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The increasing demand for high-power charging has accelerated the transition from
conventional 400 V architectures toward higher DC voltage systems such as 800 V, 1200 V
and 1500 V. While higher DC voltage reduces charging current and associated conduction
losses, it also introduces increased switching losses and higher semiconductor voltage stress.
Therefore, the influence of higher DC voltage on overall charging-system efficiency requires
systematic evaluation.

This thesis investigates the effect of higher DC voltage levels on the efficiency of high-
power charging systems operating under equal-power conditions. A simplified system-level
analytical model of a high-power DC fast charging system with an isolated Dual Active
Bridge (DAB) converter was developed in MATLAB/Simulink. The model employs an
averaged loss approach to evaluate current magnitude, conduction losses, switching losses
and overall system efficiency across voltage levels ranging from 400 V to 1500 V at a fixed
charging power of 300 kW.

The results demonstrate that increasing the DC voltage level significantly reduces output
current and associated thermal stress, with the current decreasing from 750 A at 400 V to
200 A at 1500 V. Overall efficiency improved from approximately 97.5% to 99%; however,
the improvement became progressively smaller at very high voltage levels due to increasing
switching-related losses. The analysis identified the most favourable operating region near
1200 V, where the reduction in conduction losses was most effectively balanced against
voltage-dependent switching losses.

The findings indicate that higher-voltage architectures can improve power density and
reduce current stress in ultra-fast charging systems, while also increasing voltage-related
design complexity. The study provides a structured analytical framework for voltage-level
selection in future high-power charging infrastructure.
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1 Introduction

1.1 Background and Motivation

The electrification of transportation and mobile energy systems has accelerated significantly
over the past decade. The transition toward electric mobility is driven by decarbonization
targets, advancements in battery technology and the growing demand for high-performance
charging infrastructure. As charging power levels continue to increase, the efficiency and
electrical design of high-power charging systems have become critical engineering

challenges.

High-power charging systems are no longer limited to conventional passenger electric
vehicles. They are increasingly relevant in broader e-mobility applications, including electric
buses, heavy-duty trucks, construction machinery, marine vessels and other mobile electric
platforms. These applications require rapid energy transfer at power levels ranging from
hundreds of kilowatts to the megawatt scale. As charging power increases, electrical current
becomes a dominant design constraint affecting losses, thermal performance, cable sizing

and converter stress.

Earlier generations of battery-electric systems commonly adopted 400 V Direct Current
(DC) architectures. However, as charging power increased, the resulting current levels

became excessively high. According to the fundamental electrical relationship:
P =UXI (1)

For a fixed charging power, a lower DC voltage requires proportionally higher current. This
equation represents a main constraint in electrical energy transfer. Figure 1 illustrates the
conceptual effect of increasing DC voltage on output current at constant charging power,

showing that higher DC voltage significantly reduces the required output current.
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Figure 1. Conceptual effect of increasing DC voltage on output current at fixed charging

power (300 kW)

Since resistive (Joule) losses scale with the square of current, the conduction losses in

conductors and semiconductor paths can be expressed as:
Pioss = I> X R ()

Therefore, reducing current through higher DC voltage operation significantly decreases
conduction losses and thermal loading. These limitations have motivated the industry-wide
transition toward higher low-voltage DC levels, most notably 800 V architectures, with

ongoing developments toward 1200 V and 1500 V systems.

Recent technical literature has studied various aspects of high-power charging systems,
including converter topologies, wide-bandgap semiconductor devices and fast-charging
strategies (Yilmaz and Krein, 2013; Safayatullah et al., 2022; Arena et al., 2024). Several
studies have highlighted that increasing DC voltage reduces current-dependent losses and
enables improved power density. At the same time, higher voltage levels introduce new
technical challenges related to insulation coordination, semiconductor switching losses,

device voltage ratings, electromagnetic compatibility and safety standards.

While many publications discuss converter architectures or grid integration issues
independently, fewer studies provide a structured system-level comparison of how higher
low-voltage DC levels affect overall charging-system efficiency under equal power
conditions. In particular, the technical justification for extending charging architectures
beyond 1200 V toward 1500 V DC remains insufficiently quantified in terms of current

reduction, loss redistribution and total system efficiency.
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Moreover, high-power charging systems consist of multiple power-electronic stages,
typically including an alternating current-direct current (AC-DC) interface, a DC-link
capacitor and an isolated DC-DC conversion stage that supplies a controlled output voltage
to the mobile electric system. Therefore, the overall efficiency of a charging system is not
determined solely by cable losses, but by the combined behaviour of conduction, switching,
magnetic and voltage-dependent semiconductor characteristics throughout the conversion

chain.

From a system-engineering perspective, the main question is not only whether higher DC
voltage reduces current, but whether the total efficiency gain justifies the increased voltage
stress, insulation requirements and device constraints. This question becomes particularly
relevant as industry standards and practical voltage limits approach 1500 V DC in various

e-mobility and industrial power applications.

The motivation for this thesis arises from the need for a clear analytical evaluation of how
higher low-voltage DC levels affect current magnitude, loss mechanisms, and overall
efficiency in high-power charging systems for mobile electric applications. By focusing on
steady-state operating conditions and a defined reference topology, this study aims to
quantify the technical benefits and trade-offs of 1200 V and 1500 V DC architectures under
equal-power conditions. Such analysis supports the design of next-generation high-power
charging infrastructure for e-mobility systems, providing engineering insight into when
increasing DC voltage offers measurable improvements and when practical limitations may

constrain achievable gains.

1.2 Research Problem and Objectives

1.2.1 Research Problem

Despite ongoing developments in high-voltage EV charging systems, the system-level
impact of increasing DC voltage from 1200 V toward 1500 V under equal-power operating
conditions remains insufficiently understood. Specifically, the trade-off between current
reduction, loss behaviour and overall charging-system efficiency requires further analytical

evaluation within a clearly defined reference topology.



11

Therefore, the main research problem addressed in this thesis can be formulated as follows:
How does increasing the low-voltage DC level toward 1200 V and 1500 V affect current
levels, loss mechanisms and total efficiency in high-power charging systems operating under

equal-power conditions?

1.2.2 Research Objectives

To address the defined research problem, this thesis pursues several interconnected
objectives. First, it analyses the relationship between DC voltage level, output current and
power flow under steady-state conditions. Second, it defines a representative DC fast-
charging architecture and analytical model by specifying its operating ratings, system
boundaries and modelling assumptions. Third, the study quantifies the effect of DC voltage
level on current magnitude by comparing representative voltage architectures from 400 V to

1500 V under equal charging power conditions.

Furthermore, the study performs a structured analytical loss evaluation of the selected
charging topology by considering conduction losses, switching losses, magnetic and passive
component losses, as well as cable and interconnection losses. Based on this framework, the
total steady-state system efficiency is evaluated at different DC voltage levels while
maintaining identical operating power for consistent comparison. Finally, the thesis assesses
the technical justification for extending charging architectures toward 1500 V. DC by
determining whether the transition from 1200 V to 1500 V provides meaningful efficiency
improvement when considering device voltage stress, insulation constraints and practical

design trade-offs.

The expected contribution of this thesis is a structured, system-level analytical comparison
of higher low-voltage DC levels in high-power charging systems. By isolating the influence
of voltage level under clearly defined modelling conditions, the study provides engineering
insight into the trade-offs between current reduction and voltage-related design limitations

in future high-power charging infrastructure.
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1.3 Scope and limitations of the thesis

This thesis focuses on the system-level efficiency analysis of high-power charging systems
operating at different higher low-voltage DC levels under equal-power conditions. A
representative DC fast-charging architecture consisting of an AC-DC interface, DC-link
capacitor and an isolated DC-DC stage is used as the basis for analytical evaluation of current
magnitude, dominant loss mechanisms and overall system efficiency. The study is limited
to steady-state operating conditions and uses simplified averaged models to provide a

consistent analytical comparison framework.

