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Design & development of a CHB-based converter for direct integration of renewables
to the grid

NAZANIN ABBASI

Department of Electrical Engineering

Chalmers University of Technology

Abstract

The integration of solar photovoltaic (PV) and battery energy storage systems
(BESS) into the power grid requires high-performance power electronic interfaces to
replace traditional, inefficient separate converter setups. This thesis investigates a
unified 10 MW /10 kV modular multilevel architecture utilizing a cascaded H-bridge
(CHB) inverter integrated with dual active bridge (DAB) stages. Unlike previous
models, this system uses high-frequency transformers (HFT) within the DAB stages
to provide galvanic isolation and improve power density. This configuration aims to
reduce power conversion stages and enhance overall system efficiency.

The first phase of the research focuses on the design and implementation of the power
stage and its control systems. A modular architecture is developed, and closed-loop
controllers are designed to manage the bidirectional power flow between the PV-
BESS common DC-link and the utility grid. To evaluate the thermal behavior and
efficiency of the system, the proposed model is simulated in PLECS. This allows
for detailed thermal modeling to determine the relationship between the electrical
dynamics and switching losses.

Finally, a comprehensive comparative analysis is performed between 1.7 kV and 3.3
kV silicon carbide (SiC) MOSFETs. The study evaluates these two semiconductor
technologies based on conduction and switching losses, overall system efficiency, and
cost-effectiveness. The results show that while the 1.7 kV SiC model provides higher
overall system efficiency, the choice of the 3.3 kV SiC model allows for a significant
reduction in the cost and the total number of sub-modules while maintaining ac-
ceptable thermal performance, providing a clear design roadmap for next-generation,
high-density modular systems.

Keywords: Cascaded H-Bridge (CHB), Dual Active Bridge (DAB), Silicon Carbide
(SiC) MOSFETs, Common DC-link, BESS-PV Integration.
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Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:
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CHB
FC
IMC
LFT
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PCC
PLL
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RES
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Photovoltaic

Pulse Width Modulation
Renewable-Based Energy Sources
Total Harmonic Distortion

Virtual Synchronous Generator
Wide Bandgap

Star-Connected Cascaded H-Bridge
Zero Voltage Switching
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Nomenclature

This section summarizes the indices, parameters, and variables used throughout the
thesis.

Indices
7 Index of cascaded H-bridge cell or submodule
J Index of system node or module
Time index
Parameters
P Rated system power
Vir Grid line-to-line RMS voltage
Voh rms Grid phase RMS voltage
Vie DC-link voltage of one H-bridge module
Vie total Total DC-link voltage per phase
Vie,op Operating DC voltage per H-bridge module
Vieref DC-link voltage reference
Vp Primary-side DC voltage of DAB
Vs Secondary-side DC voltage of DAB
Pax Maximum transferable power
P.ond Conduction losses
P, Switching losses
m Modulation index
fsw Switching frequency
fsw,cuB Switching frequency of CHB inverter
JswDAB Switching frequency of DAB converter
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Variables

Vo
Vcell i
Vabe
Ud, Uq
iabc
id, lq
lgs Uy

Sll; Sl2
Si,Lh S@LQ
Mg, Mp, M
0
d
K, K;
Kpm Kic

Kpd; Kid

xii

Effective output switching frequency
Number of cascaded submodules per phase
Transformer turns ratio (NV,/Nj)
Transformer leakage inductance

Grid-side filter inductance

Grid-side filter resistance

DC-link capacitance

DC-link voltage ripple

System efficiency

Semiconductor utilization factor

Output voltage of a single H-bridge module

Output voltage of submodule ¢

Three-phase output voltage vector

Converter output voltage in dq reference frame
Three-phase grid current vector

Grid current in dq reference frame

Reference currents in dq frame

Switching states of H-bridge devices

Switching states of lower and upper legs of submodule ¢
Modulation signals for phases A, B, and C

Phase angle between DAB primary and secondary voltages
Normalized phase-shift ratio in DAB modulation
Proportional and integral gains of PI controller

PI gains of CHB current controller

PI gains of DAB voltage controller
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1

Introduction

1.1 Background

As industries grow and more activities become electrified worldwide, the demand for
electricity keeps increasing annually. The building and industrial sectors consume
almost 90% of global electricity which will continue to increase over the next several
decades according to predictions [1]. The expansion of power generation has led to
increased amount of CO, emissions since fossil fuels still provide the majority of the
electricity consumption. More than 900 million tons of CO4 entered the atmosphere
due to the production of heat and electricity in 2021 [1]. These recent developments
show the need for more sustainable energy sources.

Solar photovoltaics (PV) is growing faster than almost any other clean energy solu-
tions. Europe had already installed around 78 GW of PV capacity by 2013, and this
trend has continued due to the decreasing price of PV modules and not affecting
the current system setups [2]. However, solar energy often fails to match the real
power needs of commercial buildings. While PV generation peaks around 12 pm,
commercial loads often peak later between 2 pm and 8 pm [3]. Consequently, PV
generation alone is not able to reduce peak load in commercial buildings.

This is where battery energy storage systems (BESS) become important. BESS can
store solar energy when it is available and support the grid when the load demand
is high. Integrating BESS units can significantly improve power system reliability,
enhance voltage stability while, most importantly, reducing related environmental
emissions [4]. Combining PV and BESS can also lead to a significant decrease in
annual operational costs by optimal sizing and fully utilization of BESS unit’s capac-
ity [5]. A case study in a Malaysian factory showed that combining PV panels with
BESS units contributed to a 6.9% reduction in energy costs and a 8.6% decrease
in CO, emissions [1]. Furthermore, another research about PV ramp rate control
indicates that BESS can be used as energy buffer, preventing voltage swings and
smoothing sudden fluctuations [6]. To improve transient stability and provide neces-
sary inertia during mode transitions, researchers are deploying virtual synchronous
generator (VSG) frameworks integrated with neural networks to mitigate perfor-
mance lags [7]. These results show that combination of PV modules and BESS,
rather than operating separately and independently, can lead to environmental sus-
tainability:.



1. Introduction

After it becomes clear that PV needs to be supported by BESS, the next questions
are: how are these technologies currently integrated into the grid, and how can be
this integration effectively improved?

In conventional architectures, as shown in Fig 1.1, PV modules and BESS units
each operate with their own dedicated DC/AC conversion stages. Both systems are
connected to the grid through separate, bulky low-frequency transformers (LFT).
This topology requires large passive filters and heavy transformers, which increases
the total volume and weight of the system. As illustrated in Fig 1.1, there are two
primary power paths for supplying the grid: the PV path (Ppy) and the BESS path
(Pprss). When the PV generation is sufficient, it supplies the grid through the
MPPT and DC/AC stages with an efficiency of 7; - 7. When the PV generation is
not sufficient, the BESS supports the grid through the DC/DC and DC/AC stages
with an efficiency of 73 - n,. However, a significant drawback occurs during charg-
ing periods (Ppy_pprss), where the PV system must charge the battery. In this
scenario, the energy must pass through four consecutive conversion stages, resulting
in a cumulative efficiency of 1y - 12 - 13 - n4. This multiple-stage conversion leads
to a significant reduction in overall efficiency; for instance, conventional two-stage
grid-interfaced architectures reported in the literature typically achieve system effi-
ciencies below 95% due to these cumulative conduction and switching losses [8, 9.

Py
Tr. 1
BEpee) —  MPPT DC/AC % %—
Th le -------- =
PVPanels T . nyin,
Ppv.ppess : —/'H_@ Grid
NG Te2 | -
s 3¢
— DC/DC DC/AC
BE?SE 3 T4 3&

PBESS

Figure 1.1: Conventional architecture for integration of PV and BESS to the grid.

To address the limitations of bulkiness and weight, transformerless architectures
have been proposed as shown in Fig. 1.2. As illustrated in Fig. 1.2, both the PV
path (Ppy) and the BESS path (Pggss) to the grid share the same efficiency, re-
sulting in path efficiencies of n; - 175 and 7y - 13, respectively. A key advantage of
this architecture is seen during the battery charging phase (Ppy_pppss). Unlike
the conventional four-stage process, the energy transfer from PV to BESS now only
passes through two conversion stages. The resulting efficiency of proposed system
(m1 - m3) is significantly higher than conventional one (1 - 72 - 13 - 174).

