV charging infrastructure, especially for longer trips
where the EV would need more than one charging session. Consequently, extensive
e orts in both research and industry have been dedicated to EV charging stations,
establishing their standards, and striving towards an EV charging experience that
mimics the convenient traditional gasoline refueling experience, thus reducing the

gap between EVs and gasoline vehicles.
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2.1 EV Charging

Charging methods and standards in North America are de ned by the Society of
Automotive Engineers (SAE). There are 3 main distinct levels of charging; AC Level
1, AC Level 2, and Level 3 or DC charging. They di er in the charging power and
voltage type, thus resulting in di erent charging times and experiences giving EV
drivers the exibility to select the most suitable option based on their needs. AC
level 1 and AC level 2 work with AC voltage inputs of 120V and 240V, respectively,
delivering a peak power of 1.9 kW and 19 kW, respectively adding a range of@and
19 120 km per hour of charging, respectively [9][11]. The vehicle onboard charger
gets into action to convert the AC voltage into the DC voltage needed for charging
the battery. These onboard chargers a ect the weight of the vehicle resulting in lower
performance so, they are in turn limited in power. This relatively low-power rating
makes the use of these onboard chargers suitable for overnight charging. These limited
power ratings have led to the development of fast DC chargers rated at 50 kW and
above, reaching levels up to 350 kW. These chargers bypass the vehicle's onboard
charger and feed the DC voltage directly to the battery with higher power-rated o -
board converters, as depicted in Figure 2.1, adding a range of 160+ km per hour
of charging, getting a closer scenario to the conventional gasoline vehicles refueling.
Table 2.1 summarizes the charging levels and the charging connectors used for each
[91-[15].

DC Charging can be divided into several levels; fast charging, ultra-fast charging,
and high-power charging. Fast charging ranges from 50 kW to 100 kW, while ultra-
fast charging starts from 100 kW to 150 kW, and anything above 150 kW is considered

high-power charging [15]. Di erent levels require di erent charger connector types.

10
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Figure 2.1: AC and DC Chargers [16]

AC level 1 and AC level 2 work with the connector J1772 in North America for all
vehicles except for Tesla that work with their own connector. While DC charging
has ve di erent standardized connectors that are listed in Table 2.2. Con guration
AA was developed by CHAdeMo Association by the Japanese utility Tepco [17]. It
is the o cial standard in Japan, where all EVs work with the CHAdeMo connector.
On the other hand, in North America, all EVs work with the Combined Charging
System Type 1 (CCS 1.0) except for Nissan and Mitsubishi. The CCS 1.0 connector
combines the J1772 connector with two high-speed charging pins. The Combined
Charging System Type 2 (CCS 2.0) is the one adopted in Europe and Australia.

While the GB/T connector is used only in China, and the Tesla connector is used

Table 2.1: Charging Levels

AC Level 1 AC Level 2 DC Charging
Charging Power 1.9 kW 19.2 kW 50 kW and up to 350 kW
Charging Voltage 120V, 240V 200-1000Vy,
Range per hour 3 8 km/h 19 120 km/h 160+ km/h

Connectors SAE J1772, Tesla SAE J1772, Tesla CCS, CHAdeMO, Tesla
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Table 2.2: Di erent Standards for DC Fast-Charging Systems

CHAdeMo GBIT CCS 1.0 CCS 2.0 Tesla

Connector

Maximum 1000 V 1000 V 600 V 1000 V 410 V
Voltage

Maximum 400 A 250 A 200 A 200 A 330 A
Current

Avallable oo v 120 kw150 kw  175Kkw 135 KW
Power

only for Tesla vehicles for all levels of charging [17].

It can be seen from Table 2.2 that the power is limited by the connector and
the cable capability. Currently, the CHAdeMo connector supports the highest power
which can go up to 400 kW, and its newest edition CHAdeMo 3.0 can support up to
500 kW at 600 A [11][18]. The higher the current goes, the larger the cable diameter
has to be, which in turn, increases the cable weight. In [19], the cable for a 50-kW
charger of length 6 m is about 9 kg. The safety lifting limit for a single person is 22.7
kg [9] which limits the power that can be delivered to lower voltage batteries (400
V). This can be solved by going with higher voltage levels (800 V), which can get us
to the maximum weight limit at 350 kW [9]. Table 2.3 summarizes some of the DC
fast chargers on the market and their technical speci cations [9]. The time to add

320 km (200 miles) is assuming that the average consumption is 30 kWh/160 km.
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Table 2.3: DC Fast Chargers on the Market

Tritium E?;Hrgttlz S Tesla Super- esES:(():an d ABB
Vee |-RT g charger P Terra HP
Type charge
Power 50 kW 120 kW 135 kW 150 kW 350 kw
CCs 1.0
CCs 1.0 CCs 1.0
Protocols CCS2.0 GB/T Tesla
CHAdeMo CHAdeMo CHAdeMo
Input ~ S00-480Vac 380 Vac a0, ho v 400 Vac 400 Vac

600-900 Vdc 480 Vac

Output 50-500 V 200-750 V 50-410 V 170-500 V. 150-920 V

Current 125 A 240 A 330 A 300 A 375 A
E ciency 92% 93.5% 91% 93% 95%
Volume 495 L 591 L 1047 L 1581 L 1894 L
Weight 165 kg 240 kg 600 kg 400 kg 1340 kg
To add . . . } :
320 km 72 min 30 min 27 min 24 min 10 min

2.2 Con gurations of Charging Stations

Charging Stations are intended to be similar to conventional gas stations, which

in turn, requires the design of multiple charging poles or nodes to supply multiple

cars. These charging poles can be connected to a voltage bus that feeds all of them.

Typically, DC fast chargers use two stages of power conversion: the conversion from

three-phase AC voltage coming from the utility transformer into medium DC voltage

known as recti cation, then the conversion from medium DC voltage into regulated

DC voltage, matching the battery's rating, used for charging the battery [11]. The

second stage involves galvanic isolation to isolate the grid side from the vehicle side

and allow the parallel connection between the output stages of the charger to achieve

higher power [11]. The common bus can either be fed by the main transformer and

become an AC bus or be fed by the recti er stage and become a DC bus, getting
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to the names AC-coupled and DC-coupled charging stations. The common bus can
be connected to chargers (loads) or to renewable energy sources (RES) and energy

storage systems (ESS) (sources).

2.2.1 AC-coupled

The AC-coupled stations are the ones where the common AC bus is used. The
step-down transformer interfaces between the medium voltage (MV) grid and the
common AC bus operating at 250-480 V line-to-line voltage [9]. The AC bus is
then connected to each charger, where the AC is converted into medium DC voltage
using the recti er stage and then regulated using the DC-DC converter to charge
the battery, or the RES and ESS as shown in Figure 2.2. The use of AC-coupled
stations increases the number of conversion stages between the grid and vehicle and
RES sides, resulting in higher cost, more complexity, and lower system e ciency. On
the contrary, the advantages of AC-coupled stations include the availability of AC
switchgear, protection devices, recti er/inverter technology, and the standardized
protocols for AC power distribution systems and EV charging stations [9][11][20].
Therefore, AC-coupled is currently the most commonly used in charging stations, as

the ABB Terra HP-based charging station in Australia [21]
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Figure 2.2: AC-coupled Charging Station

2.2.2 DC-coupled

The DC-coupled stations use one front-end recti er that converts the three-phase AC
voltage coming from the transformer into medium DC voltage creating a DC bus
used for interfacing with chargers, RESs, and ESSs as shown in Figure 2.3. Typically,
the DC bus voltage is chosen to be 1000 V to serve all EV's battery voltage ranges
[9]. This topology reduces the number of conversion stages, increasing the system
e ciency and reducing the complexity and cost, simpli es the control as working in
DC systems do not have reactive power, and simpli es the connection to and islanding
from the grid by using a single recti er [9]. The main drawback of this topology is
the absence of DC protection schemes, metering devices for the accurate billing of

EV station users, and standards for the development of such stations [11].
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Figure 2.3. DC-coupled Charging Station
2.3 Challenges

Aside from the aforementioned disadvantages of the AC and DC-coupled systems, the
two systems require a connection to a three-phase supply of typically 480 V line-to-line
voltage, that is not normally accessible. Thus, a low-frequency MV/LV transformer
(LFT) is dedicated to supplying such stations and providing galvanic isolation. The
bulky LFT increases the size and cost of the system and adds complexity to the in-
stallation. It requires a con ned concrete foundation that increases the installation
costs, as well as, huge conductors and bulky protection instruments that increase the
total cost. Furthermore, the LFT cannot provide the fast response required by the
advanced grid control, it cannot control the reactive power, grid current harmonics,
or voltage regulation [9][11]. To address the aforementioned challenges, considerable
e orts have been devoted to exploring alternative solutions to the conventional LFT
in EV charging systems. One such promising alternative is the solid-state transformer

(SST), which has garnered signi cant attention in research and industrial elds. By
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adopting SST technology, it is anticipated that the limitations associated with the
existing charging infrastructure can be mitigated, paving the way for enhanced e -
ciency, reduced size and weight, and improved power quality in EV charging systems.

The SSTs will be reviewed in Chapter 3.