The scope of the study excludes detailed electromagnetic modelling, transient analysis,
switching waveform-level simulations and electrochemical battery modelling. In addition,
control dynamics, grid disturbances, insulation coordination design, detailed semiconductor
selection, mechanical constraints and regulatory compliance aspects are not considered.
Therefore, the results provide a structured system-level efficiency evaluation based on
analytical loss modelling rather than a complete hardware implementation or experimental

validation.

1.4 Structure of the thesis

This thesis is organized to progressively develop a structured analytical evaluation of higher
low-voltage DC architectures in high-power charging systems. Following the introduction,
Chapter 2 establishes the technical context by reviewing the evolution of DC voltage levels
and the drivers behind higher-voltage architectures. Chapter 3 defines the methodology and
the selected reference topology, including modelling assumptions and system boundaries.
Chapter 4 formulates the analytical relationship between voltage, current and power under
steady-state conditions. Chapter 5 presents the loss analysis and evaluates system efficiency,
including a comparative assessment of 1200 V and 1500 V DC architectures under equal
power conditions. Finally, Chapter 6 summarizes the key findings of the study and outlines

future research directions.
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2 Evolution of DC Voltage Levels in High-Power Charging Systems

2.1 Overview of high-power DC charging systems

High-power DC charging systems are designed to transfer large amounts of electrical energy
to mobile electric platforms within short time intervals. These systems are increasingly
deployed in applications including passenger electric vehicles, heavy-duty trucks, electric
buses, industrial machinery, marine vessels and other high-energy mobile systems. As
charging power levels increase, the electrical architecture and efficiency of the charging

system become critical design considerations.

Unlike low-power AC charging, high-power DC charging typically employs off-board
power conversion. In such systems, the grid-side AC power is converted into a controlled
DC voltage within the charging station and delivered directly to the mobile electric system.
This architecture reduces the size and complexity of onboard conversion hardware while

enabling significantly higher charging power.

A typical high-power DC charging system consists of three main functional stages: an AC-
DC conversion stage, a DC link capacitor and an isolated DC-DC conversion stage. The AC-
DC stage, often implemented as an active front end (AFE) rectifier, converts the three-phase
grid supply into a regulated DC-link voltage while maintaining near-unity power factor and
low harmonic distortion. The DC link provides voltage stabilization and energy buffering
between conversion stages. The isolated DC-DC stage then adapts the DC-link voltage to
the required output voltage level while providing galvanic isolation and controlled current

delivery.

At high-power levels, several design constraints become dominant. First, the relationship (1)
implies that, for a given charging power, lower DC voltage results in higher current. High
current increases conduction losses in semiconductor devices, cables and busbars due to the
quadratic dependence of Joule losses on current, as expressed in (2). Second, elevated
current levels increase thermal stress, require larger conductor cross-sections and impose
practical limitations on connector and cable design. Third, switching losses and magnetic

losses become increasingly significant as converter ratings scale upward.
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Modern high-power DC charging systems typically operate at power levels ranging from
150 kW to 350 kW in commercial applications, while ongoing developments target 500 kW
and megawatt-class charging. To support these power levels without excessive current,
charging architectures have progressively transitioned to higher DC voltages. This transition

enables lower current, improved power density and more manageable thermal performance.

However, increasing the DC voltage level also introduces new challenges. Higher-voltage
operation affects semiconductor voltage ratings, insulation coordination, electromagnetic
compatibility and safety design requirements. Thus, high-power DC charging systems must

balance the benefit of current reduction against voltage-related design constraints.

From a system perspective, the overall efficiency of a high-power DC charging system is
determined by the cumulative losses across all conversion stages. These losses include
semiconductor switching losses, magnetic component losses, interconnection losses and
auxiliary power consumption. Consequently, voltage-level selection must be evaluated at

the system level rather than only from the perspective of cable-current reduction.

2.2 Transition from 400 V to Higher Low-Voltage DC levels

The voltage architecture of high-power charging systems has undergone a significant
transition in response to increasing power demands in electric mobility applications. Early
battery-electric vehicles and associated charging infrastructure were mainly based on 400 V
DC systems, which were sufficient for moderate charging power levels. However, as
charging power requirements have increased toward several hundred kilowatts and beyond,
these conventional voltage levels have become increasingly constrained by electrical and

thermal limitations (Yilmaz and Krein, 2013).

The primary driver of this transition is the relationship between power, voltage and current,
as defined in (1). At constant power, increasing the DC voltage level reduces the required
current proportionally. Since current-dependent losses follow the quadratic relationship
given in (2), high current levels in 400 V systems result in significant conduction losses,
increased thermal stress and the need for larger conductors and interconnections. These
limitations make low-voltage architectures increasingly inefficient for high-power charging

applications.
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This trend is widely supported in the literature. Several studies have shown that increasing
DC voltage reduces current stress and associated conduction losses, thereby improving
overall system efficiency and power density (Zhou et al., 2023; Khalid et al., 2021). Higher-
voltage architectures enable reduced cable losses, improved thermal performance and more

efficient energy transfer in high-power charging systems (Acharige et al., 2023).

The transition toward higher voltage levels is already evident in modern EV platforms.
While 400 V systems were historically dominant, 800 V architectures have been increasingly
adopted to support higher charging power without excessive current levels (Yuan et al.,
2020). More recently, developments in ultra-fast and megawatt-class charging systems have
extended this trend toward 1000 V, 1200 V and 1500 V DC architectures, particularly in
applications requiring very high-power capability (Arena et al., 2024; Valedsaravi et al.,
2022). To illustrate the practical impact of increasing DC voltage levels, Table 1 presents a

comparative overview of typical voltage architectures at a fixed charging power of 300 kW.

Table 1. Comparison of DC voltage levels in high-power charging systems at 300 kW

DC Voltage Typical Output Current Main Key
Level Applications at 300 kW Advantages Limitations
400 V Early EV 750 A Mature Very high
architectures technology, current, high
lower conduction
component cost | losses, thermal
stress
800V Modern 375 A Reduced Higher system
passenger EVs current, cost, increased
improved voltage stress
efficiency and
better thermal
performance
1000-1200 V Emerging high- 300-250 A Lower current, | Higher device
power systems improved voltage rating,
power density, | insulation
reduced cable requirements
losses
1500 V Future high- 200 A Minimum Increased
power and current, highest | switching
megawatt-class power density, | losses and
systems reduced insulation
conductor size | complexity
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As shown in Table 1, increasing the DC voltage level significantly reduces the output current
at a fixed charging power. This reduction directly reduces current-dependent conduction
losses, thereby improving thermal performance and system efficiency. At the same time, the
table highlights that higher-voltage architectures impose increasing technical constraints on

component voltage ratings, insulation requirements and system complexity.

In addition to reducing current, higher DC voltage levels also influence the performance of
power electronic converters. Studies on Dual Active Bridge (DAB) based fast-charging
systems have demonstrated that higher-voltage operation can improve converter efficiency
by reducing conduction losses and enabling more favourable operating conditions,
particularly when the voltage ratio between converter stages approaches unity (Yasko et al.,
2025; Amin et al., 2025). These findings indicate that voltage level selection affects not only
external system components such as cables, but also internal converter loss mechanisms and

efficiency characteristics.