The overall weight reduction is achieved by using MMC which directly integrates

to the grid without LET [10]. By eliminating the low-frequency transformer, this
topology significantly reduces the overall weight and volume of the system. To fur-

2



1. Introduction

ther enhance power density, researchers utilize optimization algorithms to minimize
the footprint of arm inductors, heat sinks, and cell capacitors. This is done by iden-
tifying the ideal balance between the quantity of sub-modules and the total system
volume [11].

Ppy
HEEE ) e
0
PV Panels
e poae @ o
N
. — DC/DC .
BESS

PBR:SS

Figure 1.2: Proposed architecture for integration of PV and BESS to the grid.

Another approach is to use cascaded H-bridge (CHB) topology presented in [12].
Each cell can handle a single panel or string, which enables efficient maximum
power point tracking (MPPT) due to the modular structure. However, CHB-based
solid-state transformer (SST) architectures are particularly susceptible to power
imbalance under asymmetric grid conditions, as each phase effectively operates as
an independent single-phase converter. During unbalanced voltage sags, negative-
sequence components can cause active power redistribution among phases, poten-
tially leading to DC-link overvoltage and system shutdown if not properly controlled
[13]. This issue can be effectively mitigated through active power balancing tech-
niques such as zero-sequence voltage compensation [13, 14].

To address the major inefficiencies of traditional AC-coupled systems, DC-link in-
tegration has become a popular alternative [15]. This development shows a logical
shift from separate units of conventional method toward more integrated structures.
A direct DC-link between the PV arrays and individual sub-modules in the modu-
lar structure is considered as in [16]. This direct connection prevents intermediate
stages between the PV panels and the converter sub-modules. At a broader system
level, the DC link integration has been particularly proposed for renewable energy
or datacenter applications which requires high power as well as high efficiency [17].
Common dc-bus systems often suffer from significant dc-link current ripples, neces-
sitated by large, bulky capacitors. To address this, modern design techniques utilize
optimal interleaving and carrier wave phase-shifting to suppress these harmonics,
which ultimately enhances capacitor durability and reduces component size [18].

DC-link as a part of MMC architectures can improve power quality, regulate volt-
age, provide galvanic isolation and make controllability easier between power stages
[19]. The effect of this DC-link integration can be significantly enhanced by the use
of wide bandgap (WBG) semiconductors. SiC switches enable higher electric field

3
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strength and switching frequencies and reduce the volume of the isolation stage and
passive component sizes compared to silicon-based modules [20, 21]. By using SiC
technology in these designs, it is also possible to manage internal power fluctuations
without adding extra hardware components. This approach, known as active power
decoupling, helps keep the system compact and efficient while protecting the circuit
from voltage and current stress [22].

Despite these developments, the integration of DC-link with MMCs introduces sig-
nificant control complexities, particularly regarding power balance and thermal man-
agement of SiC devices. While SiC devices offer high switching capabilities, their
operation at high frequencies can lead to increased stress on the isolation stage.
Therefore, there is a critical need for optimized control strategies that can utilize the
full potential of SiC-based MMCs. This research proposes mutlilevel-based topol-
ogy which aims to maximize the efficiency of PV-BESS integration in high-voltage
networks.

1.2 Problem Statement

Conventional AC-coupled architectures as shown in Fig. 1.1 have inherently low ef-
ficiency, primarily as a result of redundant power conversion stages. Energy must
undergo multiple DC-AC transformations to facilitate power transfer between the
PV arrays, the BESS units, and the utility grid. Each intermediate stage introduces
cumulative semiconductor switching and conduction losses, which significantly de-
grade the overall system efficiency.

Furthermore, these systems suffer from significant physical bulkiness due to their
reliance on low-frequency transformers. The inherent limitations of low-frequency
transformers and traditional silicon-based power electronics further constrain sys-
tem performance, as they cannot support the high switching frequencies required to
reduce the volume of passive components.

Consequently, there is an immediate need for an integrated DC-link architecture
utilizing MMC and WBG semiconductors. Such a system can eliminate power con-
version stages and substantially enhance the efficiency and power density of modern
electrified systems.

1.3 Purpose & Aim

This master thesis aims to investigate and evaluate a DC-link architecture for the
integration of Solar PV and BESS into a high-power grid. The research focuses on
utilizing modular topologies and SiC technology to maximize system efficiency and
power density while maintaining grid stability.

The project includes the following objectives:
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o Perform a comprehensive literature review of MMC topologies, with a specific
focus on the role of DAB converters and SiC semiconductors.

e Design and model a CHB inverter architecture, including calculation of the
required DC-link voltage and the determination of optimal sub-module num-
bers for systems using 1.7 kV and 3.3 kV SiC switches.

+ Develop simulation models in MATLAB /Simulink and PLECS to analyze the
operational stability and bidirectional power flow of the integrated system.

o Conduct a detailed loss and efficiency evaluation and comparative system
study for both 1.7 kV versus 3.3 kV SiC switches across various load con-
ditions to identify technical and economic trade-offs.

o Perform a power quality analysis to assess total harmonic distortion (THD)
and ensure the system complies with stringent grid-connection standards.

o Perform a cost-benefit analysis to evaluate the economic and technical trade-
offs between utilizing 1.7 kV and 3.3 kV SiC-based sub-modules within the
proposed modular architecture.

e Provide design recommendations for next-generation, high-density converter
systems based on the findings of the performance and cost evaluations.

1.4 Delimitation

The scope of this research is centered on the simulation-based performance analy-
sis of a 10 MW, 10 kV grid-connected converter system, designed to facilitate the
integration of solar PV and battery energy storage systems via a common DC bus.
The study focuses on the structural design of a CHB inverter architecture for high-
voltage grid interfacing, supported by DAB isolation stages to manage bidirectional
power flow and provide galvanic isolation. A primary objective of this work is a
detailed technical comparison between 1.7 kV and 3.3 kV SiC MOSFETs to quan-
tify the impact of these specific wide-bandgap device ratings on switching losses,
conduction losses, and overall system efficiency. By simulating varying operational
conditions, the research provides a comprehensive loss and cost-benefit analysis to
determine the technical trade-offs associated with each semiconductor rating.

To maintain a manageable focus, the following delimitations are established: the
investigation is conducted exclusively within a simulated environment using MAT-
LAB/Simulink and PLECS, and therefore does not include physical hardware proto-
typing or experimental validation. The analysis is limited to the converter’s steady-
state performance, dynamic performance and loss and efficiency estimation; detailed
thermal management system design (e.g., heat-sink geometry) are considered outside
the scope of this work. Furthermore, the study assumes idealized grid conditions
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and does not account for long-term aging effects or reliability degradation of the SiC
components.

1.5 Thesis Outline

The thesis is organized into five chapters, beginning with Chapter 1, which estab-
lishes the background, motivation, and primary contributions of the research. Given
that the focus of this work is on a modular converter structure for the effective in-
tegration of renewable energy resources, Chapter 2 provides a detailed overview of
the system modeling, including the SST topology and the mathematical framework
of the proposed architecture. Chapter 3 presents the core control strategy for the
integrated system, covering the design of closed-loop controllers and the implemen-
tation of PWM modulation. Chapter 4 focuses on simulation and results, where the
dynamic performance and steady-state behavior of the proposed system are evalu-
ated through extensive simulations, including a comparative study of 1.7 kV and 3.3
kV SiC switches. Chapter 5 is dedicated to a detailed loss, efficiency, and cost anal-
ysis, examining conduction and switching losses under various operating conditions
and assessing the trade-offs between different device voltage ratings and sub-module
counts. Finally, Chapter 6 concludes the thesis with a summary of the key findings,
a discussion of their technical implications, and recommendations for future work.
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System Study and Modeling

2.1 Introduction

At the highest level of power electronics, voltage source converters are the standard
systems used to turn DC power into AC power. Within this category, multilevel
converters shift the focus from traditional two-level power conversion. These con-
verters use several small power sources and switches to change voltage levels. Many
different types of multilevel converters have been developed and presented over the
last few decades, with the most common categories shown in Fig 2.1.