2.4 Summary

This chapter discussed the advancements and challenges in moving towards EVs.
E cient electric propulsion drivetrains along with the Li-ion battery technology have
made EVs more cost-e ective and energy-dense. However, EVs still face practical
limitations, such as shorter driving ranges compared to conventional gasoline vehicles
due to the lower energy density of batteries. The lack of a robust EV charging
infrastructure, especially for longer trips, is another challenge hindering widespread
EV adoption.

The chapter focused on EV charging methods and standards, classi ed into AC
Level 1, AC Level 2, and DC Charging. DC charging, with its fast, ultra-fast, and
high-power options, o ers quicker charging times and has become a popular choice.
Di erent standardized connectors for DC fast-charging systems are discussed. The
chapter also explored the con gurations of charging stations, comparing AC-coupled
and DC-coupled systems. While AC-coupled stations are more commonly used due to
available technology and standardization, DC-coupled systems o er advantages like
reduced complexity and higher system e ciency.

One of the key challenges facing the charging stations is the need for a three-phase

supply, which requires bulky low-frequency MV/LV transformers, adding complexity
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and cost to the infrastructure. E orts are being made to explore alternative solu-

tions, such as SSTs, to overcome these limitations and improve EV charging systems'

e ciency and power quality.
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Chapter 3

Solid-State Transformer (SST) and
its Applications in EV Charging

Stations

Solid-state transformer (SST), also known as power electronic transformer (PET)
or smart transformer, is an emerging technology that can replace the traditional
LFT in di erent applications such as smart grids, energy internet, induction heating,
traction systems, and EV charging stations [22][23]. It is a power electronic device
used for AC to AC and DC conversion at di erent ranges. It consists of multi-stage
power electronic converters isolated with a medium-frequency transformer (MFT)
or high-frequency transformer (HFT). It was rst proposed by Siemens with a 2
MW PET [24]. Compared to the LFT, SST has many advantages such as better
controllability, current limiting capabilities, higher e ciency at light load, reactive
power compensation, voltage regulation, bi-directional power ow and power ow

control, voltage sag compensation, fault current limiting, electrical isolation, and
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harmonic block [9][22][23]. While the main advantage is the size and weight reduction,
increasing the power density (kW/L) and speci c power (kW/kg). In [25], it is shown
that the three-phase SST has 80% lesser volume than an LFT. For the implementation
of SST to be cost-e ective, it is recommended to be with cascaded stages or multi-
level converters using low-voltage power switches instead of the simple two-level or

three-level converters that will require expensive high-voltage power switches [26].

3.1 Review and Applications

Solid-state transformers can be used for AC-to-AC conversion or AC-to-DC conver-
sion depending on the application. They can have di erent types and con gurations
to achieve the AC-to-AC conversion as shown in Figure 3.1 [27][28]. Type A is a sim-
ple AC-to-AC single-stage SST with galvanic isolation. Type B is a two-stage SST
comprising an initial AC-to-DC converter stage, followed by a DC-to-AC converter
stage, and an intermediate low-voltage DC bus (LVDC). On the other hand, Type C
is similar in structure to Type B with the di erence just in the intermediate DC bus,
which operates at a high voltage (HVDC) rather than low voltage, and the galvanic
isolation is performed in the second stage rather than the initial. Finally, Type D
comprises three conversion stages, AC-to-DC, DC-to-DC with galvanic isolation, and
DC-to-AC. Type D has both high-voltage and low-voltage intermediate DC buses
[22], [27]-[29]. Type A is a simple con guration that comes with a possible lower cost
and lighter weight. However, it requires the use of four-quadrant power devices, lacks
the intermediate DC bus which is necessary for reactive power compensation, and any
disturbances on one side can a ect the other side. Type A was used in literature for

di erent applications as the 2 kW PET in [30] for induction heating, and the 50 kW
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SST in [31] for industrial power supplies. Type B and Type C are both considered
two-stage SSTs that o er the DC link which makes the reactive power compensation
possible, but they still require four-quadrant switches for bidirectional ow [28].

The conversion stages can di er depending on the application as the 5 kW SST in
[32], where the rst stage is an AC-to-AC and the second is an AC-to-DC to achieve
an output DC link, and the 100 kW SST in [33], with an initial AC-to-DC stage
followed by a DC-to-DC stage. Type A and Type B have high switching losses, due
to the lack of zero-voltage-switching (ZVS) for a wide input range, which can only
be reduced by decreasing the switching frequency which leads to higher harmonic
components and lower e ciency. While this is avoided in Type C due to the high
voltage AC-to-DC conversion [28]. However, this type lacks the LVDC bus which is
needed for the integration of RES. This makes Type D, with both HYDC and LVDC
links and the exibility for optimizing the performance of all three stages, the most
attractive for SSTs in research and industry as in [34] and [35]. Table 3.1 compares
the functional capabilities among the di erent SST types [22]. This makes Type D,
with both HVDC and LVDC links and the exibility for optimizing the performance
of all three stages, the most attractive for SSTs in research and industry as in [34] and
[35]. Table 3.1 compares the functional capabilities among the di erent SST types
[22]. Table 3.2 gives the speci cations and con gurations of di erent SST designs in

the literature under di erent companies and labs [22].

3.2 SST-Based DC-Charging Stations

In the context of DC-charging stations, there is no requirement for the nal DC-to-

AC conversion stage, as it is possible to directly connect the chargers to the DC link,
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Figure 3.1: SST types (a) single stage, (b) two stages with LVDC link, (c) two
stages with HVDC link, (d) three stages.
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Table 3.1: Capabilities Comparison among SST Topologies

Type A Types B, C Type D

Bidirectional power Yes Yes Yes
Input current limiting No Yes Yes
Output current limiting No Yes Yes
LVDC link regulation N/A Good Very good
Reactive power support to the grid No Yes Yes
Output current limiting No Yes Yes
Modularity implementation Simple Complex Simple

getting a DC-connected charging station. This can be achieved using di erent SST
con guration types as shown in Figure 3.2 [11]. Type | is a single-stage SST that
consists of an AC-to-AC conversion stage followed by a medium-frequency transformer
and an AC-to-DC conversion stage to get the DC needed to be connected to the
charger's DC-to-DC converter used to get the desired DC voltage level for the EV
battery. The absence of an intermediate DC link on the input side eliminates the
PFC capability, reactive power compensation, and bidirectional power ow [11].

Type Il incorporates an LVDC link, achieved by utilizing an AC-to-DC converter
followed by a DC-to-DC converter. This con guration enables reactive power com-
pensation, facilitating the integration of renewable energy sources into the charging
station. Alternatively, Type Ill employs an AC-to-DC converter from the grid side,
resulting in an HVDC link instead of the LVDC link. The HVDC link in Type IlI
enables PFC, voltage regulation, bidirectional power ow, and Total Harmonic Dis-
tortion (THD) reduction [11]. However, it should be noted that renewable energy
integration is not feasible without the LVDC link present in Type II.

Type IV is a three-stage SST that combines both Type Il and Type Ill by having
both HVDC and LVDC links, enabling the PFC, THD reduction, voltage regulation,
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Table 3.2: Speci cations of Di erent SST Designs from Di erent Companies

Author Company Power Type Voltage Switch Voltage Frequency
Zg'c')gk[a; , Siemens 2MW D 15kv IGBT 12KV <10kHz
Steiner &

Reinold, Bombardier 400kW D 15kv  IGBT 45KkV 8 kHz
2007 [36]

Taug, Alstom 15MW D  15kV IGBT 65KV  5kHz
2007 [37] ' '

Grider et .
al., 2011 GE 1 MW D 13.8 SIC 10 kV 20 kHz
kV Mosfet
[38]
Wang et.

al, 2011 FRGEeEnDIM 20kW D 72kV IGBT 65kV 3 kHz
[39] [40]

Zhao et.
al, 2014 ABB 1.2MW D 15kv IGBT 65kV 1.75kHz

[41]
Wang et. ,
al, 2014 FREEDM 20 kw D 7.2 kV SIC 15 kV 40kHz
Gen I Mosfet
[40]
Huber et. sic
al, 2016 ETH 25 kW B 6.6 kV 1.7kv 50 kHz
Mosfet
[42]
Lai et. al, SiC
2016 [43] EPRI 25 kw D 15 kV Mosfet 1.2kv 93 kHz
Wang et. :
al, 2017 FEEE?I:V' 20kW A 7.2kV Mi'get 15KV 37 kHz
[44] [40]
Tian et.
al, 2018 Hubei Lab 2.4kVA D 10 kv IGBT 6.5kV 4 kHz
[45]

Saeed et. sic

al, 2018 ABB 105kW D 6 kV 1.2 kV 30kHz
[46] Mosfet
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Figure 3.2: SST-based EV charging stations con guration types

and bidirectional ow. Moreover, renewable energy integration is possible with the
availability of the LVDC link. The rst stage consists of an AC-to-DC recti er that
achieves the HVDC link while shaping the input current. A DC-to-DC converter
with MFT is used in the second stage for achieving the LVDC link, regulating the
power ow, and providing galvanic isolation. Finally, the third stage is a DC-to-
DC converter used to achieve the desired voltage level for charging the EV battery
[11]. Most SST designs use Type IV to enable all SST capabilities and features. An
additional signi cant advantage of Type IV is their inherent modularity, enabling the
series connection of input stages to enhance voltage-blocking capability, and parallel
connection of output stages to deliver the required high currents at desired voltage

levels. This modular design allows for scalability and exibility in adapting to di erent
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Table 3.3: SST-based fast charging stations prototypes