However, increasing the DC voltage level introduces new technical challenges. Higher-
voltage operation increases electrical stress on semiconductor devices, requiring components
with higher voltage ratings and potentially affecting switching behaviour and loss
distribution. In addition, insulation coordination, safety requirements and electromagnetic
compatibility constraints become more critical as voltage levels increase (Zhang et al., 2024;
Rajendran et al., 2021). These factors introduce important trade-offs that must be considered

in the design of high-power charging systems.

From a system-level perspective, the transition from 400 V to higher low-voltage DC levels
is therefore driven by the need to balance current reduction and efficiency improvement
against voltage-related design constraints. While higher voltage reduces current-dependent
losses and improves power density, it also increases system complexity and design
requirements. This transition provides the foundation for the present study, which evaluates
how increasing DC voltage levels, particularly from 1200 V to 1500 V, affect current

magnitude, loss mechanisms, and overall system efficiency under equal-power conditions.
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2.3 Technical and efficiency drivers for 1200V and 1500V DC architectures

The increasing demand for ultra-fast and high-power charging systems primarily drives the
transition toward higher low-voltage DC architectures beyond 800 V. As charging power
levels extend into the several-hundred-kilowatt range and approach megawatt-class
operation, conventional voltage levels become increasingly impractical due to excessive
current requirements and associated losses. Consequently, voltage levels in the range of
1200 V and 1500 V have emerged as potential solutions for enabling efficient high-power

energy transfer.

One of the most significant technical drivers for adopting 1200 V and 1500 V architectures
is the reduction of current at high-power levels. As established in (1) and (2), higher DC
voltage enables lower current for the same power, resulting in a substantial reduction in
conduction losses across cables, connectors and semiconductor devices. This effect becomes
increasingly important at high-power levels, where current-related losses dominate system
inefficiency. Several studies have confirmed that higher DC voltage levels significantly
reduce current stress and improve overall system efficiency, particularly in high-power

charging applications (Zhou et al., 2023; Khalid et al., 2021).

In addition to reducing conduction losses, higher-voltage architectures improve power
density and thermal performance. Lower current levels allow smaller conductor cross-
sections, reducing cable size, weight and cooling requirements. This is particularly relevant
in high-power charging systems, where thermal management and physical infrastructure
constraints are critical design considerations (Acharige et al., 2023; Sawant and Zambare,

2024). As a result, increasing DC voltage enables compact and scalable charger designs.

Another important driver is the efficiency behaviour of power electronic converters
operating at higher voltage levels. In isolated DC-DC converters such as the DAB, efficiency
is strongly influenced by the voltage ratio between the input and output stages. Studies have
shown that converter efficiency is maximized when the voltage ratio approaches unity,
thereby minimizing circulating current and associated losses (Yasko et al., 2025; Amin et
al., 2025). Higher DC-link voltages can therefore provide more favourable operating
conditions for high-voltage battery systems, thereby improving overall conversion

efficiency.



18

Furthermore, recent research indicates that high-voltage DC architectures enable very high
efficiency levels in practical charging systems. For example, modular DAB-based fast-
charging systems operating at higher DC voltage levels have demonstrated efficiencies
exceeding 99% under optimal conditions, with significantly reduced total system losses
compared to lower-voltage configurations (Amin et al., 2025). These findings highlight the

strong correlation between increased DC voltage and improved system-level efficiency.

The growing diversity of battery-voltage platforms also contributes to the shift toward higher
DC voltage architectures. Modern electric vehicles operate over a wide voltage range,
typically from a few hundred volts at low state-of-charge to 800-1000 V at high state-of-
charge. Future high-performance and heavy-duty electric systems are expected to operate at
even higher voltage levels. Consequently, charging systems must be capable of efficiently
accommodating a wide output voltage range, which favours higher DC-link voltage designs

(Zhang et al., 2024; Aarninkhof et al., 2024).

Despite these advantages, the transition to 1200 V and 1500 V architectures introduces
several technical challenges. Higher-voltage operation increases electrical stress on
semiconductor devices, requiring components with higher-voltage ratings and potentially
leading to increasing switching losses. In addition, maintaining soft-switching conditions,
such as zero-voltage switching (ZVS), becomes more challenging at higher voltages and
varying load conditions, which can negatively impact efficiency if not properly managed

(Yasko et al., 2025).

Moreover, insulation coordination and safety requirements become more demanding as
voltage levels increase. Standards and regulatory constraints impose limits on allowable
voltage levels and higher-voltage systems require enhanced insulation design, increased
clearance distances and more robust protection mechanisms (Rajendran et al., 2021). These

factors contribute to increased system complexity and cost.

From a system-level perspective, the adoption of 1200 V and 1500 V DC architectures is
therefore driven by a combination of efficiency improvements, reduced current stress and
enhanced power density, balanced against increased voltage-related design challenges.
While higher voltage levels offer clear advantages in reducing conduction losses and
improving converter efficiency, their practical implementation requires careful

consideration of device limitations, insulation requirements and operating conditions.
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These technical and efficiency drivers form the basis for the comparative analysis presented
in this thesis, which evaluates the performance of 1200 V and 1500 V DC architectures
under equal power conditions to determine whether the transition to higher-voltage levels

provides a meaningful system-level efficiency benefit.

2.4 Standards and practical voltage limits

The design of high-power charging systems is strongly constrained by international
standards, safety regulations and practical engineering limits. Early charging standards such
as Combined Charging System (CCS) and CHArge de MOve (CHAdeMO) typically define
DC voltage ranges up to approximately 1000 V, reflecting the requirements of earlier EV
architectures (Rajendran et al., 2021).

However, increasing demand for charging power has driven the development of higher-
voltage systems. Recent studies indicate a clear trend toward 1200 V and 1500 V DC
architectures, particularly for high-power and megawatt-class charging applications, where
higher voltage enables reduced current and improved efficiency (Valedsaravi et al., 2022;

Arena et al., 2024).

Despite these advantages, several practical constraints limit further voltage increase. Higher-
voltage operation requires more demanding insulation coordination, larger clearance
distances and more robust dielectric design, increasing overall system complexity and cost
(Rajendran et al., 2021). In addition, semiconductor devices with higher voltage ratings are

required, which can increase switching losses and design challenges (Zhou et al., 2023).

Connector and cable technologies also impose limitations, as higher-voltage systems require
enhanced insulation, shielding and thermal management solutions to ensure safe operation
(Yuan et al., 2020). Furthermore, voltage classification standards typically define 1500 V
DC as the upper limit of low-voltage systems, beyond which additional regulatory
requirements apply (Rajendran et al., 2021). Therefore, although higher DC voltage levels
reduce current stress and improve efficiency, practical safety, component and regulatory
constraints make the range of 1200 V to 1500 V a realistic upper boundary for modern high-

power charging systems.
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3 Methodology and Reference DC Fast Charger Topology

This chapter defines the methodological framework used to evaluate the effect of higher
low-voltage DC levels on the efficiency of high-power charging systems. A representative
reference topology is selected to enable a structured and consistent comparison of different
DC voltage architectures under equal power conditions. The analysis focuses on steady-state
operation and employs analytical modelling to quantify current levels, loss mechanisms and

overall system efficiency.

The selected topology reflects a typical high-power DC fast-charging system, consisting of
an AC-DC conversion stage, a DC-link capacitor and an isolated DC-DC conversion stage
that delivers controlled power to the electric vehicle battery. This structure is widely adopted
in modern off-board charging systems and provides a suitable basis for system-level

efficiency evaluation (Zhou et al., 2023; Yilmaz and Krein, 2013).

3.1 Selection criteria and overview of DC fast charger topologies

The selection of a suitable reference topology is a critical step in this study, as it directly
influences the validity and applicability of the efficiency analysis. The objective is not to
identify the most optimal converter for a specific operating point, but rather to select a
topology that enables a clear and consistent evaluation of how DC voltage level affects

current magnitude, loss distribution and total system efficiency.