Integrated multilevel converters produce multiple output voltage levels using a single
common DC-link, providing high power density and compact system integration.
The neutral point clamped (NPC) converters achieve multiple voltage levels from a
single DC-link by its use of clamping diodes. NPC is a well-established benchmark
for BESS units due to simple control algorithms and implementation [23]. In PV-
BESS applications, the NPC provides a stable interface; however, it typically uses a
single DC-link, which complicates the independent management of energy sources.
Furthermore, while NPC structures are effective for improving power quality, they
lack the inherent modularity required for scaling [24]. The main issue with the NPC
topology is the rapid increase in the number of clamping diodes as the voltage levels
increase, making it bulky and complex for high-voltage applications [25].

The Flying Capacitor (FC) converter is the second common integrated topology,
which used the replacement of clamping diodes with floating or flying capacitors to
make voltage levels. It is suitable for high-voltage operation because the DC bus
voltage is distributed across multiple series-connected capacitors and switching de-
vices. The FC topology requires a large number of capacitors, which increases the
physical size of the converter and control complexity [25]. Balancing capacitor volt-
age needs advanced control strategies in FC converters. This challenge becomes more
visible as the voltage level increases, which limits its applicability in high-voltage
and high-power systems.
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Voltage-Source

Converters
|
| |
Two-Level Multi-Level
Converter Converter
|
| |
Multi-Cell Integrated Multi-
Converters Level Converter
| | |
Modular Multi- Cascaded H-Bridge Neutral| Neutral-Point Cgl}alllcr;tgor
Level Converter H-Bridge Point Clamped Clamped Cogve rter
I
[ ]
Asymmetrical Symmetrical

Figure 2.1: Classification of high-power voltage source converters.

In contrast to integrated multilevel converters, multi-cell converters reach higher
voltage levels by connecting multiple converter cells in series, which offer improved
modularity and flexibility for high-voltage applications. H-bridge neutral point
clamped converters combine features of cascaded H-bridge and integrated NPC
structures. While mentioned topology is discussed in academic literature for grid-
connected PV systems, they are rarely used in large-scale industrial BESS. As high-
lighted in [26], these systems combine NPC structures with H-Bridge cells, which
significantly increases the semiconductor count to eight switches per phase. Fur-
thermore, the integration of quasi-impedance networks and the need for modified
level-shifted PWM techniques introduce control complexities that make them less
standardized than the modular multilevel converter or cascaded H-bridge.

While both MMC and CHB are considered as the modular branch of Figure 2.1, this
research focuses on the CHB topology for several reasons. The CHB is better for
battery integration because it provides higher efficiency, smaller number of modules
and semiconductors. Studies in [23] show that for a given voltage level, the MMC
needs more active components than the CHB. This increased number of components
and control complexities make the MMC less ideal for this study’s primary objective.
Besides, the CHB architecture offers better battery handling, which is essential for
large-scale storage [27].

Another challenge of the MMC is the presence of circulating currents within its phase
arms. As confirmed by [28]. The circulating current has double-line frequency com-
ponents that increase the peak arm current and power losses. It is necessary to
eliminate these currents to ensure stable operation. Since the CHB does not possess
common DC-bus arms, it inherently avoids this specific type of internal loss and the

8
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associated control complexities. The CHB is also chosen for its high-quality output.
As noted by [29], the CHB topology has the advantage of generating an output
voltage with extremely low harmonic distortion.

For this research, a symmetrical star-connected CHB (YCHB) configuration is em-
ployed. The YCHB is advantageous because its phase clusters are rated at line-
to-neutral voltage, which allows for both a reduction in the number of power cells
and the use of semiconductors with lower blocking voltage ratings compared to a
delta configuration [14]. Furthermore, the star connection simplifies the system by
avoiding the internal circulating currents that must be actively managed in delta-
connected structures.

Although the CHB topology provides an effective modular grid interface, it does
not inherently offer galvanic isolation or voltage adaptation between battery mod-
ules and inverter DC links. These functions are essential in medium-voltage systems
for both protection and system integration. To address this limitation, an isolated
DC-DC conversion stage is introduced between the battery modules and the CHB
submodules. This architecture directly aligns with the principles of solid-state trans-
former systems, enabling galvanic isolation, bidirectional power flow, and flexible
voltage control.

2.2 System Architecture

The architecture of the proposed MMC-based converter is shown in Fig. 2.2. The
system architecture follows a modular, multi-stage conversion process designed to
scale power and voltage while providing galvanic isolation. The primary energy
input consists of a central DC bus, acting as the collection point for renewable
energy sources. This common DC bus serves as the input to a single-primary, multi-
secondary DAB assembly. The configuration utilizes a high-power primary H-bridge
that drives a multi-winding high frequency transformer. This arrangement splits the
10 MW total power into multiple isolated secondary paths. Each secondary path
consists of a full H-bridge module that rectifies the high-frequency AC power to
charge a dedicated DC-link capacitor.

These capacitors function as independent, isolated DC voltage sources for the grid-
interfacing stage. The final conversion to the 10 kV AC grid is performed by a CHB
inverter. In this stage, the inverter modules are connected in series per phase to
reach their individual output voltages. To ensure power quality and meet grid stan-
dards, an output filter is placed in output stage to smooth the multilevel voltage
waveforms. The following sections provide the detailed mathematical design and
parameter selection for the CHB and DAB stages to further explain the implemen-
tation of this system.
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DAB Primary
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Figure 2.2: Selected MMC-based converter.

2.2.1 Cascaded H-Bridge Converter Design

For a 10 MW, 10 kV system, the design must ensure that the cascaded series of
modules can withstand the peak grid voltage while maintaining a safe operating
margin for the power semiconductors. To achieve this, we utilize a full H-bridge
module as the primary building block for cascading, following the detailed design
parameters outlined below.

2.2.1.1 The Fundamental H-Bridge Module

The fundamental building block of the CHB topology is the single-phase full-bridge
module, as shown in Fig. 2.3. Each module consists of four active switches arranged
in two phase-legs connected to a DC source. The top and bottom switches within
each phase leg are operated in a complementary manner to avoid short-circuiting
the DC source. By controlling the switching states of these legs, each H-bridge
module generates a three-level output voltage v, of +Vj., 0, or —V,.. The possible
output voltage levels and their corresponding switch combinations are illustrated in
Table 2.1, where logic “0” and “1” denote the OFF and ON states of the switches,
respectively.

The relationship between the DC-link voltage and the output voltage of a single
H-bridge module is defined by:

Vo = (511 - 512)‘/[1(: (2-1)

Where S7; and S5 represent the switching states of the upper switches in the two
phase legs. Extending this concept, a cascaded H-bridge rectifier or inverter is
constructed by series-connecting multiple H-bridge modules, allowing the generation
of higher voltage levels with reduced device voltage stress and improved output

10



2. System Study and Modeling

Vdc CjD vo

Figure 2.3: Basic structure of H-Bridge converter.

waveform quality. In the context of the 10 MW system considered in this research,
multiple H-bridge modules are cascaded per phase to synthesize the required output
voltage. Each module must therefore be designed to withstand high current and
voltage stresses while maintaining electrical insulation, thermal stability, and reliable
long-term operation.

Table 2.1: H-bridge Converter Switching Combinations.

S1 S1a Vo lo
0 0 0 0
1 0 Ve lo
0 1 -Vie —1o
1 1 0 0

2.2.1.2 Required Total DC Voltage

To ensure proper current control and linear modulation, the total DC-link voltage
for each phase (Vietota1) must be higher than the peak of the grid voltage. This
additional voltage margin acts as a buffer, allowing the converter to inject power
into the grid even when the AC voltage reaches its maximum value. Assuming a
star-connected interface to the grid, the corresponding RMS phase voltage is given
by:

Vi 10,000
Vohrms = —= = ——— ~ 5773.5 V. (2.2)

V3 V3
Where Vi1 denotes the line-to-line RMS grid voltage. The DC-link voltage must
be sized to cover the peak value of the phase voltage (\/§ Vonrms). In addition, a
modulation index m = 0.8 is selected to provide sufficient operating margin.
This choice is motivated by two considerations:
o It provides approximately 20% voltage headroom to accommodate grid distur-
bances and voltage drops across passive components.
o It ensures operation within the linear modulation range, enabling low-distortion
waveform synthesis.