Input Output

Ref. Voltage [kv] Voltage [V] Power [kW] Type Capabilities
Bidirectional power
ow, instantaneous

[32] 33 380 > v voltage regulation,

PFC
Bidirectional power
[33] 10 750 100 \ ow, Low THD,
PFC
Bidirectional power
ow, grid voltage
[47, 48] 3.6 400 10 [l support, AC
systems decoupling
Bidirectional power
[49, 50] 3.8 400 25 v ow. PFC
low harmonic

[51] 8 400 25 v distortion, PFC

low THD, high

[52] 2.4 400 50 v power density, PFC
low current THD,

[53] 12.47 850 350 v PEC

[54]  4.8/13.2 1050 400 jy  Bidirectional power

ow, low THD, PFC

charging requirements [11]. Table 3.3 states the voltage and power ratings, types, and
featured capabilities of the SST-based charging station prototypes in literature [11].
A 3.6 kV, 10 kW single-module SST was built in [47, 48] using SiC MOSFETs
and junction barrier Schottky (JBS) diodes as shown in Figure 3.3. The AC-to-DC
conversion stage is done using a single H-bridge with an LCL lter for the grid-side
current regulation. The switching losses are reduced using a discontinuous unipolar
PWM modulation scheme, where only the leg which the Iter inductor current ows

into is being switched at 6 kHz and the other leg is having an ON device and the
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Figure 3.3: 3.6 kV, 10 kW SST-based EV charger [47]

Figure 3.4: 3.8 kV, 25 kW SST-based EV charger [49, 50]

other one OFF [47]. While the DC-to-DC stage comprises a dual half-bridge (DHB)
converter with a phase shift controller, owing to its simple structure and ability to
achieve zero voltage-switching (ZVS), getting a 400 VDC output.

Another SiC MOSFETs-based single-module SST design is implemented in [49, 50]
for interfacing with a 3.8 kV grid and rated at 25 kW as shown in Figure 3.4. This
design uses an integrated triangular current mode (iTCM) converter topology that
comprises an AC-to-DC full bridge recti er to achieve ZVS and reduce switching
losses [11][49]. The range of the switching frequency of the PWM leg varies from 35
to 75 kHz. This stage regulates the intermediate DC link voltage at 7 kV. While the
DC-to-DC stage uses an LLC resonant converter that achieves an output DC voltage
of 400 V. The system showed an e ciency of 99.1% at 25 kW.

A modular SST was proposed in [51] as shown in Figure 3.5. It distributes the 8 kV

input among 10 modules getting an input of 800 V on each cell. Each module consists
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Figure 3.5: 8 kV, 25 kW SST-based EV charger [51]

of an uncontrolled diode recti er bridge followed by two parallel combinations of a
unidirectional 3-level boost converter [11][51]. This active front-end (AFE) achieves
the PFC and regulates the intermediate DC link voltage at 1.4 kV. The isolated DC-
to-DC conversion stage uses two half-bridge LLC converters to achieve soft-switching.
The converter regulates the output voltage at 400 V. A drawback of the DC-to-DC
stage is, due to the mismatching of the two LLCs, the transformers' voltages are
unbalanced at light load.

Another 2.4 kV, 50 kW modular SST was proposed in [52] as shown in Figure 3.6,
with an uncontrolled diode recti er converting the AC to DC voltage which is then fed
into three multi-cell boost (MCB) modules to share the voltage among them. Each
MCB module comprises a 3-level boost converter, dc-link capacitors, NPC inverter,

high-frequency transformer, and output diode recti er. The 3-level boost converter
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Figure 3.6: 2.4 kV, 50 kW SST-based EV charger [52]

is used to achieve PFC and regulate DC link voltage at 1.6 kV. The output voltage is
regulated at 400 V using the half-bridge NPC-based DC-to-DC converter. The system
showed an e ciency exceeding 96% with THD less than 2% and a power factor higher

than 0.98.

3.3 Power Converter Topologies in SSTs

For Type IV SST-based EV charging stations, two converters are needed, that are AC-
to-DC and DC-to-DC converters. The rst stage is responsible for interfacing with
the MV grid while regulating the intermediate DC-link voltage at the desired value
and achieving PFC. While the second stage is responsible for the galvanic isolation,
regulating the output voltage at the desired value, and controlling the power ow.

Di erent topologies for each stage are discussed in the following sections.
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3.3.1 AC-to-DC Conversion Stage Topologies

The rst stage is a medium voltage converter that converts the MVAC to MVDC
while Itering out the reactive power and regulating the DC bus voltage. Di erent
methodologies are reported in the literature for this stage such as series-connected
LV switches, wideband gap switches, multilevel converters, and modular multilevel
converters [29]. Currently, common ratings of IGBTs are around 1700 V which makes
it not possible to connect them directly to the MV grid. Also, the 6500 V Silicon
switches are much more expensive than the 1700 V switches. A possible solution is
the series connection of these switches to achieve higher voltage-blocking capability.
However, this adds the challenge of dynamic voltage balancing due to the mismatch
in device leakage currents and requires additional snubber circuits [29][55]. Another
solution is using emerging wideband gap switches such as SiC MOSFETSs or SiC IG-
BTs. With the availability of 15-kV switches, they can be used for lower MV levels,
while for higher MV levels, they will still need to be connected in series which brings
out the same challenges of the series connection of Silicon devices. However, this
technology is not yet mature or available, and these devices are expensive. Addi-
tionally, the use of two-level bridges to reach MV levels introduces worse harmonic
performance compared to multilevel converters.

Multilevel converters are extensively used and studied in the literature nowadays
owing to their high-quality input current, high e ciency, and low volume and weight
[56][57]. They synthesize the sinusoidal waveform using several voltage levels. A
multilevel converter starts from three levels and as the number of levels goes higher,
the waveform quality gets better and closer to a sinusoidal waveform [56]. The most

widely used multilevel converter topologies in the literature can be classi ed into
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non-modular topologies such as Neutral point clamped (NPC) or diode clamped and
ying capacitor (FC), and modular topologies such as cascaded H-bridge (CHB), and

modular multilevel converter (MMC) [22][27][29][58][59].

Non-Modular Topologies
A. Neutral Point Clamped

The NPC or diode-clamped multilevel converter produces multiple voltage levels using
cascaded DC capacitors and clamping diodes as shown in Figure 3.7. It can be
con gured to produce up to ve voltage levels. However, it becomes complex, requires
a large number of switches and diodes resulting in higher conduction losses, and faces
challenges in capacitor voltage balancing [29][60]. It synthesizes the three voltage

levels using the following switching states:

" State fPg: The upper two switches in leg A 6, S;) are turned on and the
terminal voltage Vaz , which is the voltage between terminal A and the neutral

point Z, becomes +E.

State fNg: The lower two switches &3, S;) are turned on and the terminal

voltage Vaz becomes -E.

State fOg: The inner two switches G, S;) are turned on and the terminal
voltage is clamped to zero using the clamping diodeB (, D,). In this case, the

current ows in either D; or D, depending on the current direction.

The three-level topology is commonly used as it o ers reduced THD compared
to two-level bridges, high power density when implemented using SiC devices, and

high e ciency [22]. Another major advantage of this topology is the reduced blocking
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Figure 3.7: Three-level Neutral Point Clamped Topology

voltage requirement for the switches as it can be seen that the maximum blocking
voltage for each switch is E which is half the DC link voltage [60]. However, it is
not modular which makes it not scalable. Also, for higher voltage levels, NPC is
not recommended because of its complexity and higher losses, while, with the three

voltage levels, the Iter components' size gets larger.

B. Flying Capacitor

The FC is very similar to NPC in working principle, where the main di erence is that
the clamping diodes are replaced by ying capacitors as shown in Figure 3.8 [29][61].

The three voltage levels can be achieved as follows:

"~ State fPg: The upper two switches in leg A 8,, S,) are turned on and the
terminal voltage Vaz , which is the voltage between terminal A and the neutral

point Z, becomes +E.
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Figure 3.8: Three-level Flying Capacitor Topology

State fNg: The lower two switches &3, S;) are turned on and the terminal

voltage Vaz becomes -E.

State f Og: The upper switch S; along with S; are turned on and the DC link
will be connected to the load through ying capacitorC, that has the same
voltage magnitude but with di erent polarity achieving zero voltage. This can
be achieved using switcheS, and S, which gives voltage level redundancy that

can be used for control optimization [61].

The large number of capacitors in this topology allows voltage ride through during
short outages and voltage sags [29]. The FC topology can be more easily extended to
achieve higher voltage levels compared to NPC. However, it requires a large amount
of capacitors which tends to make the system bulky and expensive, as well as, the

shorter lifetime of capacitors requires more frequent system maintenance.
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Modular Topologies
A.Cascaded H-Bridge

The CHB is a modular multilevel converter that can be formed by connecting H-bridge
cells in series as shown in Figure 3.9. The cells are connected in cascade on the AC
side to achieve medium voltage operation and low harmonic distortion [60]. Each
H-bridge can generate three voltage levels using di erent switching combinations as

follows:

A~

+E: The diagonal switches &;, S;) are turned on getting a positive voltage on

the DC link capacitor.

Figure 3.9: Single-Phase N-level Cascaded H-Bridge Topology

34



M.A.Sc. Thesis { E. Younis McMaster University { Electrical and Computer Eng.