Several converter topologies are commonly used in the isolated DC-DC stage of high-power
DC fast charging systems, including the dual active bridge (DAB) converter, LLC resonant
converters and phase-shifted full-bridge (PSFB) converter. Each topology offers specific
advantages in terms of efficiency, control complexity and operating range (Zhou et al., 2023;
Khalid et al., 2021). LLC resonant converters provide high efficiency near their resonant
operating point but are typically optimized for a limited voltage range. PSFB converters offer
good control flexibility but may exhibit increased switching losses under certain conditions.
In contrast, DAB converters provide wide-voltage operating capability and are well-suited
for high-power applications. To provide a structured comparison of these commonly used

converter topologies, Table 2 summarizes their main characteristics.



Table 2. Comparison of isolated DC-DC converter topologies for high-power DC fast

charging applications
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Topology

Main Advantages

Key Limitations

Dual Active Bridge (DAB)

Wide voltage operating
range, bidirectional power
flow capability, soft
switching operation (ZVS),
suitable for high-power
applications

Circulating current under
off-nominal conditions,
control-dependent
performance

LLC Resonant Converter

High efficiency near
resonant operating point,
low switching losses under
optimal conditions

Narrow operating range,
complex frequency-
dependent control and
limited flexibility for wide
voltage variation

Phase-Shifted Full-Bridge
(PSFB)

Simple control structure,
robust and widely used,
good controllability

Increased switching losses
at a wide operating range,
reduced efficiency under

varying voltage conditions

A primary selection criterion in this study is the ability to operate efficiently over a wide
voltage range. Modern electric vehicle batteries exhibit significant voltage variation with
state of charge and system design, typically ranging from a few hundred volts to 800-1000 V
and beyond. Future high-power systems are expected to operate at even higher voltage
levels. Therefore, the selected topology must be capable of accommodating varying input
and output voltage conditions without requiring major structural modifications (Zhang et al.,

2024; Aarninkhof et al., 2024).

Another important criterion is the suitability for analytical modelling. Since this thesis
focuses on system-level efficiency evaluation under steady-state conditions, the topology
should allow the development of clear analytical relationships between voltage, current and
power flow. This is essential for quantifying how changes in DC voltage level affect
conduction and switching losses as well as overall efficiency. Topologies that require highly
nonlinear or frequency-dependent modelling, such as resonant converters, are less suitable

for this purpose.

In addition, the topology must be representative of high-power charging systems. Practical
DC fast-charging architectures require galvanic isolation, high efficiency and scalability to

high-power levels. Therefore, the selected topology should reflect widely adopted industrial
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and research solutions to ensure that the results of this study apply to real-world systems

(Arena et al., 2024).

Based on these criteria, the DAB converter is selected as the reference topology for the
isolated DC-DC stage. This converter consists of two full-bridge converters connected
through a high-frequency transformer, with power transfer controlled by the phase shift
between the primary and secondary bridges. This configuration provides galvanic isolation,
bidirectional power-flow capability and compatibility with high-power applications (Zhou

etal., 2023).

One of the key advantages of the DAB topology is its ability to operate over a wide voltage
range while maintaining relatively simple control through phase-shift modulation. This
makes it particularly suitable for applications where the voltage ratio between input and
output varies, such as EV fast-charging systems. In addition, the DAB converter supports
soft-switching operation, such as ZVS, which can significantly reduce switching losses

under appropriate operating conditions (Yasko et al., 2025).

Another important advantage is its suitability for analytical efficiency evaluation. Previous
studies have shown that DAB converter performance is strongly influenced by voltage ratio,
current magnitude and operating conditions, making it highly relevant for analyzing the
effect of DC voltage levels on system efficiency (Amin et al., 2025). Efficiency is maximized
when the voltage ratio between converter stages approaches unity, while deviations from

this condition increase circulating current and associated losses (Yasko et al., 2025).

In contrast, alternative topologies such as LLC resonant converters, while capable of
achieving high peak efficiency, are typically optimized for a narrower operating range and
require complex frequency-dependent control. This makes them less suitable for a
generalized comparison across multiple voltage levels, particularly when the objective is to

isolate the impact of DC voltage on system efficiency.

Based on these considerations, the DAB converter is selected as the reference topology for
this study. Its combination of wide-voltage operating capability, suitability for analytical
modelling and relevance to high-power charging systems makes it an appropriate choice for

evaluating the impact of higher low-voltage DC levels on charging system efficiency.
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3.2 Selected reference topology and operating ratings

The reference system considered in this study is based on a typical high-power DC fast
charging architecture, consisting of an AC-DC conversion stage, a DC-link capacitor and an
isolated DC-DC conversion stage that supplies controlled power to the electric vehicle
battery. This structure is widely adopted in modern off-board charging systems due to its
ability to provide controlled power delivery, high efficiency and galvanic isolation (Yilmaz
and Krein, 2013; Zhou et al., 2023). The overall structure of the reference system is

illustrated in Figure 2.
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Figure 2. Reference high-power DC fast charging system architecture

Following the system overview, the functional roles of each stage can be described based on
the architecture shown in Figure 2. The AC-DC conversion stage is implemented using an
AFE rectifier, which converts the three-phase grid supply into a regulated DC voltage while
maintaining near-unity power factor and low harmonic distortion. AFE-based converters are
widely used in high-power charging systems due to their superior controllability and power

quality performance compared to conventional diode rectifiers (Rajendran et al., 2021).

The DC-link capacitor serves as an intermediate energy buffer between the AC-DC and DC-
DC stages. It stabilizes the DC voltage and decouples the dynamic interactions between the

grid-side and vehicle-side converters. This decoupling is essential for ensuring stable
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operation and enabling independent control of each stage within the charging system (Zhang

etal., 2024).

The isolated DC-DC conversion stage is implemented using the DAB topology, as selected
in Section 3.1. The DAB converter consists of two full-bridge converters connected through
a high-frequency transformer, with power transfer controlled by the phase shift between the
primary and secondary bridges. This configuration provides galvanic isolation, bidirectional
power-flow capability and suitability for high-power operation (Zhou et al., 2023). The use
of isolation is essential in DC fast charging systems to ensure safety and compliance with

applicable standards (Yilmaz and Krein, 2013).

The bidirectional power-flow capability of the DAB converter is also important for future
smart-grid and vehicle-to-grid (V2G) applications. In addition to conventional grid-to-
vehicle (G2V) charging, bidirectional operation enables electric vehicles to return energy to
the grid when required. This capability can support grid stabilization, renewable-energy

integration, peak-load management and distributed energy storage applications.

For the purpose of this study, the system is analysed under steady-state conditions at a fixed
charging power level. A representative high-power charging level of 300 kW is selected,
which is consistent with modern ultra-fast charging applications. The analysis focuses on
comparing different DC voltage levels under equal power conditions to isolate the effect of

voltage on current magnitude and associated loss mechanisms.

On the vehicle side, the output DC voltage is defined according to the selected charging
architecture. In this study, two voltage levels, 1200 V and 1500 V, are considered for
comparative analysis. These values represent emerging high-voltage DC architectures within
the practical limits discussed in Section 2.4 and are relevant for future high-power charging
systems. The defined operating conditions and voltage levels establish the basis for the

analytical modelling and efficiency evaluation presented in the subsequent sections.

3.3 Modelling assumptions and system boundaries

The evaluation of the selected reference topology requires a consistent modelling framework
that captures the dominant relationships between voltage level, current magnitude and

system efficiency. In this study, a system-level modelling approach is adopted to analyse the
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steady-state performance of the DC fast charging architecture described in Section 3.2. The
objective of the model is not to represent detailed switching behaviour, but to provide a

simplified, analytically consistent representation of the main power conversion stages.