11



2. System Study and Modeling

Using m = 0.8, the required total DC-link voltage per phase is then calculated as:

ﬁ‘{nh,rms o \/§ - 5773.5
m 0.8

This value represents the sum of the individual DC-link voltages of all cascaded
H-bridge modules within one phase. If the available DC-link voltage were lower
than the grid voltage peak, the converter would be unable to properly regulate the
output current, resulting in degraded power quality and loss of controllability.

~ 10.2 kV. (2.3)

‘/dc,total =

2.2.1.3 Maximum Operating Voltage per Module

Semiconductor devices cannot be operated at their full rated blocking voltage (V)
due to risks associated with switching transients and temperature fluctuations. To
ensure reliable operation, a Utilization Factor (UF) is employed to define the safe
steady-state DC operating voltage of each H-bridge module (Vi op)-

The operating voltage is calculated as:

V;iqop = ‘/rat -UF (24)

For SiC MOSFETs, a UF of 0.7 is commonly adopted, meaning only 70% of the
device’s voltage rating is utilized for the DC-link operating point of each individ-
ual H-bridge cell. For the standard voltage classes considered in this study, the
corresponding safe operating voltages are defined as follows.
For 1.7 kV switches:

Vicopr7 = 1700V - 0.7 = 1190V (2.5)

For 3.3 kV switches:
Vicopss = 3300V - 0.7 = 2310V (2.6)

These values represent the maximum allowable DC operating voltage of each individ-
ual H-bridge module within the cascaded structure. The total phase-level DC voltage
is obtained by summing the operating voltages of all series-connected H-bridge cells,
and directly determines the number of required sub-modules per phase for a given
grid voltage level.

2.2.1.4 Calculation of the Number of Cascaded Modules

The number of modules per phase is determined by dividing the total required phase
voltage by the operating capacity of a single module. Since a fractional number of
modules cannot be implemented, the ceiling function ([]) is used to round up to the
nearest integer:

Vdc total
Ngy = : 2.7

For a case study comparison involving a total required DC-link voltage of 10.2 kV,

the results are as follows:
For the 1.7 kV design:

10.2kV

Nsyjar = {1190\[

—‘ = [8.57] = 9 modules (2.8)

12
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For the 3.3 kV design:

10.2kV
2310V

SM33 = { w = [4.41] = 5 modules (2.9)

To reach the total required output voltage for the 10 MW system, these modules
must be connected in a series-cascaded configuration. This cascading arrangement
allows the converter to build the high-voltage grid waveform by adding the individual
output voltages of each connected H-bridge. Once the number of modules (Ngyy) is
fixed at 9 and 5 respectively, the exact DC-link voltage for each H-bridge module
(Vie) is recalculated. This ensures that the sum of the voltages exactly matches the
target Ve ot Tequired for the 10 kV grid interface:

Vdc,toml 10.2

Vier17 = = = 1133V 2.10
del T Nsaaz 9 (2.10)
Vietota 10.2
Viess = —etotel — 222 — 9000V (2.11)
’ Nsnias 5

These specific DC-link voltage values are essential parameters for the design and
calculation of the DAB isolation stage, which will be detailed in the next section.

2.2.2 Isolated DAB Converter Design

The passive components of the DC/DC stage are dimensioned to ensure that the sys-
tem can handle the rated 10 MW total power while maintaining stable DC voltages
with minimal ripple. Two critical factors in this design are the transformer turns
ratio (n) and the leakage inductance (L;;), which are selected to achieve the desired
power transfer characteristics and facilitate zero-voltage switching (ZVS). ZVS is es-
sential at the selected switching frequency of 5 kHz to minimize switching losses and
reduce thermal stress on the SiC-based H-bridge modules. In addition, the DC-side
capacitors are sized to limit voltage ripple and support transient power imbalance
during dynamic operating conditions. The coordinated design of the transformer pa-
rameters, leakage inductance, and DC-link capacitance ensures efficient and reliable
operation of the isolated DAB converter.

2.2.2.1 Zero Voltage Switching

The transformer turns ratio n, defined as the ratio of primary to secondary turns
N,/Ng, is a critical design factor used to match the primary DC bus to the isolated
secondary DC links. These specific ratios are chosen to ensure that the reflected
secondary voltage (V) matches the primary source (V,), such that nV, = V,. This
alignment is vital for achieving ZVS, as it allows the converter to operate near the
unity voltage conversion ratio. By operating at this point, reactive power circulation
is minimized and the energy stored in the leakage inductance is optimized to dis-
charge the switch capacitances. This allows the system to maintain high efficiency
and reduces thermal stress, even when operating at a high switching frequency of 5

kHz.
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2.2.2.2 Leakage Inductance Calculation

The leakage inductance is the primary energy transfer element within the DAB
stage. From a fundamental viewpoint, the DAB converter can be represented by
two AC voltage sources, generated by the primary and secondary bridges, connected
through a total series inductance L;,. This inductance consists of the transformer
leakage inductance and any additional auxiliary inductors. The instantaneous cur-
rent through L;; is driven by the voltage difference between the two bridges and is
controlled by the phase shift between their switching functions.

The average power transferred by the DAB converter over one switching period can

be expressed as:
nV,V 0]
P= PS5 pgl1—-= 2.12

2fslek ( ™ > ’ ( )

Where:

o V), is the primary (input) DC-link voltage.

 V; is the secondary (output) DC-link voltage.

 n is the transformer turns ratio (N,/Nj).

o fsw is the DAB switching frequency.

o Ly is the total leakage inductance referred to the primary side.

o 0 is the phase shift between the two bridges.
The maximum transferable power occurs at a phase shift of § = /2, corresponding
to the peak of the power-transfer characteristic. Substituting this condition into the
above expression yields the maximum power relationship, from which the required
leakage inductance can be derived as

NAAK
B 8fsmeaac .

By substituting the design parameters into the above expression and applying the
safety factor, the required leakage inductance is obtained as 77.76 pH. This value
is selected for both the 1.7 kV and 3.3 kV systems, since the DAB modules are
designed to transfer the same per-module power at identical switching frequency and
primary DC voltage. Consequently, despite the different device voltage ratings and
transformer turns ratios, the maximum-power condition leads to the same effective
leakage inductance requirement in both cases.

Lk (2.13)

2.2.2.3 DC-Link Capacitance Calculation

The capacitor is sized to limit the voltage ripple to 3% (AV = 0.03- V) to maintain
a stable DC input for the cascaded inverter stage. The calculation is based on the
nominal DC current and the switching frequency.

The nominal DC current is calculated as:

Iy = (2.14)
The required capacitances for both systems are:

Ticaq

AV 1.92mF (2.15)

C(dc,l.7 =
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]dc3.3
Chezz=-—————=111mF 2.16
dc,3.3 (A‘/})g ] fsw) m ( )

These calculated values ensure that the DC-link voltage remains stable under full
load conditions, providing the necessary energy buffer for the secondary H-bridge
modules. The following table provides a comprehensive overview of the DAB and
CHB stage parameters used for the system implementation.

Table 2.2: Design parameters for MMC-based converter implementation.

Parameter 1.7 kV System 3.3 kV System
Grid Power (P) 10 MW 10 MW
Grid Voltage (Vi) 10 kV 10 kV
DAB Primary Voltage (V) 1200 V 1200 V
DAB Secondary Voltage (V) 1133 V 2000 V
Number of Cascaded Modules (Ngpr) 9 5
Transformer Turns Ratio (n) 1.06 0.6

CHB Switching Frequency (fswcnp) 1kHz 1 kHz
DAB Switching Frequency (fswpap) 5 kHz 5 kHz
Leakage Inductance (L) 77.76 pH 77.76 uH
DC-Link Voltage Ripple (AV) 3% 3%
DC-Link Capacitance (Cye) 1.92 mF 1.11 mF
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3.1 Introduction

The primary objective of a modulation is to translate control references into precise
gate signals for the power semiconductors. The choice of modulation directly im-
pacts system efficiency, thermal stress on the devices, and the THD of the output
voltage. As shown in Fig 3.1, modulation techniques for power converters are cate-
gorized based on their switching frequency, as described in the reviews by [25, 30].