A

-E: The diagonal switches §,, S3) are turned on getting a positive voltage on

the DC link capacitor.

~ Zero: Turning on the upper two switches or the lower two switches or turning

o all switches get us the zero voltage.

Higher voltage levels per phase can be achieved by connecting more cells, following
the equation 2n+1, where m is the number of cells [56][60]. This topology requires the
least number of components to achieve the same number of voltage levels, has mul-
tiple redundant switching states that enable control optimization and fault-tolerant
operation, and it is modular, which in turn, reduces the cost and eases the layout and

packaging [56][61].

B. Modular Multilevel Converter

MMC is another modular multilevel topology that was rst proposed in [62]. It
has several submodules connected in series for each phase, where each submodule
is typically a half-bridge as shown in Figure 3.10. The submodule can have other
di erent designs such as full bridge, ying capacitor, and three-level [60]. These
designs o er more voltage levels per submodule and can output a negative voltage
that can help limit the fault current. However, the half-bridge submodule is the most
widely used as it has the least number of components, the simplest structure, and the
lowest conduction losses [60].

Each half-bridge submodule has two switchesS(,S?) that are operating in com-
plementary mode. WhenS,; is turned on, the submodule outputs a voltage of E.
Otherwise, the submodule is bypassed and outputs zero. This topology is modular

and requires no individual DC voltage supply as in CHB and uses oating capacitors
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Figure 3.10: Modular Multilevel Converter

instead [29]. However, it has a complex control system, requires a large number of
switches, and requires a bulky Iter on the DC side, hence higher cost compared to

CHB [22].

3.3.2 DC-to-DC Conversion Stage Topologies

The second stage is a DC-to-DC converter which is responsible for controlling the
power ow between the grid and the charging station, controlling the output voltage,
and achieving galvanic isolation using the medium-frequency transformer. This stage
deals with high current on the LV side and high voltage on the MV side which makes
it more challenging. This can be achieved using HV-rating devices or using several

cascaded modules to share the total power. The second solution has the advantages of
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lower electromagnetic interference (EMI) and the use of LV-rating devices [22]. Sev-
eral converters have been studied in the literature such as series resonant converters,

LLC resonant converters, and dual-active bridge (DAB) [22][29][63].

A. Series Resonant Converter

Resonant converters mainly have a DC-to-AC conversion stage followed by a resonant
tank and the transformer then, an AC-to-DC conversion stage to get back to the DC
voltage as shown in Figure 3.11. The H-bridge applies a square wave to the resonant
network which has the e ect of Itering the higher harmonic voltages. Consequently,
a sinusoidal current ows through the resonant tank allowing the use of classical AC
analysis techniques [64]. The recti er and load equivalent resistance to be used for

the AC analysis is as described by Equation 3.3.1 [64].

Re = %RL (3.3.1)
1
fi= —p—u 3.3.2
T Pre (3.3.2)
P —
L,=C
Qe = R; (3.3.3)
e

Series resonant converters (SRC) are designed to operate at or in the vicinity of
the resonant frequencyf, which is given in Equation 3.3.2 to achieve zero current
switching (ZCS) or ZVS. For this range of frequencies, it is assumed that the cur-
rent is sinusoidal with the fundamental harmonic which is called the rst harmonic

approximation (FHA). An important parameter in the design process is the quality
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Figure 3.11: Series Resonant Converter Topology

factor that is shown in Equation 3.3.3, wherd., is the resonant tank inductor,C; is
the resonant tank capacitor, andR; is the re ected output resistance to the primary
side. The quality factor describes how fast the resonant tank gain drops when de-
viating from the resonant frequency, where higher Q means faster voltage gain drop
when deviating from resonant frequency [65]. The overall voltage gain is the product
of the resonant tank gain and the transformer's turns ratio, where the resonant tank

gain can be calculated using simple voltage division as shown in Equation 3.3.4 [64].

Vo _ 1
Vin 1 + J [XerRe XCr:Re]

(3.3.4)

The operation at the resonant frequency or slightly lower and discontinuous cur-
rent mode (DCM) achieves zero voltage switching (ZVS) and the output diode achieves
ZCS which, in turn, makes it the most e cient point. Additionally, the series reso-
nant converter features low EMI owing to the smooth current shape [66]. However,
for the continuous conduction mode, it is recommended in [64] to work at frequen-
cies higher than resonant frequency to eliminate turn-on losses of the primary side
switches by achieving ZVS and removing the switching stress on the diodes in the
secondary bridge, while only the turn-o losses will be found but can be eliminated

using lossless snubber capacitors. The major challenge of using SRC is controlling
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the power ow. This can be solved by controlling the input voltage through the rst
stage of the SST, and the SRC will operate in an open loop which makes the system

simpler and reduces the number of sensors used [22][66].

B. LLC Resonant Converter

The LLC resonant converter proposed in [67] and discussed in detail in [68] is similar in
construction to the series resonant converter with the participation of the magnetizing
inductance L, as shown in Figure 3.12. The magnetizing inductance here is not
assumed to be very large but rather designed to have a low value using an air gap to
participate in the resonance. The LLC converter is designed to operate at or in the
vicinity of the resonant frequency to achieve ZVS. The advantages of LLC over SRC
are the capability of boosting the voltage, achieving ZVS over the full-load range, and
the voltage regulation under unloaded conditions [67][69][70].

For the LLC converter, new parameters are de ned alongside the quality factor
in Equation 3.3.3. These parameters are the normalized frequerigyand inductance

ratio L, as shown in Equations 3.3.5 and 3.3.6.

—

fo= W (3.3.5)
f
L

Qe = L—m (3.3.6)
r

Where f, is the switching frequency,f, is the resonant frequencyL, is the
magnetizing inductance, and., is the external resonant inductor.
Similar to the SRC, the overall gain of the LLC is the product of the resonant

tank gain and the transformer turns ratio. Using the simpli ed circuit of the LLC
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Figure 3.12: LLC Resonant Converter

topology and the FHA, the resonant tank gain can be found in Equation 3.3.7 [68].

VO JXLmJJRe
2 = Mag - _ :
g (X LaJiRe) + (XL, Xc,)

(3.3.7)

C. Dual-Active Bridge Converter

The DAB converter comprises two full-bridge converters connected to the medium-
frequency transformer with an inductor in-between as shown in Figure 3.13. The
intermediate inductor can be external or it can be included in the transformer design
by having a leakage inductance equal to the required inductance. The two H-bridges
are used to generate two phase-shifted square waves that are applied to the inductor
terminals getting a current to ow through the inductor. Similar to the operation of
two sinusoidal AC voltage sources connected through an inductor, the power ows in
DAB from the leading bridge to the lagging bridge [71].

The inductor plays a crucial role in reducing the losses as it, along with the
phase shifting, makes the current ow when the devices are turned o through the
output capacitance of the power devices and forward bias the power switches' body

diodes. This occurs during the deadtime allowing the switch to turn on while the
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Figure 3.13: Dual-Active Bridge Converter

diode is conducting achieving ZVS and eliminating the turn-on losses [72]. Di erent
control techniques for DAB have been discussed in the literature such as single-phase
shift (SPS) [73], dual-phase shift (DPS) [74], and triple-phase shift (TPS) [75]. SPS
is considered the most basic, simple, and widely used control strategy. It can be
achieved by applying a 50% duty cycle PWM to a bridge and another 50% PWM
signal to the other bridge but phase shifted with a ratid which is the only controlled
parameter [72]. The DAB can operate over a wide range of operating conditions with
high performance, eliminate the turn-on losses which, in turn, reduces the switching

losses drastically, and control the power ow with a simple control technique [22][76].

3.4 Case Study

An SST is designed for a 1.2 MVA, 4.16 kV charging station as illustrated in Figure
3.14. The system specications are detailed in Table 3.4. The system interfaces
with the 4.16 kV grid voltage using a CHB con guration, employing four H-bridge
cells per phase for the AC-to-DC conversion stage. The DC-to-DC conversion stage

is accomplished using a DAB topology. The three-phase input voltage is connected
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Figure 3.14: SST Con guration

to the CHB, consisting of four 1700 V IGBT-based H-bridges per phase in a Y-
con guration, maintaining the intermediate DC link voltage at 1000 V. The CHB is
chosen owing to its modularity, extendibility, minimization of power semiconductors,
and low harmonic distortion [77][78].

Each DC link capacitor is subsequently connected to a 100 kW DAB cell with a
medium-frequency transformer. The DAB cells' outputs are all connected in parallel
providing an output voltage of 800 V to be interfaced with the EV chargers. The
selection of the DAB con guration is based on its control simplicity, capability to
achieve ZVS for both the primary and secondary bridges, and bidirectional power
ow capability. The higher the frequency of the DAB, the smaller the size of the

transformer used, and the higher the switching losses. A switching frequency of 20
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Table 3.4: System Speci cations

Parameter Value

Input voltage (line-to-line) 4.16 kV

Power 1.2 MVA

Number of cells 4 cells/phase

CHB switching frequency 1 kHz
Line Frequency 60 Hz

High voltage DC link 1000 V
Output voltage 800 V

DAB switching frequency 20 kHz

Single DAB cell power 100 kw

kHz was chosen for the DAB to reduce the size of the transformer and limit the
IGBT switching losses. A comprehensive study is presented in Chapter 5 where the
frequency was swept from 20 to 50 kHz. The 20 kHz was chosen owing to the simple
cooling requirements. On the other hand, a typical switching frequency of 1 kHz was
chosen for the CHB as it is a 9-level converter which improves the THD and reduces

the input lter size, without the need for high frequency.