Accordingly, the charging system is represented using a simplified averaged system-level
model that captures the dominant relationships between voltage, current and loss
mechanisms without modelling detailed high-frequency switching behaviour. This approach
enables the analysis of power-flow and efficiency trends while avoiding unnecessary
complexity associated with device-level dynamics. Such system-level modelling approaches
are commonly used in high-power charging studies where the primary focus is on efficiency
evaluation and voltage-level impacts rather than detailed semiconductor behaviour (Zhou et

al., 2023).

The analysis is performed under steady-state operating conditions at a fixed charging power
level, allowing a direct comparison between different DC voltage architectures. Transient
behaviour, control dynamics and switching-level effects are not considered, as they do not
significantly influence the fundamental relationship between voltage, current and

conduction-dominated losses in the context of this study.

The system boundaries are defined from the regulated DC-link stage to the DC output
delivered to the electric vehicle battery. Grid-side dynamics, harmonic behaviour and
electrochemical battery characteristics are excluded from the analysis. This boundary
selection ensures that the modelling focuses on the internal behaviour of the power-
conversion system and isolates the effect of DC voltage level on current magnitude and

efficiency.

In addition, several simplifying assumptions are adopted to enable analytical tractability.
The DC-link voltage is assumed to be stable and regulated, and the converter stages are
considered to operate under continuous-conduction conditions. Thermal effects, parasitic
elements and secondary nonlinearities are not explicitly modelled, but their influence is
indirectly represented through the loss formulations introduced in Section 3.4. The resulting
modelling framework provides a consistent basis for analysing current levels, loss

mechanisms and efficiency variations as a function of DC voltage.

As shown in Figure 3, a simplified Simulink-based implementation of the analytical

charging-system model is used in this study. The model represents the system at an
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aggregated level and focuses on the dominant steady-state relationships between power,
voltage and current within the DAB-based DC-DC conversion stage. Based on these
relationships, the model enables the evaluation of output current, conduction losses,

switching losses and overall system efficiency as a function of DC voltage level.
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Figure 3. Simplified analytical model implementation of the DC fast charging system

Figure 4 shows the internal structure of the DAB subsystem, where output current,

conduction losses, switching losses, total system losses and efficiency are calculated using

analytical relationships.
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The model is implemented as an averaged steady-state representation without detailed
switching waveform modelling, enabling efficient comparison across multiple DC voltage
levels. The developed model forms the basis for the loss calculations and efficiency
evaluation presented in the following section, where the influence of DC voltage level on

system performance is analysed.

3.4 Loss modelling equations and parameters

The efficiency analysis in this study is based on an averaged steady-state loss model of the
reference DC fast-charging system. The objective of the model is to quantify the relationship
between DC voltage level, current magnitude and power losses under equal-power operating
conditions. The modelling approach focuses on dominant loss components that are directly
influenced by changes in voltage and current, while maintaining a level of abstraction

suitable for system-level comparison.

The output current of the charging system is determined from the fundamental power
relationship previously defined in (1). For a given output power Prr and DC output voltage
Uout, the output current /oy 1s expressed as:

Pre
lour = L (3)

Uout

This relationship forms the basis for evaluating how increasing DC voltage reduces current

magnitude and thereby influences current-dependent losses.

3.4.1 Conduction loss modelling

Conduction losses are modelled using an equivalent resistance approach based on the

quadratic relationship defined in (2). The total conduction 10ss Pcond 1S given by:
Peond = Req X Igut 4)

Where Req represents the equivalent resistance of the conduction path, including

contributions from semiconductor devices, interconnections and cabling.
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To reflect practical system behaviour, the equivalent resistance is expressed as a combination

of voltage-independent and voltage-dependent components:

Req = Rcable + Rswitch (Uout) )

Here, Rcavle represents the resistance of conductors and interconnections, while Rswitch
accounts for the effective conduction resistance of semiconductor devices. The latter may

vary with the selected voltage level due to differences in device ratings and characteristics.

3.4.2 Switching loss modelling

Switching losses are modelled using a simplified proportional relationship that captures the
dependence on voltage, current and switching frequency. The switching loss Psy is expressed

as:

P = ksw(Uout) X Ugut X Ioyue X fsw (6)

where ksw 1s an equivalent switching loss coefficient and fsw is the switching frequency. The
coefficient ks 1s treated as a voltage-dependent parameter to reflect the practical requirement
for higher voltage-rated semiconductor devices, which typically exhibit higher switching
energy losses. This formulation enables the inclusion of voltage-related switching loss

effects without requiring detailed device-level modelling.

3.4.3 Auxiliary losses and total loss model

In addition to conduction and switching losses, auxiliary losses are included to represent
contributions from control electronics, cooling systems and passive components. These

losses are modelled as a constant term:
P,ux = constant auxiliary loss (7
The total system loss is then expressed as:

Pioss = Peond + Psw T Paux (8)
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3.4.4 Input power and efficiency

The input power Pi, required by the charging system is calculated as:
Pin = Pres+ Pioss )
The overall system efficiency 1 is defined as:

n = (10)

Pin

This formulation allows direct evaluation of how changes in DC voltage level influence

efficiency through their impact on current magnitude and loss components.
3.4.5 Summary of modelling assumptions

The presented loss model is based on several simplifying assumptions consistent with the

system-level scope of this study:
e The analysis is performed under steady-state operating conditions.
o The charging power Prer is assumed constant for all voltage levels.

e The model uses aggregated parameters (Req, Asw) rather than detailed component-

level characteristics.

o Magnetic losses and detailed switching transients are not explicitly modelled and are

partially included within auxiliary losses.

o The model represents an averaged system behaviour rather than time-domain

switching dynamics.

These assumptions enable a clear and consistent comparison of different DC voltage levels

while maintaining computational efficiency and analytical clarity.
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4 Analytical Modelling of Current and Power Flow

This chapter develops the analytical basis for evaluating how the selected DC voltage level
affects current magnitude and power flow in the reference high-power charging system. The
analysis is based on steady-state operation and equal charging power conditions, as defined
in Chapter 3. The main objective is to quantify the reduction in current achieved by
increasing the DC output voltage and to provide the foundation for the loss analysis

presented in Chapter 5.

4.1 Relationship between power, voltage and current

The relationship between power, voltage and current was introduced previously in (1). In the
context of the reference charging system, the output power delivered to the vehicle-side DC
load is represented by Prer, while the corresponding output voltage and current are denoted
as Uout and Iout, respectively. For a fixed charging power, the output current is inversely
proportional to the DC output voltage. Therefore, increasing the DC voltage level directly

reduces the current required to transfer the same amount of power.

This relationship is central to the present study because many dominant loss mechanisms in
high-power charging systems depend strongly on current magnitude. In particular,
conduction losses in semiconductor devices, cables and interconnections increase with the
square of current, as previously shown in (2). Thus, even a moderate increase in DC voltage

can significantly reduce current-dependent losses.

4.2 Steady-state operating conditions of the reference model

The analytical model assumes steady-state operation at a fixed charging power of 300 kW.
This power level is selected as a representative value for modern high-power DC fast-
charging applications. Dynamic effects such as transient response, charging profile variation
and battery state-of-charge behaviour are not included, as the purpose of the model is to

isolate the influence of DC voltage level on current and losses.
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The output voltage is treated as the main independent variable. In the broader voltage sweep,
voltage levels from 400 V to 1500 V are considered to illustrate the current reduction trend.
The main comparative focus of the thesis remains on 1200 V and 1500 V architectures, as

these voltage levels represent the practical upper range of higher-low-voltage DC systems.