Modulation
Techniques

Fundamental
Switching
Frequency

Medium
Switching
Frequency

High Switching
Frequency

Selective
Harmonic
Elimination

Staircase
Modulation

Space Vector
Modulation

Sampled Average
Modulation

Space Vector Pulse Width
Modulation Modulation

2D algorithm 3D algorithm Carrier base Reference base

r"""""'l"""""1

Space Vector Nearest Level Third Harmonic

Control

Control Injection

Single Carrier Multiple Carrier

———

Phase shift Level Shift

Phase Alternative-

Opposition

Phase

Phase
Opposition
Disposition

Disposition

Modulation Disposition

Figure 3.1: Classification of modulation techniques based on switching frequency.

For high-performance grid-connected systems, a two-layer control architecture is em-
ployed. The high-level regulation is performed using dq control, which transforms
three-phase AC variables into a synchronous rotating reference frame. This trans-
formation allows for the independent (decoupled) regulation of active and reactive
power by treating AC quantities as DC signals. The resulting voltage references
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3. Control Strategy

generated by this dg controller are then processed by the modulation stage.

For power converters, high-frequency carrier-based PWM is the industry standard
for controlling numerous power cells simultaneously. Within this category, Phase-
Shifted PWM (PS-PWM) and Level-Shifted PWM (LS-PWM) are the most popular
methods, offering an optimal balance between switching efficiency and power qual-
ity. While LS-PWM offers several advantages such as easy implementation and
waveform quality improvement [25], it needs precise synchronization among carriers
which increases the complexity of the control software [31].

In this research, PS-PWM is selected for the control of star-connected CHB system
to reach a 10 kV system voltage because of its good performance in modular ar-
chitectures. According to [32], PS-PWM is adopted to suppress the current ripple,
because it uses a framework in which the carrier of each module is independent.
This independency of carriers is a significant advantage as it ensures the system can
maintain the output performance when module fault occurs. Moreover, PS-PWM
facilitates an even distribution of power among the submodules (SMs) [33]. This
uniform distribution is critical for preventing localized thermal stress and ensuring
balanced aging of the submodules.

While the dg controller and PS-PWM handle the inverter stage, the DAB converter
in the SST isolation stage requires a robust closed-loop controller to maintain a
stable DC-link voltage. The closed loop control in the isolation phase is used to
maintain the DC output voltage at a constant value. To evaluate these strategies,
the full power converter and required controllers are modeled in simulation software
as illustrated in the system architecture in Fig 3.2. The model incorporates two
dedicated control systems—one for DAB and another for CHB—both of which are
analyzed in technical detail in the following sections.

DC-Link : PNy
== Dual ——— | Cascaded > Power N
: . . 1 1
i PV/BESS Active H-Bridge ;b 2 Grid }
e Bridge Inverter RN s
f t
Phase-shift Current L
controller controller

Figure 3.2: Overview of the control system structure.

3.2 CHB Control Implementation

The CHB converter acts as the power electronics interface between the high-frequency
isolation stage and grid. In this architecture, the DC-link voltage of each cell is regu-
lated and maintained at a fixed value by DAB stage. Consequently, the CHB control
system focuses exclusively on grid current and power factor correction.
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3.2.1 Synchronous Reference Frame (dq) Current Control

The control is implemented in the synchronous rotating reference frame (dg frame).
This approach is preferred because it transforms sinusoidal grid variables into DC
quantities, allowing the use of standard PI controllers to achieve zero steady-state
error. The grid dynamics in the abc frame can be described by:

d
Us,abe = Riabc + Laiabc + Vconv,abe (31)

By applying the Park transformation, the dynamics in the dq frame become:

»

Vsa = Rig + L% — wLiy + vg (3.2)
ke

Veg = Rig + L% +wliq+ v, (3.3)

Where vgq,vsq are the grid voltages, vq,v, are the converter output voltages, and
wli represents the cross-coupling terms. To decouple these axes and ensure high-
performance tracking, the control laws for the reference voltages v; and v are defined
as:

K,

Uy = Vsq + wliy — (Kp + ?Z

) (i — ia) (3.4)
v = vy — wLia — (Ky + f) (it —i,) (3.5)

The three-phase grid currents (i4,.) are measured and converted to the stationary
af frame using the Clarke transformation, and subsequently to the rotating dq
frame using the Park transformation. To ensure precise synchronization with the
grid, a Phase-Locked Loop (PLL) is utilized to track the grid voltage angle (6).
The PLL operates by continuously adjusting its internal frequency to match the
grid’s phase, thereby extracting the fundamental frequency and phase required for
accurate coordinate transformations.

Two independent PI controllers are used to regulate the d and ¢ components of the
current:

o The d-axis reference (i}) is set based on the desired active power exchange
with the grid. Since the DC-link voltage is regulated by DAB stage, the CHB
controller treats the DC bus as a fixed-voltage source.

o The g-axis reference (i}) is typically set to zero to ensure unity power factor
operation.

To decouple the d and ¢ dynamics and improve tracking performance, feed-forward
terms (lwi) and grid voltage compensation (vg4,) are added to the PI controller
outputs. The resulting reference voltages vj and v} are then transformed back to
the abc frame (v},,) to serve as the modulating signals. Once the reference voltage
vl is generated, it is normalized by the total available DC-link voltage to produce
the three-phase modulation indexes m,, m; and m..:

v

abc

Mgpe = ——2—— (3.6)
Neell ‘/;lc
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Where; n.ey is the number of cells per phase and V. is the average voltage of a single
DC link. These modulating signals are used to compare with carriers to generate the
gate pulses for the CHB sub-modules, a process which is explained in detail in the
next section. A comprehensive block diagram showing the implemented dq current
control strategy is presented in Fig 3.3. The figure provides a detailed overview of
the control flow, starting from the sensory input to the final modulation signals.

Feed-forward

PI Controller

K, + N
Ps

1

abc

Ve otn |9 abc/dq

*
abc

\ A 4

Vc:bc/n- Vdc
£

=
+ ~.
v | X
=)
—
m=
B

PI Controller T Vq

Feed-forward

Figure 3.3: Block diagram of the dq current control structure.

3.2.2 Phase-Shifted PWM Mathematical Implementation

In PS-PWM, each cell i (where i = 1,2,...,n) compares generated modulation
indexes with dedicated triangular carriers (C;). The phase shift 6; for each carrier
is mathematically defined as:

180°

Neell

0;=(i—1) (3.7)
For each H-bridge cell, a unipolar switching strategy is employed to effectively double
the apparent switching frequency. As illustrated in Fig 3.4, this is achieved by
comparing the modulation signal m, and its inverse —m, against the same triangular
carrier C;(6;). This generates the gate pulses for the two H-bridge legs (.S; 1 and

Sz’,Lz)i

1 if a > Cl (9@
S =41 ifma>Cilb) (3.8)
0 lf myg S Cz<02)
1 if — meg > Cl(el)
Siro = 3.9
2 {0 if — myg S Cz(‘%) ( )

The logical operation described in Equations (3.8) and (3.9) is illustrated in Fig 3.4.
As shown, the switching state for each leg is determined by a simple comparison:
when the modulation signal is higher than the carrier, the leg state is 1; otherwise,
it is 0. During the positive half-cycle, m, is frequently higher than the carrier while
—m, remains mostly below it, whereas during the negative half-cycle, —m, is higher
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Logical derivation of unipolar switching signals in an H-bridge cell.