3.5 Design Challenges

The recti er and DC-to-DC conversion stages are mainly H-bridges that use IGBTs
as switches. To protect the recti er switches, the controller has to assure the volt-
age balancing of the dierent DC-link capacitors as if there is voltage unbalance,
the IGBTs will block di erent voltage and the voltage might reach the limit of the
switches. The voltage unbalance is mainly caused by the di erent loading conditions
on each capacitor, where the heavily loaded capacitor will have lower voltage than the

other capacitors. Accordingly, a voltage balancing controller that can achieve voltage
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balancing despite any power unbalances is needed.

The power unbalance is mainly caused by the mismatches in the DAB param-
eters, especially the leakage inductance. Also, the power unbalance may cause an
overcurrent on the DAB switches. Thus, a power balancing controller is also needed
to ensure power balancing with di erent DAB parameters and di erent leakage in-
ductances. With the power and voltage balancing controllers, the switches are all
going to face the same conditions.

Another challenge that has to be considered is the transformer design. The
medium-frequency transformer is the main contributor to the size and weight of the
converter. Therefore, there is a critical need for a design optimization methodology
to minimize the transformer's size and weight while simultaneously maximizing its
e ciency. This optimization process plays a crucial role in enhancing the overall

performance and feasibility of the solid-state transformer system.

3.6 Summary

The chapter discussed the emerging technology of SSTs and their applications in
EV charging stations. SSTs o er numerous advantages over traditional transformers,
including higher power density, better controllability, higher e ciency, bidirectional
power ow, and reactive power compensation. They are being considered for various
applications, such as smart grids, energy internet, induction heating, traction systems,
and EV charging stations.

The chapter explored di erent types of SST con gurations, ranging from simple

single-stage AC-to-AC converters to more complex multi-stage converters with high
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and low-voltage intermediate DC buses. For EV charging stations, SST-based DC-
charging stations are discussed, where SSTs directly connect the chargers to the DC
link, eliminating the need for an additional DC-to-AC conversion stage. Several SST
designs in the literature for di erent applications are discussed. Moreover, di erent
topologies for the AC-to-DC stage such as the diode-clamped converter, ying capac-
itor converter, cascaded H-bridge converter, and modular multi-level converters, as
well as, topologies for the DC-to-DC conversion stage such as series resonant convert-
ers, LLC resonant converters, and dual-active bridge converters, are presented and
compared for their suitability in SST-based EV charging stations.

Overall, the chapter emphasized the potential use of SSTs in EV charging stations
and optimizing power conversion processes, paving the way for more e cient and

sustainable charging infrastructure.
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Chapter 4

Voltage and Power Balance in SSTs

The con guration of the 3-phase 1.2 MVA, 4.16 kV SST is depicted in Figure 4.1.
To interface with the 4.16 kV MV grid, four cells of CHB per phase are utilized,
employing commercial 1700 V Si IGBTs to achieve 9 voltage levels. This con gura-
tion e ectively reduces the size of the input lter. Each CHB cell is responsible for
regulating the voltage of an intermediate DC-link capacitor at 1000 V. Subsequently,
each capacitor is connected to a DAB cell, which facilitates power ow control, output
voltage regulation at 800 V, and galvanic isolation through a 20 kHz MFT.
Addressing the key challenge of voltage and power balancing control in this de-
sign, two controllers are employed for each stage. This includes the average controller
and the voltage or power balancing controller. For the CHB stage, the average con-
troller regulates the average voltage of the intermediate DC-link while ensuring PFC.
Simultaneously, the voltage balancing controller controls each cell to achieve volt-
age balancing among the capacitors. In contrast, for the DAB stage, the average
controller regulates the output voltage, while the power balancing controller ensures

balanced power sharing among the DAB cells. This chapter discusses the average
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Figure 4.1: Proposed SST Design

controllers for both stages, the voltage balancing controller for the CHB, and the

power balancing controller for the DAB proposed in [77] and [79].

4.1 Rectier Control

The recti er stage is responsible for converting the 3-phase 4.16 kVAC grid voltage
into four 1000V DC-links per phase while controlling the input power factor using

the dq control. Applying dg-transformation, on the KVL on each phase as in 4.1.1
getting 4.1.2 [77].
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Figure 4.2: CHB Con guration
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Figure 4.3: CHB Average Controller

2 3 2 3 2 3 2 3
da
d
X 8 N A
dc
2 3 2 3 2 32 3 2 3
dﬁ"’% gz g bzl 4§ (4.1.2)
Vq ILs Rs g dq

Where i, Vabe, anc are the current, voltage, and duty cycle for each phase
respectively. Whileiqq, Vaq, duq are the dg components of current, voltage, and duty
cycle respectively, E is the DC-link voltagel s is the line inductance,Rs is the line
resistance, and is the line frequency in rad/s.

Using Equation 4.1.2, the average controller can be implemented as in Figure
4.3, where the average duty cycle is calculated for the bridges, while the nal duty
cycle is still to be calculated using the voltage balancing controller. The controller

consists of an outer-loop PI voltage controller followed byy and iq Pl controllers
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Figure 4.4: Voltage and Current dq Transformation

as shown in Figure 4.8. The function of the average controller is to regulate the
average voltage of the whole DC-link and to control the active and reactive power,
consequently, achieving power factor correction [77][79]. Using the 3-phase phase-
locked loop (PLL) in Figure 4.4 ensures that the d-axis is aligned with the voltage
vector, meaning that the peak of the voltage vector is in the d-axis direction, while
the g-axis components of the grid voltage are zero. Accordingly, the d-axis component
of the current represents the active current, and the g-axis component represents the

reactive current [79].

4.2 DAB Average Controller

The DAB is used for regulating the output 800V DC bus while isolating the output
using a high-frequency transformer. The DAB topology consists of two H-bridges
interfaced with a high-frequency transformer as shown in Figure 4.5 and controlled
using two phase-shifted square waves. Using the leakage inductance, the power can
ow in both directions from the leading bridge to the lagging bridge. The power can

be calculated as in 4.2.1 [79][80].
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Figure 4.5: Dual-Active Bridge

Figure 4.6: DAB Waveforms of (a) Leakage inductor and input current (b) Leakage
inductor and output current
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Figure 4.7: DAB Average Controller
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di1 d) (4.2.1)

where Vg and V2, are the primary and the secondary side voltages referred to
the input side respectivelyL is the leakage inductancef g, is the switching frequency,
andd is the ratio of time delay between the two bridges to half of the switching period
as shown in Figure 4.6.

The average controller shown in Figure 4.7 regulates the 800 V DC bus at di erent
loads by controlling the phase shift value. Using the small-signal analysis in [80], the
PI controller gains can be calculated to get the desired response. The output of the
PI1 controller is multiplied by Tg,=2 to get the actual time delay that will be applied

to the square wave of the primary bridge for the secondary bridge.

4.3 \Voltage Balance Controller

The average dq controller was used to achieve the required average voltage and control
the d and g current components, consequently controlling the active and reactive
power. With the power unbalance that may occur due to the parameters mismatches

in the switches or the DAB leakage inductances, voltage balancing control has to be
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used to ensure that capacitors' voltages are balanced. The voltage balancing control
adds 11 additional controllers to the average controller with 11 voltage sensors for
11 capacitors, where each controller compares the capacitor voltage to the reference
voltage derived from averaging all the capacitors' voltages as shown in Figure 4.8.
The output of each PI controller gives dy, where x is the number of the capacitor,
which is the change in the duty cycle from the average duty cycle driven from the dq
controller, and the addition of the average duty cycle with dy gives the total duty
cycle to be used for the controlled cell [77][79]. The last cell doesn't need a controller,

as its d can be derived using 4.3.1 [79].

dN = dn (431)

The voltage balancing controller is found to have some constraints on the power
unbalance. Thus, to ensure the voltage balancing works properly, the power unbalance
has to be within the limits according to 4.3.2 [79]. At rated conditions, the voltage
balancing controller can work with up to 34% load unbalance.

S
o P, E . Ll e 2
N_l Pn Vline NE

n=

(4.3.2)

where P1 is the power of one of the bridges, E is the DC-link voltage, Vline is the
line voltage, N is the number of bridges, and lline is the line current.

The output of the summation of the d component of the duty cycle and d is
used as the total d component of the duty cycle. The d and q components of the
duty cycle are transformed into the abc components, and for each cell, depending on

its phase, the a or b, or c component is used as the total duty cycle that is compared
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Figure 4.8: CHB Average and Voltage Balancing Controllers
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with the carrier waves as shown in Figure 4.8.