The reference operating condition is therefore defined as:

Pror = 300 kW

Uygye = 400 ...1500 V
~ 300000

out — Uout

This formulation enables a consistent comparison because the transmitted power is kept

constant while only the voltage level is varied.

4.3 Output-side current as a function of DC voltage level

Using (3), the output current can be calculated for each selected DC voltage level. At a fixed
charging power of 300 kW, lower-voltage architectures require significantly higher current,

while higher-voltage architectures reduce the current demand.

For example, at 400 V:

300000
Iout = W = 750A
At 800 V:
300000
Iout = W = 375 A
At 1200 V:
300000
Iout = W = 250A
At 1500 V:
300000
Iout = W = ZOOA
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These results demonstrate the strong impact of voltage level on output current. Increasing
the voltage from 400 V to 800 V reduces the current by 50%. Increasing the voltage further
from 1200 V to 1500 V reduces the current from 250 A to 200 A, corresponding to a 20%

reduction.

The current reduction from 1200 V to 1500 V is smaller in absolute terms than the reduction
from 400 V to 800 V, but it remains relevant for high-power charging systems because
current-dependent losses scale quadratically. Therefore, the reduction from 250 A to 200 A

can still provide measurable improvements in conduction loss and thermal loading.

4.4 Implications for power flow analysis

The analytical current model confirms that increasing the DC voltage level reduces the
current required to deliver the same charging power. This has direct implications for the
power flow within the reference charger. Lower current reduces stress on the DAB converter
conduction paths, DC-link interconnections, cables and semiconductor devices, while also

decreasing thermal loading and cooling requirements.

However, a lower current does not necessarily guarantee higher total efficiency. Increasing
the DC voltage levels can also increase semiconductor voltage stress and switching-related
losses. Therefore, the current analysis presented in this chapter provides the basis for the
complete efficiency evaluation developed in Chapter 5, where conduction losses, switching

losses, auxiliary losses and overall system efficiency are analysed in detail.

In summary, the analytical modelling confirms that the voltage level is a key variable in
high-power charging system design. Higher DC voltage reduces output current under equal
power conditions, but the overall efficiency benefit depends on how this current reduction

interacts with voltage-dependent loss mechanisms.



33

5 Analysis of Losses and System Efficiency

This chapter presents the analytical loss evaluation of the selected reference DC fast-
charging topology under different DC voltage levels. The objective is to quantify how
increasing the DC output voltage influences current magnitude, dominant loss mechanisms

and overall system efficiency under equal-power operating conditions.

The analysis is based on the averaged steady-state modelling framework introduced in
Chapter 3. Using the analytical relationships previously derived, the dominant loss
components within the charging system are evaluated as functions of DC voltage level. The
considered losses include conduction losses, switching losses and auxiliary losses associated

with supporting system functions.

Conduction losses are primarily influenced by the output current and equivalent conduction
resistance, while switching losses depend on the voltage level, current magnitude and
switching frequency. Auxiliary losses represent additional power consumption associated
with cooling systems, control electronics and passive components. The total system loss is

determined as the sum of these individual loss components.

To ensure a consistent comparison, all voltage architectures are evaluated under equal
charging power conditions at a fixed output power level of 300 kW. This approach isolates
the influence of DC voltage level on current magnitude and loss distribution. Based on this
framework, the following sections evaluate the individual loss components and their
influence on total system efficiency across different DC voltage levels, with particular

emphasis on the comparative performance of 1200 V and 1500 V architectures.

5.1 Conduction losses

Conduction losses represent one of the dominant loss mechanisms in high-power DC
charging systems, particularly at lower DC voltage levels where current magnitude becomes
significantly high. As in (2), conduction losses are proportional to the square of current.
Thus, even a moderate reduction in current produces a substantial reduction in power

dissipation within semiconductor devices, conductors and interconnections.
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Under equal-power operating conditions, the output current decreases inversely with
increasing DC voltage according to (3). Consequently, higher-voltage architectures
inherently reduce current-dependent conduction losses. This effect becomes increasingly
important in ultra-fast charging systems operating at several hundred kilowatts, where

excessive current can cause severe thermal stress and reduce system efficiency.

In the developed analytical model, conduction losses are represented using the equivalent
resistance formulation introduced in (4), where Req represents the aggregated conduction-
path resistance, including semiconductor conduction resistance, busbars, cables and

interconnections.

Figure 5 illustrates the variation in conduction losses as a function of DC output voltage at

a fixed charging power of 300 kW.
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Figure 5. Conduction loss as a function of DC voltage level

As shown in Figure 5, conduction losses decrease significantly as the DC voltage level
increases. The reduction is particularly substantial when transitioning from 400 V to 800 V
due to the large decrease in output current. Beyond this range, conduction losses continue to
decrease, although at a slower rate. These results confirm that increasing DC voltage is

highly effective in reducing current-dependent losses in high-power charging systems.
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5.2 Switching losses

In addition to conduction losses, switching losses represent another important contributor to
the total power loss in high-power DC charging systems. These losses occur during the turn-
on and turn-off transitions of semiconductor devices, where voltage and current are

simultaneously present across the switching elements for a finite time interval.

Unlike conduction losses, switching losses are influenced not only by current magnitude but
also by voltage level and switching frequency. As the DC voltage increases, semiconductor
devices experience higher voltage stress during switching transitions, which can increase
switching energy and associated power dissipation. In the developed analytical model,
switching losses are represented using the simplified averaged formulation introduced in (6),
where ksw is an equivalent switching-loss coefficient and fw is the switching frequency. The
coefficient ks 1s treated as a voltage-dependent parameter to reflect the practical requirement

for higher-voltage-rated semiconductor devices at elevated DC voltages.

This switching-loss formulation represents a simplified averaged approximation based on
the proportional relationship between switching energy, device voltage, current and
switching frequency commonly used in system-level converter efficiency analysis. The
model is intended for comparative steady-state evaluation rather than detailed semiconductor
transient simulation. Figure 6 illustrates the variation of switching losses as a function of DC

output voltage level at a fixed charging power of 300 kW.
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As shown in Figure 6, switching losses increase as the DC voltage level rises. This behaviour
reflects the increased voltage stress and higher switching-energy characteristics associated
with higher-voltage semiconductor devices. Although increasing DC voltage reduces output
current and conduction losses, the corresponding increase in switching losses introduces an

important trade-off in overall system efficiency.

The results indicate that higher-voltage architectures do not provide unlimited efficiency
improvement. Instead, the reduction in conduction losses must be balanced against the
increase in voltage-dependent switching losses when evaluating the suitability of higher DC

voltage levels for high-power charging applications.

5.3 Magnetic and auxiliary losses

In practical high-power DC charging systems, additional losses are associated with magnetic
components, passive elements and supporting auxiliary systems. These include transformer
core losses, winding losses, filter losses, cooling-system power consumption and control-

related auxiliary loads.

Detailed modelling of these loss mechanisms typically requires component-level
electromagnetic analysis and switching-frequency-dependent modelling. However, since
this study focuses on system-level steady-state efficiency evaluation, these losses are
represented using a simplified aggregated approach. In the developed analytical model,
magnetic and auxiliary losses are incorporated within the constant auxiliary loss term Paux,

as previously introduced in (7).