Figure 3.4: Logical derivation of unipolar switching signals in H-bridge module.

more often. The resulting output voltage of a single cell is defined by the difference
between these two leg states:

Veelli = Vdc(Si,Ll - Si,LQ) (3-10)

By subtracting the signals in this manner, the output voltage pulses between 0 and
+Vy. during the positive half-cycle and between 0 and —V,. during the negative
half-cycle. This unipolar switching ensures that the voltage only transitions be-
tween adjacent levels, avoiding direct jumps between +Vj,, and —Vj.. This specific
implementation effectively doubles the switching frequency at the cell level (2 - f,)
due to the harmonic cancellation between the two legs. When expanded to a CHB
configuration with n submodules per phase, the phase-shifted carriers provide addi-
tional harmonic interleaving. This leads to an effective output switching frequency
(ferr) for the total phase leg of:

feﬁzz'ncell'fsw (311)

The practical implementation of the PS-PWM stage is depicted in Fig 3.5. This
diagram shows the transition from the control references to the physical switching
commands for the n H-Bridge cells.
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m [ Ca,l
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Figure 3.5: Block diagram of the Phase-Shifted PWM generation stage.
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3.2.3 CHB Controller Tuning

The current controller gains are initially estimated using the Internal Model Control
(IMC) tuning method. For a first-order RL plant consisting of the grid filter induc-
tance and resistance, the PI controller transfer function G.(s) = K, + % is designed
to cancel the plant pole. Under the IMC framework, the gains are calculated as:

L

K,=-L (3.12)
T
R

K= (3.13)
T

Where:

o Ly is the grid filter inductance.

» Ry is the equivalent series resistance of the filter.

e 7 is the desired closed-loop time constant.
While the IMC method provides a systematic starting point, the final gains used in
the simulation were reached through trial-and-error manual tuning. This adjustment
was necessary because the standard IMC formula (typically using 7 ~ 10/ fs,,) does
not fully account for the high effective switching frequency (f.;; = 18 kHz) and
the discrete-time delays inherent in a multi-level CHB configuration. The manual
increase of K; ensures a faster elimination of steady-state error, while the chosen K,
optimizes the transient response without inducing oscillations. The specific design
parameters and the final tuned controller gains for both SiC-based implementations
are summarized in Table 3.1.

Table 3.1: CHB dq current controller parameters.

Parameter 1.7 kV SiC System 3.3 kV SiC System
Filter Inductance (L) 2 mH 2 mH

Filter Resistance (Ry) 4 mS) 10 m$2
Proportional Gain of CHB controller (K,.) 1 4

Integral Gain of CHB controller (K.) 10 10

3.3 DAB Control Implementation

The dual active bridge converter provides the necessary galvanic isolation and volt-
age regulation within the system. In this architecture, the primary role of the DAB
is to provide a fixed and stable DC-link voltage for the subsequent CHB inverter
stage. The power flow between the primary and secondary bridges is managed us-
ing the Single Phase Shift (SPS) modulation technique, which is described in the
following subsections.

3.3.1 Single-Phase Shift Modulation Logic

In SPS control, all semiconductor switches in both the primary and secondary H-
bridges are operated with a fixed 50% duty cycle. This results in two high-frequency
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square wave voltages, V,, and Vj, being applied to the primary and secondary termi-
nals of the high-frequency transformer, respectively.

P /Vs

\4

P Tow

FalWaWalel
VAV

Figure 3.6: Operating waveforms of the DAB converter under single phase shift
modulation: (a) Primary voltage V,; (b) Secondary voltage V; and (c) Transformer
leakage inductor current Ij.

U

As shown in Fig 3.6, the phase shift ¢ is measured as the horizontal displacement
between the corresponding transitions of v, and v,. The primary control variable is
the phase shift ratio (d), which represents the normalized displacement between the
primary and secondary voltage waveforms. This ratio is defined as:

¢

d= - (3.14)
Where ¢ is the phase shift angle in radians. The value of d typically ranges from
—0.5 to 0.5. The sign of d determines the direction of power flow: a positive value
denotes power transfer from the primary to the secondary side, while a negative value
indicates reverse power flow. From a circuit perspective, the phase shift creates a
voltage difference across the transformer’s leakage inductance (Lj). During the
interval ¢, the instantaneous voltage across the inductor is (V, + nVj), causing
the leakage current L;. to rise or fall linearly. The amount of energy stored and
subsequently transferred depends entirely on this displacement.

3.3.2 Closed-Loop Phase-Shift Controller

To ensure the CHB stage receives a constant supply, a closed-loop controller is
implemented to fix V, at the required DC-link reference. The relationship between
the phase shift d and the transmitted power P is non-linear but remains monotonic
within the standard operating range of |d| < 0.5.

The controller adjusts d dynamically based on the following dynamics:

e Increasing d: Expands the interval where the primary and secondary volt-
ages have opposite polarities. This enhances the energy stored in the leakage
inductor L;, during the overlap period, thereby increasing the active power
transfer to support the CHB load.
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o Zero Phase Shift (d = 0): Represents the condition where the primary
and secondary square waves are perfectly aligned. This results in zero active
power transfer, as the instantaneous voltage across the leakage inductance is
minimized throughout the cycle.

« Maximum Power: The theoretical power limit occurs at |d| = 0.5. Op-
erating beyond this limit is generally avoided as it leads to a decrease in ac-
tive power while significantly increasing reactive power circulation and current
stress, which degrades system efficiency.

The overall control architecture for this stage is depicted in Fig 3.7. The con-
troller continuously monitors the secondary DC-link voltages of H-bridge modules
and compares them against the desired reference Vg, ,es. The resulting error is pro-
cessed through a PI controller to generate the required phase shift ratio d, which
is then converted into gate signals for the H-bridges. This closed-loop mechanism
ensures precise regulation and rapid recovery during load transients.

PI Controller Saturation

V. Primary switching
de K K; ¢ Phase shift signals
» T S d modulation

Secondary switching
signals

Figure 3.7: Block diagram of closed-loop phase-shift control structure.

3.3.3 DAB Controller Tuning

The tuning process specifically targets a crossover frequency significantly lower than
the switching frequency (fs, = 5 kHz) to avoid interference with the high-frequency
sampling ripples. In DAB systems, the plant’s gain effectively changes depending
on the DC-link voltage levels; therefore, the controller must be robust enough to
handle the non-linear power-to-phase-shift curve. While analytical methods provide
a solid theoretical baseline, they often result in conservative gains that lead to a
slow recovery time during the rapid load transients characteristic of CHB switching.
The final parameters used for both the 1.7 kV and 3.3 kV SiC-based systems are
summarized in Table 3.2.

Table 3.2: DAB phase-shift controller parameters.

Parameter 1.7 kV SiC System 3.3 kV SiC System
Proportional Gain of DAB controller (K,4) 0.5 0.001
Integral Gain of DAB controller (K;4) 0.05 0.05

In summary, the coordinated control of the DAB and CHB stages ensures that
the SST operates with high efficiency and superior power quality. While the DAB
controller maintains a stiff DC bus through closed-loop voltage regulation and soft-
switching, the CHB controller utilizes a decoupled dg current control scheme to
interface with the 10 kV grid at unity power factor. The combination of PS-PWM for
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the inverter and SPS modulation for the isolation stage provides a robust framework
for comparing the performance of 1.7 kV and 3.3 kV SiC MOSFET technologies in
high-power applications.
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4

Simulation & Results

The simulation is carried out in PLECS, where the solid-state transformer topol-
ogy—incorporating the dual active bridge, cascaded H-bridge, and grid interface—is
modeled. For the electro-thermal analysis, CAB650M17HM3 and CAB600M33LM3
SiC power modules are used to represent the switching devices. The electrical char-
acteristics, switching energies, and thermal parameters of these devices are defined
according to the manufacturer specifications reported in [34, 35]. Using realistic
switch models ensures that the simulated conduction losses, switching losses, and
thermal behavior accurately represent practical device performance.
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Figure 4.1: Simulink model.
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4.1 System Performance

In this study, the SST is modeled using two different switch ratings to compare their
impact on performance. The primary side of the DAB is identical for both systems,
utilizing 1.7 kV switches. However, the secondary side of the DAB and the CHB
stages are separately designed to use 1.7 kV and 3.3 kV switches, as discussed in
the following sections. While the overall topology remains the same as shown in
Fig. 4.1, the modular configuration is adjusted for each case: the 1.7 kV system
utilizes 9 cascaded modules per phase with DC voltage of 1133 V, whereas the 3.3
kV system is designed with 5 cascaded modules per phase with DC voltage of 2000
V. The active power of 10 MW is transferred from the DAB H-bridge through the
multi-winding high-frequency transformer and distributed to the phase-level CHB
modules, which interface with the grid through the output filter and provide 10 kV
line to line rms voltage at PCC.