4.4 Power Balancing Controller

Due to the parameters mismatches, as in the leakage inductance, the DAB currents
di er resulting in power unbalance which causes di erent power losses in the DAB
cells and may exceed the limits of the switches and the voltage balancing controller
constraints [79]. Thus, a power balancing controller is implemented to ensure power
balancing between the parallel output DAB cells with di erent leakage inductances.
The average voltage controller regulates the output voltage by applying the re-
quired phase shift as previously discussed. The power balancing controller again adds
11 additional controllers with 11 current sensors for 11 DAB cells, where the DABSs'
currents are compared to the reference current which is also derived from averaging
the cells' currents. The currents are passed through low-pass lIters to Iter out the
high frequency ripples resulting from the high-frequency switching in the DAB cells.
The output of each controller is the change in the phase shift from the average phase
shift derived from the average controller. The last cell doesn't need an additional
controller, and its change in phase shift is derived using 4.3.1. Adding the average
phase shift derived from the average voltage controller and the change in phase shift
for each cell gives the total phase shift as in Figure 4.9. The power balancing control
ensures that the power unbalance constraint of the voltage balancing controller is
not surpassed, consequently, the capacitors' voltages are controlled at any loading

conditions and with di erent parameters mismatches.
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Figure 4.9: DAB Average and Power Balancing Controllers
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4.5 Simulation Studies

The solid-state transformer and the controllers were simulated using MATLAB Simulink.
The model parameters are given in Table 3.4. The model was tested with di erent
leakage inductances for the DAB cells, varying the inductance values by=+ 30%.
Moreover, the load was changed from 1 pu to 0.5 pu. The results of the simulation
with and without the power and voltage balancing controllers are given in Figures
4.10-4.20.

The e ectiveness of the average controllers can be observed in Figures 4.10 - 4.13,
where the DAB average controller successfully maintains the output voltage at 800
V under various loading conditions. Similarly, the CHB average controller achieves
a unity power factor by controlling the input current to align with the voltage, as
illustrated in Figure 4.14. However, a slight mismatch in the leakage inductance can
lead to imbalanced power sharing among the DAB cells, consequently impacting the
voltage balancing of the intermediate DC link capacitors, as depicted in Figures 4.18
and 4.15.

To address this issue, the voltage balancing controller is employed to stabilize and
equalize the voltages across the capacitors, as depicted in Figure 4.16. Furthermore,
the power balancing controller ensures the equal distribution of power among the
DAB cells, as shown in Figure 4.19. By utilizing both the power and voltage balancing
controllers, the capacitors' voltages achieve perfect balance, as demonstrated in Figure

4.17.
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Figure 4.10: Output voltage response at 1 pu

Figure 4.11: Output voltage response at 0.5 pu
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Figure 4.12: Output voltage response at 0.1 pu

Figure 4.13: Output voltage with load change from 1 pu to 0.5 pu
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Figure 4.14: SST input voltage and current in phase with load change from 1 pu to
0.5 pu

Figure 4.15: Capacitors' voltages without voltage or power balancing controllers
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Figure 4.16: Capacitors' voltages with only voltage balancing controllers and no
power balancing controllers.

Figure 4.17: Capacitors' voltages with both voltage and power balancing controllers
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Figure 4.18: DAB per unit powers without power balancing controllers

Figure 4.19: DAB per unit powers with power balancing controllers at 1 pu
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Figure 4.20: DAB per unit powers with power balancing controllers at 0.5 pu
4.6 Summary

This chapter discussed the voltage and power balance in SSTs, with a focus on a spe-
ci c 3-phase 1.2 MVA, 4.16 kV SST design. The con guration uses 4 CHB cells per
phase to interface with the 4.16 kV MV grid, employing 1200V IGBTs to achieve 9
voltage levels. Each CHB cell regulates the voltage of an intermediate DC-link capac-
itor at 1000 V, and subsequent DAB cells facilitate power ow control, output voltage
regulation at 800 V, and galvanic isolation. The chapter addressed the challenges of
voltage and power balancing control for the two stages.

The rst part of the chapter discussed the average controllers for the two stages.
The recti er control converts the 3-phase AC grid voltage into 1000V DC-links per
phase while controlling the input power factor using dq control. The average controller
is implemented using PI controllers for regulating the average voltage of the DC-link

and controlling active and reactive power. The DAB average controller is responsible
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for regulating the 800 V DC bus at di erent loads by controlling the phase shift value.
Additionally, a voltage balancing controller is employed to ensure that the capac-
itors' voltages are balanced. To achieve power balancing among the DAB cells with
di erent leakage inductances, a power balancing controller is implemented. The chap-
ter presented simulation results of the designed SST and its controllers, illustrating
the e ectiveness of the average controllers in maintaining output voltage and unity
power factor. The voltage and power balancing controllers successfully stabilize and
equalize the voltages across capacitors and ensure equal power distribution among
the DAB cells, achieving a balanced system under various load conditions and mis-
matches in parameters with 11 voltage sensors for the capacitors, 11 current sensors
for the DAB cells, a voltage sensor for the output voltage, and 2 current sensors for
the 3-phase input current as the third current can be deduced for such a balanced

system.
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Chapter 5

Developing a Design Methodology
for Medium-Frequency

Transformers for SSTs

The MFT is the main contributor to the DC-to-DC conversion stage and the whole
SST size and weight. Hence, an optimized design for the MFT is needed to improve
the power density. The commonly used design method in literature is the area product
(Ap) method, where the core is selected based on the core material losses limitation
[81]. The Ap is calculated by multiplying the window and the core area [82]. The
maximum magnetic ux density (Bmax ) iS Not optimized but rather chosen depending
on the operating frequency to limit the core losses from the core material loss curves,
which in turn increases the copper losses and total power losses for the used core
[81][83].

A more advanced method is proposed in [84] where g, iS optimized before

calculating the Ap. However, to optimize theBax, detailed core parameters and
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constants are needed which are not easy to obtain. Another method that uses the
geometrical constant K 4te), Where the Bmax is optimized with a reduced number of
needed parameters, can be used instead of the Area product method. The geometrical
constant is driven by di erentiating the total transformer losses and equating it to
zero to get its minimum [82].

In this chapter, a comparison between the design methods is done, and a tool
is developed with a database of conventional cores to select the core and design the
transformer to ease the design for the user. The tool is used to design the 100 kW,
20 kHz MFT to be used in the DAB for the second stage of the SST. The MFT is

then simulated on ANSYS Maxwell for veri cation of analytical calculations.

5.1 Transformer Design and Optimization Meth-
ods

The choice of core material in transformer design plays a pivotal role in determining
the overall performance of the transformer. Nanocrystalline materials feature desir-
able characteristics such as high saturation ux density and low core losses, enabling
the design of smaller magnetic components with enhanced e ciency [85]. However,
despite these advantages, the widespread adoption of nanocrystalline materials is
limited by their high cost and the limited availability of core shapes.

Consequently, in the design process, ferrite materials are considered. Ferrite ma-
terials o er low core losses and are available in many o -the-shelf core shapes, making
them readily available and cost-e ective compared to nanocrystalline materials. Their

widespread use and extensive availability in various core shapes make ferrite materials
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a practical choice for transformer design [81].

Various core materials from di erent manufacturers are considered for the trans-
former design such as 3C92, 3C94, and PE22 from Ferroxcube and TDK [86][87].
The Steinmetz coe cients and the materials' parameters are listed in Table 5.1. The
Steinmetz coe cients are extracted by tting the loss data given in the datasheets to
the Steinmetz equation 5.1.1 as shown in Figure 5.1. A large o -the-shelf E and U
cores database is used in the design process.

Pcore = Kte B Veore (5.1.1)

max

where

Kfe = kf

Figure 5.1: Extracted Steinmetz equation and datasheet plot
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Initial Bsat Density
Material K
Permeability  (T) (kg=n?)
3C92 1500 0.46 4800 0.5565 3.094
3C94 2300 0.38 4800 0.4684 2.735
PE22 1800 0.41 4800 0.683 2.491

Table 5.1: Materials' Parameters and Extracted Steinmetz Coe cients

5.1.1 Area Product Method

The area product method is commonly used in literature, it can be calculated by

multiplying the core and winding areas in Equations 5.1.2 and 5.1.3 getting Equation

5.1.4 which depends on the predetermined system parameters; voltayg)( period

(Ts), current (1), current density (J), and utilization factor (K,=0.3 0.7) [82][83].

However, the magnetic ux densityBnax IS not predetermined as the other parame-

ters. Hence, Bmax is chosen depending on the operating frequency to limit the core

losses to 10mW=cn?® from the core material loss curves [83]. From the calculated

Ap, the core with the same or the next largesfp can be used.

;
Voo

A= P2
¢ 2BmaxNp

— ZNPI p

A
YK

= 2 >P 10
2B max K yJ

Ap = Ac Ay
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Where A. is the core areaA,, is the winding areas,Ts is the switching period,
and N, is the primary number of turns. All areas are incm? to get an A, in cm®*.
After choosing the core, the primary number of turns can be calculated using 5.1.5

[82]. While the secondary number of turns can be calculated to achieve the desired

turns ratio.

1
=_—— 10 5.1.5
M= 2B Ac (5-1.5)

Z
1= vp(t)dt
where ; is the applied primary volt-seconds. Finally, the litz wire's strand diam-
eter is chosen depending on the operating frequency to reduce the skin e ect, while
the number of strands can be chosen by calculating the AC resistance fackgs using
Equation 5.1.6, and the number of layers needed from a litz wire to carry the current

based on the allowable current density [88][89].