This formulation represents the combined contribution of transformer-related losses,
passive-component losses, cooling systems and control electronics. The simplified
representation enables consistent comparison of different DC voltage levels without
introducing excessive modelling complexity. Although these losses are not explicitly
voltage-dependent in the present analysis, they contribute to the total system loss and
therefore influence the overall charging-system efficiency. The adopted modelling approach
is considered appropriate for the system-level comparative scope of this study, where the
primary objective is to evaluate the influence of DC voltage level on dominant current-

dependent and voltage-dependent loss mechanisms.
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Based on the defined analytical loss models, the influence of DC voltage level on charging-
system performance can now be evaluated quantitatively. The following sections present a
comparative analysis of current magnitude, loss distribution and overall efficiency for
different DC voltage architectures operating under equal-power conditions. Particular
emphasis is placed on the comparison between 1200 V and 1500 V systems to assess the

practical efficiency benefits and trade-offs associated with higher low-voltage DC levels.

5.4 Current level comparison at fixed power

At constant charging power, the output current decreases inversely with increasing DC
voltage according to the relationship defined in (3). This reduction in current represents one
of the primary motivations for the transition toward higher-voltage DC charging

architectures.

Using the developed analytical model at a fixed charging power of 300 kW, the output
current at 1200 V is calculated as 250 A, while the output current at 1500 V is reduced to
200 A. This corresponds to a current reduction of approximately 20% when increasing the
DC voltage level from 1200 V to 1500 V. Figure 7 illustrates the variation of output current
as a function of DC voltage level at a charging power of 300 kW.
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Figure 7. Output current as a function of DC voltage level

As shown in Figure 7, the output current decreases significantly as the DC voltage increases.

The reduction is particularly substantial at lower voltage levels, where current magnitudes
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become excessively high for high-power charging applications. Lower current directly
reduces conduction losses, thermal stress and conductor requirements, thereby improving

overall system efficiency and power density.

These results confirm that increasing the DC voltage level is highly effective in reducing
current stress within high-power charging systems. However, as discussed in the previous
sections, the resulting efficiency improvement must also be evaluated in relation to voltage-

dependent switching losses and other practical design constraints.

5.5 Loss comparison using reference model

The overall efficiency of the selected DC fast charging system is determined by the
combined behaviour of the dominant loss mechanisms discussed in the previous sections.
While conduction losses decrease with increasing DC voltage due to current reduction,
switching losses tend to increase because of higher voltage stress and the use of higher
voltage-rated semiconductor devices. Therefore, evaluation of the total system loss is
essential for determining whether higher DC voltage levels provide meaningful efficiency
improvement under equal-power operating conditions. Figure 8 illustrates the variation of
total system loss as a function of DC output voltage level at a fixed charging power of

300 kW.
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As shown in Figure 8, the total system loss decreases significantly as the DC voltage level
increases from 400 V to approximately 1200 V. This behaviour is primarily caused by the
substantial reduction in conduction losses resulting from lower output current. The reduction
is particularly pronounced in the lower-voltage region, where current magnitude and

associated Joule losses are highest.

However, the results also indicate that the reduction in total loss becomes progressively
smaller at higher voltage levels. Beyond approximately 1200 V, the improvement begins to
diminish because the increase in voltage-dependent switching losses partially offsets the
reduction in conduction losses. This behaviour demonstrates the existence of a practical

efficiency trade-off between current reduction and switching-related loss mechanisms.

The minimum total loss in the developed analytical model occurs near the 1200 V operating
point, where the balance between conduction and switching losses becomes most favourable.
Although the 1500 V architecture further reduces output current, the corresponding increase

in switching-related losses limits the achievable improvement in total system efficiency.

These results indicate that increasing the DC voltage level does not provide unlimited
efficiency improvement. Instead, the benefit of higher voltage gradually decreases as
voltage-dependent semiconductor and switching-related constraints become increasingly
significant. Consequently, the selection of DC voltage architecture must consider both
current-reduction benefits and the practical limitations associated with higher-voltage

operation.

5.6 Efficiency evaluation

The overall system efficiency obtained from the analytical loss model is presented in Figures
9 and 10. The results show that increasing the DC voltage level generally improves system
efficiency due to the reduction in output current and corresponding conduction losses.
However, the improvement becomes progressively smaller at higher voltage levels because

voltage-dependent switching losses begin to offset the reduction in conduction losses.
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Figure 9. Efficiency as a function of DC voltage level

As shown in Figure 9, the system efficiency increases significantly when the DC voltage is
increased from lower voltage levels toward the high-voltage region. The largest efficiency
improvement occurs between 400 V and 800 V, where the reduction in current is substantial.

Beyond this region, the rate of efficiency improvement becomes smaller.

The highest efficiency obtained in the analytical model occurs at 1200 V, where the system
efficiency reaches approximately 98.95%. This operating point represents a balance between
reduced conduction losses and acceptable switching losses within the selected modelling

conditions.
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Figure 10 presents a more detailed comparison of the efficiency behaviour between 1000 V
and 1500 V DC architectures. The results indicate that the efficiency difference between
1200 V and 1500 V is relatively small. Although the 1500 V architecture further reduces
output current, the associated increase in voltage-dependent switching losses limits the

achievable efficiency improvement.

Under the selected operating conditions, the efficiency at 1500 V is approximately 98.82%,
compared to approximately 98.95% at 1200 V. This indicates that increasing the DC voltage
beyond 1200 V does not necessarily provide a proportional efficiency benefit. Instead, the
results suggest diminishing returns at very high voltage levels, where reductions in
conduction losses are increasingly counterbalanced by higher switching-related losses and

voltage-dependent converter stresses.

Therefore, while higher-voltage architectures provide clear advantages in current reduction
and thermal performance, the analytical results indicate that the efficiency improvement
from 1200 V to 1500 V is limited under the assumptions of the developed model. This
observation is important when evaluating the practical justification for adopting 1500 V DC

architectures in future high-power charging systems.

5.7 Design trade-off and practical implications

The analytical results presented in this chapter demonstrate that increasing the DC voltage
level provides clear advantages in current reduction and conduction-loss mitigation.
However, the transition toward very high-voltage architectures also introduces several
important engineering trade-offs that must be considered in practical charging-system

design.

One of the most significant advantages of higher-voltage operation is the reduction in
thermal loading caused by lower current levels. As the output current decreases, current-
dependent conduction losses in semiconductor devices, cables and interconnections are
significantly reduced according to the quadratic relationship defined in (2). This reduction
improves thermal performance, reduces cooling requirements and enables smaller conductor

cross-sections and lighter cable assemblies. These advantages become increasingly
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important in ultra-fast and high-power charging applications where thermal management and

physical infrastructure constraints are critical.

At the same time, increasing the DC voltage level introduces greater voltage stress on
semiconductor devices and insulation systems. Higher-voltage operation requires
semiconductor switches with increased voltage ratings, which may exhibit higher switching
losses and more demanding switching characteristics. In addition, insulation coordination,
clearance distances and electromagnetic compatibility requirements become more critical as
voltage levels approach practical low-voltage DC limits. Consequently, the reduction in
conduction losses achieved at higher voltage levels may be partially offset by increased

switching-related losses and design complexity.

The analytical comparison between 1200 V and 1500 V architectures indicates that the
efficiency improvement obtained by increasing the voltage beyond 1200 V is relatively
limited under the selected operating conditions. While the 1500 V architecture further
reduces output current, the corresponding increase in voltage-dependent switching losses
limits the achievable gain in total system efficiency. Therefore, the results suggest that

1500 V architectures are not universally optimal for all charging applications.

Instead, the suitability of 1500 V operation depends on the specific application requirements,
including charging power level, cable length, cooling capability, semiconductor technology
and system integration constraints. For very high-power or megawatt-class charging
systems, the reduction in current may justify the increased voltage-related complexity.
However, for lower-power applications, the additional design challenges associated with
1500 V operation may outweigh the relatively small efficiency improvement observed in the

analytical model.