(a)

Voltage [V]

(b)

Voltage [V]

(c)

Current [A]

-1000

(d)

1.0

0.5

Power [W]

1.95 1.96 1.97 1.98 1.99 2.00
Time [sec]

Figure 4.2: Steady-state output performance under nominal conditions while de-
livering 10 MW power to the grid: (a) Grid voltage; (b) Inverter voltage (c) Grid
current and (d) Grid power.
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4.1.1 Case A: System design using 1.7 kV SiC MOSFET

The output voltage and current waveforms, presented in Fig. 4.2 (a) and (c), shows
minimal ripple and stable synchronization, validating the effectiveness of the system
design. It can be observed that the system delivers a line-to-line output voltage of
approximately 10 kV, while Fig. 4.2 (d) shows the delivery of a total active power
of 10 MW under nominal operating conditions. The three-phase 19-level inverter
voltage waveforms at the converter terminals are shown in Fig. 4.2 (b). This high
number of levels is achieved through the cascaded H-bridge stages, resulting in a
waveform that closely approximates a sine wave even before any filtering is applied.
At the Point of Common Coupling (PCC) connection to the grid, the system demon-
strates excellent power quality. The voltage THD is effectively 0%, while the current
THD is as low as 0.27%.
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Figure 4.3: DAB simulation results with one of the cell units at the secondary
side: (a) Primary and secondary side voltages; (b) Primary current; and (¢) Output
DC-link voltage waveforms.
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Figure 4.4: Closed-loop phase-shift controller of the DAB.
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The isolation stage provides critical insight into the transformer utilization. The
DAB input voltage, output voltage, primary side current, and dc-link voltage are
displayed in Fig. 4.3. The dc-link voltage is maintained at 1133 V, ensuring sta-
ble operation and proper voltage levels for the subsequent cascaded stages. The
inductor current waveform, in particular, confirms the accuracy of the phase-shift
command generated by the DAB controller. Depending on the specific power trans-
fer requirements, the controller dynamically calculates and adjusts this phase shift
between the primary and secondary bridges to regulate energy flow with high pre-
cision. By modulating this phase angle, the system maintains the 1133 V dc-link
provided by the real device parameters of the SiC modules. These results confirm
that the SST architecture successfully meets the design specifications for grid-tied
power conversion.

PI Controller >+
J +
D ma
vd*
e .
Vg* Mc

PI Controller +

Tabc

Vabc

Figure 4.5: Closed-loop dg-axis current controller of the CHB with grid synchro-
nization.

The precise regulation of system parameters is maintained by the control strategies
implemented for the DC/DC and DC/AC stages. The implementation of DAB and
CHB controllers is shown in Figs. 4.4 and 4.5, respectively. These figures detail the
control loops and PWM generation logic required to manage the system operation.

2.00

Time [sec]

Figure 4.6: Three-phase modulation signals produced by CHB controller.

The control strategy is demonstrated through the interaction between the modula-
tion signals and the carriers. Figs. 4.6 shows the three-phase modulation signals,
which are the output of the CHB closed-loop controller. These signals are used to
compare with PSPWM carriers to generate the switching pulses for the inverter, as
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4. Simulation & Results

mal distortion, scaling proportionally to peak amplitude of 400 A.

o Case 3 (75% Load): Under the heavy-load condition of 75% illustrated in
Fig. 4.10, the converter successfully delivers the 7.5 MW active power, with the
corresponding line currents increasing stably to peak value of approximately

620 A.
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Figure 4.8: Steady-state output performance at 10% load conditions: (a) Grid
Voltage; (b) Inverter voltage; (c¢) Grid current and (d) Grid power.

Furthermore, the power quality of the system improves significantly as the operat-
ing load increases. The THD of the line currents is measured at 2.28%, 0.49%, and
0.34% for the 10%, 50%, and 75% loading conditions, respectively. This inverse rela-
tionship occurs because at light loads (10%), the fundamental current amplitude is
small, making the high-frequency switching ripples more prominent in proportion to
the total signal. As the system scales up to 50% and 75% capacity, the fundamental
current increases substantially while the absolute switching ripple remains relatively
constant, leading to a much cleaner signal-to-noise ratio. This trend is clearly re-
flected in the current subplots of Figs. 4.8, 4.9, and 4.10, where the waveforms show
an increasingly smooth, ideal sinusoidal profile at higher power levels.
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Figure 4.9: Steady-state output performance at 50% load conditions: (a) Grid
Voltage; (b) Inverter voltage; (¢) Grid current and (d) Grid power.
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Figure 4.10: Steady-state output performance at 75% load conditions: (a) Grid
Voltage; (b) Inverter voltage; (¢) Grid current and (d) Grid power.
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4.1.2 Case B: System design using 3.3 kV SiC MOSFET

In this configuration, the secondary side of the DAB and the CHB units are im-
plemented using 3.3 kV SiC MOSFETs. Due to the higher voltage rating of these
devices, the system is optimized by reducing the number of cascaded modules from
9 down to 5 modules per phase. The steady-state output performance for the 3.3 kV
configuration is presented in Fig. 4.11 (a) and (c¢). The waveforms show that even
with a reduced number of modules, the system maintains stable synchronization and
precise current control under nominal conditions.
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-1000
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Figure 4.11: Steady-state output performance under nominal conditions while
delivering 10 MW power to the grid: (a) Grid Voltage; (b) Inverter voltage; (c)
Grid current and (d) Grid power.

The reduction in the number of H-bridge cells results in a three-phase 11-level in-
verter voltage waveform at the converter terminal, as shown in Fig. 4.11 (b). While
there are fewer steps compared to the 1.7 kV case, the 11-level waveform still pro-
vides a high-quality approximation of a sine wave. At the PCC connection, the
control strategy ensures the harmonic content of current remains well within regu-
latory limits at 0.78%.
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The DAB characteristics for the 3.3 kV switches are illustrated in Fig. 4.12. In this
case, the dec-link voltage is maintained at a higher level of 2000 V. The inductor cur-
rent and bridge voltages confirm that the DAB efficiently manages power transfer
at this higher voltage stress.
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Figure 4.12: DAB simulation results with one of the cell units at the secondary
side: (a) Primary and secondary side voltages; (b) Primary current; and (c) Output
DC-link voltage waveforms.

Regarding the control implementation, the fundamental structures of the DAB and
CHB controllers remain identical to those shown in Fig. 4.4 and Fig. 4.5. However,
to account for the different device parameters and the reduced number of modules,
different tuning constants and gains have been utilized. These specific parameters
are detailed in the control strategy chapter to ensure optimal dynamic response for
the 3.3 kV configuration. The interaction between the control loop and the modu-
lation stage is shown in Fig. 4.13 and Fig. 4.14. The modulation signals, produced
by the CHB closed-loop controller, are compared with a set of five phase-shifted
triangular carriers per phase, each separated by 36°. This comparison generates the
switching pulses for the 3.3 kV H-bridge chain, validating the effectiveness of the
PSPWM technique for this modular configuration.

To validate the scalability of the topology, the system performance is also evaluated
in second configuration utilizing 3.3 kV . MOSFETs. Figures 4.15, 4.16, and 4.17
present the steady-state waveforms under identical loading conditions of 10%, 50%,
and 75% load capacity, respectively.