FR: E:1+ (nN S)ng

Rac 192817 (5-1.6)

Where n is the number of turns, Ng is the number of strands,ds is the strand
diameter, b is the breadth of the conductor,&is the skin depth, is the resistivity of
the conductor (72 10 8 :m) for copper at room temperaturef is the frequency of
a sinusoidal current in the winding, and , is the permeability of free space (4 10 ’

H=m). All of b, ds, and &are in mm.
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5.1.2 Geometrical Constant Method

Instead of choosing théB .« to limit the core losses, the geometrical constant method
works on optimizing the transformer design by selecting the optimum ux density
to get the minimum transformer total losses. This can be obtained by taking the
derivative of the total losses and equating it to zero as in 5.1.7.

d I:)total d I:’copper d I:)core

= + =0 5.1.7
dB max dBmax dBmax ( )

where Piotal , Peopper, @and Peore are the total, copper, and core losses respectively.

The copper losses can be derived by substituting 5.1.5 in 5.1.8 getting 5.1.9

(MLT )n?I 2,

Pcopper = Itzot RWinding = WK (5.1.8)
A™Nu
212 MLT 1 ?
_ 0
Pcopper = K, WAAZ B (5.1.9
T (5.1.10)
tot — j L.
ni

i=1
where MLT is the mean length per turn,ly is the sum of the RMS winding cur-
rents referred to the primary winding,W, is the window area, is the wire e ective
resistivity, K. is the core loss coe cient, is the core loss exponent, ant, is the
magnetic path length.

While the core losses can be derived from the Steinmetz equation as in 5.1.11.

I:)core = Kfe BmaxAclm (5.1.11)
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Figure 5.2: Losses against Maximum Flux Density

Copper losses are inversely proportional to the magnetic ux density, while core
losses are directly proportional to the magnetic ux density which means there's an
optimal Bnax point that minimizes the total power losses as in Figure 5.2 [90]. After
calculating the optimal Bhax as in Equation 5.1.12 and substituting it in the Py
equation, one can get theK ge constant, as in Equation 5.1.13, which on the left
side depends on the core material and geometry only, while on the right side can be
calculated using the system parameters and the desir&g,, which can be calculated

using the desired e ciency [82].

2oz MLT 1 (52

5.1.12
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Weae D () .
mLrys?) 2 2 4K 4 (Prora ) )

(%)
il K

+2
fe

(2)# (i)_

= Kgfe

(5.1.13)

By calculating the K 4t¢ constant for the system, theB .y is optimized inherently.
Subsequently, the core with the same or the next largektqse should be chosen, then
the design process should be the same as in the previous method starting from the
number of turns step in Equation 5.1.5.

The developed MATLAB tool follows the owchart in Figure 5.3, where the user
inputs the system parameters, and the tool starts with the allowable total power
losses. Then, it gathers data on all available cores, and forms stacks of E cores from
U cores as shown in Figure 5.4, providing more core database. The tool examines
all possible cores withK 4 greater than the minimum Ky calculated based on
the system speci cations. Once a core with suitable properties is selected, the tool
ensures thatB,x doesn't exceed the saturation ux densityBsy. It then calculates
the number of primary and secondary turns, ensuring that the area needed doesn't
exceed the core window area. Finally, the tool calculates the e ciency and power
density for each design and establishes the objective function, which attempts to
maximize both parameters. To obtain the nal design, the tool calculates the AC
losses, allowing the selection of the appropriate litz wire and the number of layers.

The last step of a transformer design is to estimate the leakage inductance to
model the transformer with its parameters and compare it to the desired leakage
inductance if needed. The leakage inductance is distributed throughout the windings

of the transformer because of the primary ux that doesn't link with the secondary.
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Figure 5.3: Tool Flowchart
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Figure 5.4: Forming Stacks of E cores from U cores

Figure 5.5: Interleaved Transformer Con guration
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The leakage inductance can be signi cantly reduced by interleaving the primary and
secondary windings as shown in Figure 5.5 [91]. The leakage inductantg)(in
Henrys is shown as a lumped constant for simplicity and can be calculated as in

Equation 5.1.14 [91].

P
MLT)N2Z2 X
_(MLT)Np c+ b 10 ° (5.1.14)

L, =
P a 3

5.2 Medium-Frequency Transformers in Literature

In the literature, numerous MFT designs have been documented, showcasing a wide
range of voltage and power ratings, frequencies, core materials, and cooling meth-
ods. These diverse designs have been developed with the aim of achieving various
objectives, such as improved e ciency, enhanced power density, and minimized hot
spot temperatures. A 100 kW, 20 kHz nanocrystalline MFT is proposed in [92] for
an SST application. This transformer features an input voltage of 3500 V, and an
output voltage of 500 V, and is designed with insulation capabilities up to 14 kV.
Employing two air-cooled FINEMET-3TL magnetic cores and a custom-made bob-
bin, this design achieves an e ciency of 99.73%, a power density of 10.6 KW/L, and a
hot spot temperature of 639 C. Another 200 kW, 15 kHz was designed in [93] by the
same author for a photovoltaic (PV) inverter application. The transformer has both
primary and secondary side voltages working at 1300 V. Utilizing again the air-cooled
FINEMET-3TL magnetic cores, the design achieves a 99.84% e ciency with a power
density of 19.23 kW/L and a hot spot temperature 55C.

A 166 kW, 20 kHz MFT is presented in [94] and used in an SST application. The

transformer works at a primary voltage of 1000 V and a secondary voltage of 400 V.
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With the water-cooled nanocrystalline VAC VP500F magnetic core, the transformer
o ers a superior power density of 44 kW/L at an e ciency of 99.47% and a hot
spot temperature of 120C. Another design was proposed in [95] for a 166 kW, 40
kHz MFT for the same application. The primary and secondary voltages are 7 kV
and the insulation withstands 10 kV. Using an air-cooled E core assembled from 24
U126/72/20 of the ferrite 3C94 material, the transformer features an e ciency of
99.7%, a power density of 12.2 kW/L, and a hot spot temperature of 94C.

Another high-voltage insulated 80 kW, 43 kHz MFT is designed in [96] for MV
SST applications. It showed an insulation voltage of 42 kV. The transformer was
developed using air-cooled planar PC40 ferrite cores achieving a peak e ciency of
99.331% for the whole CLLC converter, with a power density of 21.1 kW/L for the
transformer, and a hot spot temperature of 102 C.

Also, a matrix core transformer is proposed in [97] for a 100 kW, 50 kHz MV DAB,
with both primary and secondary voltages working at 1000 V. With ten air-cooled
o -the-shelf Magnetics 0P49930UC ferrite cores, the transformer secures e ciency of
99.62%, a power density of 17.7 kW/L, and a hot spot temperature of 10®.

Moreover, a 1 kV, 200 kVA, 10 kHz air-cooled nanocrystalline core MFT is de-
signed and prototyped for a 10 kV, 2.5 MW SST in [98]. The transformer shows
an e ciency of 99.45%, a power density of 8 kW/L, and a hot spot temperature of
123 C. Finally, a 250 kW, 10 kHz air-cooled triangular nanocrystalline core MFT is
presented in [99]. The transformer features a primary side voltage of 900 V and a
secondary side voltage of 800 V. The design achieves an e ciency of 99.76%, a power

density of 4.9 kWI/L, and a hot spot temperature of 62 C.
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Table 5.2: Designs in Literature
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5.3 Case Study

A comprehensive investigation was conducted to examine di erent power levels and
frequencies for the MFT used in the SST design. The study involved sweeping the
frequency range from 20 kHz to 50 kHz, and considering two distinct power levels
of 100 kW and 150 kW with primary and secondary voltages of 1000V and 800V,
respectively. The results are tabulated in Table 5.3, where the total e ciency and
power density for each case are reported. Subsequently, a thorough design process was
carried out for both the 100 kW at 20 kHz and 150 kW at 50 kHz, with considerations
for total losses, power density, hot-spot temperature, and cooling requirements. The
150 kW at 50 kHz required a complex water-cooling system due to its higher hot-
spot temperature. It was determined that the 100 kW at 20 kHz transformer, with
speci cations as described in Table 5.4, was the optimal design choice. Consequently,
the single SST power cell was decided to work at 100 kW and 20 kHz.

For the 100 kW transformer, E and U cores with the three materials (3C92, 3C94,
PE22) were considered. Inputting the speci cations given in Table 5.4 to the tool,
one can get all possible cores that can serve the application with their e ciencies and

power densities as shown in Figure 5.6, where all possible U, E, and E assembled from

Design E ciency Power density
100 kW, 20 kHz 99.73% 29.63 kWI/L
100 kW, 40 kHz 99.8% 34.84 KW/L
100 kw, 50 kHz 99.79% 43.4 KW/L
150 kW, 20 kHz 99.78% 35.11 kWI/L
150 kW, 40 kHz 99.84% 45.15 kKW/L
150 kW, 50 kHz 99.83% 45.15 kKW/L

Table 5.3: Di erent Transformer Designs
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Parameter Value
Input Voltage 1000 V
Output Voltage 800 V
Transformer Ratio 1.25
Primary RMS Current 100 A
Secondary RMS Current 125 A

Table 5.4: Transformer Speci cations

U core designs are plotted, with the numbers written next to each E core assembled
from U cores representing the number of stacks for this design. Optimizing the
objective function for the designs as shown in Figure 5.7, the tool chose 3 stacks of E
core that are formed of 4 3C94 U93/76/16 each (12 U cores total) as in Figure 5.8. The
number of turns is chosen to be 15 for the primary and 12 for the secondary, utilizing
the 1050 strands of 36AWG litz wire. The transformer achieves a 108W core loss,
93W winding losses as depicted in Figure 5.9, and 29.63 kW/L power density. Two
winding layers are used for the primary side, while three are used for the secondary

side achieving anFg of approximately 1.06 as shown in Figure 5.10.