Overall, the analytical results indicate that increasing DC voltage significantly improves
charging-system performance through current reduction and reduced conduction losses.
However, the achievable efficiency improvement becomes progressively smaller at very
high voltage levels due to increasing switching-related losses and voltage-dependent design
constraints. Therefore, the selection of DC voltage architecture should be considered as a
system-level trade-off between efficiency improvement, thermal performance and practical

implementation complexity.
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6 Conclusions and Future Work

This thesis investigated the effect of higher low-voltage DC levels on the efficiency of high-
power charging systems operating under equal-power conditions. The main objective was to
evaluate how increasing the DC voltage level influences output current, dominant losses and
overall charging-system efficiency within a representative high-power DC fast-charging
architecture. To achieve this objective, a simplified analytical system-level model of a high-
power DC fast-charging system with an isolated DAB converter was developed and used to
compare different voltage architectures from 400 V to 1500 V at a fixed charging power of
300 kW.

6.1 Conclusions

The results of the study confirm that increasing the DC voltage level significantly reduces
output current in high-power charging systems. Under the selected operating conditions, the
output current decreased from 750 A at 400 V to 250 A at 1200 V and further to 200 A at
1500 V. Since conduction losses are proportional to the square of current, this reduction
produced a substantial decrease in conduction-related power dissipation and thermal loading

throughout the charging system.

The analytical loss evaluation further demonstrated that increasing the DC voltage generally
improves overall charging-system efficiency. The most significant efficiency improvement
occurred when transitioning from lower-voltage architectures toward the high-voltage
region, particularly between 400 V and 800 V, where current reduction was most substantial.
However, the results also showed that the efficiency benefit gradually decreases at very high

voltage levels because voltage-dependent switching losses become increasingly significant.

Within the developed analytical model, the highest efficiency was achieved near the 1200 V
operating point, where the balance between reduced conduction losses and acceptable
switching losses became most favourable. Although the 1500 V architecture further reduced
current magnitude, the resulting increase in switching-related losses limited the achievable
efficiency improvement. Consequently, the difference in efficiency between 1200 V and

1500 V architectures remained relatively small under the selected modelling assumptions.
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These findings directly answer the main research question of the thesis. Increasing the low-
voltage DC level toward 1200 V and 1500 V clearly reduces current magnitude and
conduction losses in high-power charging systems. However, increasing the voltage beyond
approximately 1200 V does not necessarily provide proportional improvements in total
system efficiency because higher voltage introduces increased switching losses,
semiconductor stress and insulation-related design challenges. Therefore, the selection of
the DC voltage level should be considered as a system-level optimization problem rather

than a purely current-reduction problem.

The obtained results are generally consistent with previous studies reported in the literature.
Earlier research has widely identified higher-voltage architectures as an effective method for
reducing current stress, improving power density and enhancing charging efficiency in high-
power applications. The present study supports these findings by providing a structured

analytical comparison under equal-power operating conditions.

In addition, the results coincide with previous observations that DAB converter efficiency
strongly depends on voltage ratio and converter operating conditions. However, unlike many
previous studies that primarily focus on converter-level behaviour or device-level
optimization, this thesis emphasizes a system-level comparison of DV voltage architectures
and highlights the diminishing efficiency improvement observed when extending the DC

voltage level from 1200 V to 1500 V.

Overall, this thesis demonstrated that higher-low-voltage DC architectures provide clear
technical advantages for high-power charging systems through current reduction and
improved conduction-loss performance. However, the results also showed that the efficiency
improvement obtained beyond approximately 1200 V becomes progressively smaller due to
voltage-dependent converter limitations and switching-related losses. These findings
contribute to the understanding of voltage-level selection in future high-power charging
systems and support informed engineering decision-making in the development of next-

generation electric mobility infrastructure.
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6.2 Contributions and Limitations

From a practical perspective, the findings of this thesis provide useful engineering insight
for the development of future high-power charging infrastructure. The results indicate that
higher-voltage architectures can significantly reduce thermal stress, cable losses and
conductor requirements, particularly in ultra-fast and megawatt-class charging systems.
However, higher-voltage operation also introduces increased demands on semiconductor
devices, insulation coordination and overall system design. In addition, the study contributes
theoretically by providing a simplified analytical framework for evaluating voltage-level
impacts on charging-system efficiency and the interaction between current-dependent and

voltage-dependent loss mechanisms in high-power charging systems.

Several limitations of the study should nevertheless be acknowledged. First, the analysis was
limited to steady-state operating conditions and did not include transient dynamics, battery
charging profiles, or control-system behaviour. Second, the developed model used averaged
analytical loss formulations rather than detailed semiconductor-level switching models.
Third, magnetic losses, parasitic effects and thermal coupling mechanisms were represented
using simplified aggregated assumptions. In addition, the study did not include experimental
validation or hardware implementation. Therefore, the presented results should be
interpreted as system-level analytical estimates rather than exact predictions of practical

converter performance.

6.3 Future work

Future research could extend the present work in several directions. One important
continuation would be the development of detailed switching-level simulations and
experimental validation using practical DAB converter implementations. Further research
could also investigate the influence of wide-bandgap semiconductor technologies such as
Silicon Carbide (SiC) and Gallium Nitride (GaN) devices on the efficiency behaviour of
high-voltage charging architectures. In addition, future studies could evaluate dynamic
charging behaviour, thermal modelling, electromagnetic compatibility and insulation

coordination at voltage levels approaching and exceeding 1500 V DC.
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Another important research direction involves the integration of high-voltage charging
systems with smart-grid and V2G applications. Since bidirectional power-flow capability is
one of the key advantages of DAB-based charging architectures, future charging systems
may increasingly support grid stabilization, renewable energy integration and distributed
energy management. Finally, future work could also include techno-economic analysis to
evaluate whether the additional efficiency benefits of 1500 V architectures justify the

increased system complexity and implementation cost in practical charging infrastructure.
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Appendix 1. MATLAB implementation of the analytical charging-system model

%% Parameters

P_ref=300e3; % Rated charger power [W]
f sw=50e3; % Switching frequency [Hz]
P_aux =1000; % Auxiliary losses [W]

%% Voltage sweep
V_out values =400:100:1500;

% Preallocation

I out values =zeros(size(V_out values));
P _cond_values = zeros(size(V_out_values));
P sw values =zeros(size(V_out values));
P _loss values = zeros(size(V_out_values));
eta_values = zeros(size(V_out values));
R _eq values =zeros(size(V_out_values));

k sw_values = zeros(size(V_out values));

%% Analytical evaluation
for 1= 1:length(V_out values)

V_out=V_out values(i);

% Voltage-dependent resistance model

R_cable = 0.008;

if V_out <= 800
R switch =0.002;
k sw=0.6e-7;



elseif V_out <= 1200
R _switch =0.003;

k sw=1.0e-7;
else

R _switch = 0.004;

k sw=1.4e-7;
end

R _eq=R cable + R _switch;

% Current calculation

I out=P _ref/V out;

% Conduction losses

P cond=R eq * I out"2;

% Switching losses

P sw=k sw*V out*] out*{f sw;

% Total losses

P loss=P cond+P sw+ P aux;

% Efficiency calculation

eta = (P_ref/ (P_ref+ P loss)) * 100;

% Store results

I out values(i) =1 out;

P _cond values(i) =P cond,
P_sw_values(i) =P sw;
P loss values(i) =P loss;

eta values(i) = eta;



R eq values(i) =R eq;
k sw_values(i) =k sw;
end
%% Example plot
figure;

plot(V_out values, eta_values, '-0','LineWidth',1.5);

xlabel('DC Output Voltage, V_{out} (V)");
ylabel('Efficiency, \eta (%)');

grid on;
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