Figure 5.6: All Possible designs for 100 kW at 20 kHz
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Figure 5.7: Objective Function Plot

Figure 5.8: 100 kW Transformer 3D CAD Model
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Figure 5.9: Losses against Number of Turns

Figure 5.10: Number of Layers andrg for Di erent Litz wires

81



M.A.Sc. Thesis { E. Younis McMaster University { Electrical and Computer Eng.

5.3.1 Insulation Design

Typically, interleaving of the windings is avoided in the MV-rated transformer designs,
owing to the complexity, and added volume necessary to facilitate MV inter-winding
insulation between each of the interleaved layers [100]. However, for this application,
interleaving and non-interleaving were both studied and compared in terms of insula-
tion and losses. Non-interleaving winding con gurations add more losses due to the
proximity e ect as shown in Figure 5.11 where the current is distributed in the inter-
leaved con guration among all windings, while it is concentrated in the interfacing
winding layers in the non-interleaved con guration. To estimate the added losses due
to the skin and proximity e ects, AC resistance factorFr can be calculated using
Equation 5.1.6 for both casesFr was found to be 1.1 and 2.98 for the interleaving
and non-interleaving cases respectively. For the non-interleaving casg, was esti-
mated using Ansys Maxwell simulation as it will be more accurate compared to the
value obtained from Equation 5.1.6. It can be seen that AC losses were drastically

reduced using the interleaving con guration.

Figure 5.11: Current distribution among winding layers in a) Non-interleaved
winding con guration b) Interleaved winding con guration

82



M.A.Sc. Thesis { E. Younis McMaster University { Electrical and Computer Eng.

However, insulation design must be considered to use the interleaving con gura-
tion. Since there is no speci c insulation standard for MFT, the IEEE std. C57.12.01
standard [101] for LFT design is referred to in the insulation design [102]. The MFT
primary voltage is 1 kV, which corresponds to a 4kV voltage insulation level according
to Table 5.5 from the standard. The insulation design involved two considerations:
the electric eld and material for the bobbin responsible for insulation between the
primary and secondary windings and the core, and the electric eld and insulation
material between the winding layers. Di erent materials were considered for the bob-
bin and tabulated in Table 5.6 [102][103]. Nylon 12, which o ered the best insulation
performance with a dielectric strength of 26 kvV/mm, was chosen to be the 3D print-
ing material for the bobbin. The bobbin thickness was decided to be 1.2mm which
gives an electric eld of 3.33 kV/mm which is less than the dielectric strength of the
material. A 2 mil Kapton tape, with a dielectric strength of 240 kV/mm [104], was
chosen for insulation between the winding layers. For the worst case, where only 2
mils are separating the winding layers, a 78.74 kV/mm electric eld will be applied
which is less than the material's dielectric strength. A more signi cant gap, 1 mm,

between the layers was chosen for a safer design as depicted in Figure 5.12.
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Nominal L-L System Voltage (kV) Voltage Insulation Level (kV)

0.25 2.5
0.6 3
1.2 4
2.5 10
5 12
8.7 20
15 34
18 40
25 50
34.5 70
46 95
69 140

Table 5.5: Voltage Levels Insulation Requirements

Material Dielectric Strength Dielectric Constant High Working Temperature

Nylon 12 26 kV/mm 3 187C
PC 15 kV/mm 2.9 130C
ABS 16.7 kV/mm 2.87 100C

Table 5.6: Transformer Bobbin Material Candidates

Figure 5.12: Electric Field on Ansys Maxwell
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5.3.2 Hot Spot Temperature

In transformer design, a crucial factor to consider is the hot spot temperature, which
should be within the allowed temperature limit depending on the core material. Fur-
thermore, keeping the speci c power losses at a minimum necessitates maintaining
the temperature between 80 and 10CQ. To ensure that the design satis es these
requirements, the transformer was subjected to a simulation using Ansys Icepak soft-
ware, and an air ow of 2 m/s was applied, which comes from the main converter fan.
The simulation revealed that the hot spot temperature was at 99°C, as depicted in
Figure 5.13, while the maximum temperature for the 3C94 is 220. Thus, the design

successfully achieved the desired temperature range.

Figure 5.13: Hot Spot Temperature on Ansys Icepak
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5.3.3 Conventional Area Product Design Method

Using the conventional area product method, another transformer was designed. The
application required a minimum area product of 125&m* to operate at a maxi-
mum ux density of 0.25 T that maintains the 100 mW=cn? core losses. To meet
these requirements, a con guration of three stacks of an E core assembled from four
UU101X115X25 cores made of the PE22 material from TDK (total of 12 cores) was
chosen, resulting in an area product of 126ém*. The number of turns was deter-
mined to be 15 for the primary winding and 12 for the secondary winding. The
primary winding consisted of ve layers, while the secondary winding comprised six

layers, utilizing the 420/36 Litz wire.

Figure 5.14: Optimized and Conventional Transformer Designs
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Analytical calculations for the transformer indicated core losses of 87.27 W and
copper losses of 161.04 W, resulting in a total loss of 248.3 W. In comparison, the
optimized method yielded total losses of 201.2 W, resulting in a 0.04% higher e -
ciency. By comparing the size and weight of both transformers as shown in Figure
5.14, it was observed that the optimized transformer exhibited a 22.7% higher power
density [KW/L] and a 26% higher speci c power [KW/kg]. These results highlight
the superior performance and compactness achieved through the optimized design
approach.

The transformer is compared to the latest published high-power MFT designs in
literature and listed in Table 5.7. The proposed design with the optimized method and
the interleaving con guration shows superior e ciency and power density compared

to the literature.

5.4 Summary

This chapter focused on developing a design methodology for MFTs used in SSTs.
The MFT plays a crucial role in the DC-to-DC conversion stage and signi cantly

a ects the overall size and weight of the SST. The conventional design method using
the area product (Ap) method is analyzed and compared to an optimized method
based on the geometrical constant{ye). The Ky method aims to minimize total
transformer losses by selecting the optimal magnetic ux densityB(max ). A MATLAB

tool is developed with a database of ferrite cores to facilitate the transformer design
process for users. The tool considers factors like e ciency, power density, and hot
spot temperature while selecting the appropriate core material and geometry. The

chapter also presented a case study where a 100 kW, 20 kHz MFT is designed using
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the developed methodology.

Several transformer designs from the literature are discussed, showcasing a wide
range of power ratings, frequencies, core materials, and cooling methods. These
designs demonstrate di erent transformer speci cations, e ciencies, power densities,
and hot spot temperatures. The proposed MATLAB tool enables the selection of the
most suitable transformer design based on the speci c system requirements, o ering
e cient and optimized MFT designs for SST applications. The designed transformer
using the MATLAB tool showed superior e ciency and power density compared to

the designs in literature.
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Table 5.7: Designs in Literature
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Chapter 6

Experimental Results

Two scaled-down 5-kW transformers with the speci cations listed in Table 6.1 are
designed for the proof of concept, using the tool and the area product method to
compare the two methods in terms of e ciency, power density (KW/L), and speci c
power (kW/kg). Using the area product method, a double stack of E65/32/27 of
material 3C92 from Ferroxcube was chosen to maintain the 100W=cn? core losses.
Through a study on total losses versus the number of turns as in Figure 6.1, it
was determined that the primary side should have 6 turns, while the secondary side
should have 20 turns (with an additional turn accounted for estimated voltage drops,
resulting in a total of 21 turns).

Further analysis was conducted to select the appropriate Litz wire and the num-
ber of layers for both the primary and secondary sides. Three main options were
considered: (1) using 165/36 Litz wire for both primary and secondary, (2) using
105/36 Litz wire for both, and (3) using 165/36 for the primary and 105/36 for the
secondary as shown in Figure 6.2. Comparing the utilization factor and the imple-

mentation complexity in Table 6.2, it was determined that utilizing both types of Litz
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Parameter Value
Input Voltage 120 V
Output Voltage 420V
Transformer Ratio 3.5
Primary RMS Current 41.67 A
Secondary RMS Current 125 A

Table 6.1: 5 kW Transformer Speci cations

Figure 6.1: Losses against Number of Turns for the 5 kW Transformer

wire yielded the best results. The transformer was then implemented accordingly as
shown in Figure 6.3 and tested using the Bode 100 network analyzer to get its gain,
magnetizing inductance, and primary and secondary resistances as depicted in Figure
6.4.

The transformer exhibited a voltage gain of 3.5, precisely matching the desired
voltage gain of 420/120. The magnetizing inductance was measured to be 35617,
which falls within the analytically expected range of 324H to 540 H . The perme-

ability of the core material was subject to at 20% tolerance, and the Ansys simulation
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Figure 6.2: Di erent Winding Con gurations

Table 6.2: Winding Con gurations Comparison

Combination of

105/36 165/36 165/36 and
105/36
Copper Area Ratio  28.14% 22% 24.9%
Total Wire Ratio 39.8% 24.7% 31.8%
Complex to have one .
Easiest

Winding
Implementation

Hardest inding split into two layers

Figure 6.3: 5 kW Transformer using Area Product Method
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