35



4. Simulation & Results

e
. 99 8 49
[ wn a0 O
b5) s E g = E g .Wc R
= 2 g = = I = I~y =
m ==X m o < > Q fm o »n - =
= S - = & = @ o, = o 2
g8 = =5 i = “E>9 8 S B
© = —=——7 4 —\_ O 0= g g ne -2
m Aulnﬂ‘lﬂ."ﬂ"”lnﬂ\kdv\ wvw Wﬂ.ﬂlviﬂnu““uv‘”ul = = A o .l.O = Q m o = g
—— = —— 5~ —+- <  —~ % 9.5 g & g
= wmmv*“mw.'! = WW&‘I‘I@“ = 5o M g = E 8 F =
©) ————\ e — ,ln'uul’w'rll‘“'ﬂ S R 8 o8 H
= —— X A o "N ep 2L EXg F
z> — — — _———J P EN=S g T2 2 g
o TE %ﬂu ————F——\, A“““VIhnwui —= > T = 0 o B
| = —— =7 < 5= . & & =
> —— e N —— == 5293 o &
(] = L m&% ” - ——— O o0 rm < m = D
9 ==— | e — =7 o =2 o 5 O 3,
= \_——= ==\ rlﬂ“L“!“ﬂnqu = 3 n.o2 25 A E O
e “El‘m' L —— — 1MI%Muﬂvlv_ w DEBXREE R =T
o ——— rwnm?%.‘! S [al <] g o = > T =
= M&I‘W‘WN“‘N lﬁ% : =/ | % z8:"i o n » Q
B, Aum»..!ﬁllklhl.il 1 —————— —— —— S S o= 5 g L w =
= —— = | _———— o = T3 Le==2Y
2 = T —— e —— ~ CHIE- BE R ==
= — ,Ahmm H.'l“u“wlﬁwuflu, —— o = ) W SSSSS
9] < |A““Wﬁ'"h"“!”¥! Hl?ﬂu“l‘nhr ——————— = ) o g ® &
g ) s ——— P — —— <5} o] .
g =] e e = = e = — o) O = op o=
5 D e ——— e |- e =g g g I 0 = <
gz = = /L e - g 2 = R A - T U<
= — 7 = ————- o~ = 8L < — 5 =
g I ———— ———— / | ———= 2 o B
S =\ e —— = | Ee S L i BT £
= e — = 4———— 22885 0 eb 52 5
—F—— = == ,AHM”I\‘““““““ +~ =
= e —_— = — Ks o B8 L =S
= =1 e — % 1 B e <225 X g @
g | - == = ., 2RO ®ESZ =
- — ——— = O — > H
g = | _—— = [ g = m g BNy
MW“‘W““MM ——\ ‘MMWII....“AMW" w = — = O = m —
= | _—— =7 = 9 oo 3 - 2 2 3
MJU%W Al% : B = —— A, 29 8 a5 2 O o o s
= N‘% lw'ﬂﬂl “.Mﬂ"] — >y T < < o < @)
o : ——— A“vﬂ'ﬂ““ll‘n‘, N - o—_ — (D) g .5 =
= ———— . SIS R .S ETE
,ﬁh”” =——/ M..%\'&.W& ———F —\ m A.nlm o % m lr m .h.a & m
= W’W’lﬂwﬂ”ﬂn‘: e g Sx* < g 80w
= s ———a i_——r —7 = -~ = < = 3 =
——— -/ ———— =S 2 c.1t.hureh,
H - —— - e e o P o O =
———+= -~ ——auh SE 559" PEEEEE
S i o I— = = _ = g + = g -2 T o = Q
" eud = o, S o = Q
! o ~ @} W = >
& = = = w 2O S A > Ao 5
< o ~ T O o =R X o~ o =
= — D = < _ ‘m
oy — >
M = O < — +
=, <t = o) 22 og
— W S g ) S ® =
O = » © e .8 =2 & =
[10] < A o = = o) A Q m =
N L A, = =
e A = o w3 & E
= = S B V = o 7
< ] 9 > > 4
o0 = (ORI N m s =P =
..... BEISN o = s
= = =) ~ 7 < 2
T m ~n P g Wo d 92}
o= — ™ d h & m



4. Simulation & Results
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Figure 4.15: Steady-state output performance at 10% load conditions: (a) Grid
Voltage; (b) Inverter voltage; (c¢) Grid current and (d) Grid power.
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Figure 4.16: Steady-state output performance at 50% load conditions: (a) Grid
Voltage; (b) Inverter voltage; (c¢) Grid current and (d) Grid power.
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Figure 4.17: Steady-state output performance at 75% load conditions: (a) Grid
Voltage; (b) Inverter voltage; (c¢) Grid current and (d) Grid power.

While this chapter focuses on validating the electrical performance and control be-
havior of the proposed MMC architecture, a detailed loss, efficiency, and cost analysis
is not addressed here. These aspects are investigated in the following chapter, where
the conduction and switching losses of the 1.7 kV and 3.3 kV SiC MOSFET-based
designs are quantified using electro-thermal simulation results. Furthermore, the
impact of switch voltage rating on overall system efficiency, modular complexity,
and cost is analyzed to provide a comprehensive comparison and support the final
design recommendations.
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System Loss & Cost Analysis

5.1 Loss Analysis

To evaluate the practical performance of the 1.7 kV and 3.3 kV SiC MOSFET-based
systems, a comprehensive loss analysis was conducted. Unlike theoretical estima-
tions, this analysis utilizes the thermal modeling capabilities of PLECS, incorpo-
rating real-world device characteristics (look-up tables for E,,, Eusr, and Vi )
obtained from manufacturer datasheets reported in [34, 35]. The losses are calcu-
lated by mapping the switching and conduction loss data directly onto the simulation
components.

A heat sink component is implemented for each H-bridge module to act as a ther-
mal collector for the dissipated energy. It should be noted that the physical design
and optimization of the cooling system, are outside the scope of this research. In-
stead, the heat sink serves as a centralized tool to aggregate losses and calculate the
overall efficiency of the DAB and CHB stages under various operating conditions.
This approach ensures that the total power loss results accurately reflect the device
behavior defined in the manufacturer data.

The simulation results demonstrate high efficiency for both SiC-based implementa-
tions, confirming the performance benefits of the proposed MMC converter config-
uration in high-power applications. A detailed breakdown of the converter’s perfor-
mance at nominal load is provided in Table 5.1.

Table 5.1: Overall MMC-based converter efficiency at nominal load conditions.

Parameter 1.7 kV System 3.3 kV System
Conduction Loss Share (P.onq) 67.7% 73.9%
Switching Loss Share (Pi,) 32.3% 26.1%
Total Efficiency () 99% 98.8%

As shown in the data, the 1.7 kV system achieves a total efficiency (1) of 99%, while
the 3.3 kV system operates at 98.8%. In addition to the slight difference in overall
efficiency, the distribution of losses also varies between the two configurations. In
the 1.7 kV system, switching losses ( Py, ) account for 32.3% of the total loss profile.
In contrast, the 3.3 kV system reduces the switching loss share to 26.1%, which
is a direct result of the reduced component count and fewer switching transitions
required for the same voltage level. However, the 3.3 kV system exhibits a higher
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conduction loss share (P.ynq) of 73.9% compared to 67.7% in the 1.7 kV counterpart.
This suggests that while the higher-voltage switches excel at reducing switching-
related stress, their on-state resistance contributes a larger portion to the total
energy dissipation. These findings highlight a critical trade-off between switching
frequency optimization and conduction efficiency when selecting SiC device ratings
for modular multilevel architectures.

5.1.1 Loss Analysis Under Different Load Conditions

To evaluate the system performance across the full operating range, the efficiency
was simulated from 10% to 100% load for both the 1.7 kV and 3.3 kV configurations.
The total system efficiency, representing the combined performance of the DAB and
CHB stages, is illustrated in Fig 5.1. Both systems maintain a high efficiency above
98% across the entire load spectrum. Notably, the 1.7 kV system exhibits a very flat
efficiency curve, peaking early at approximately 30% load and maintaining superior
performance at light loads. In contrast, the 3.3 kV system shows a steeper drop in
efficiency below 30% load. This is primarily attributed to higher fixed losses and the
specific switching characteristics of the higher-voltage devices at lower power levels;
however, the efficiency gap narrows significantly as the system approaches nominal
power. This trend is in accordance with the results reported in [37].

100

99,5

99

Efficiency [%]

98

—33 KV
—1.7KV

10 20 30 40 50 60 70 80 90 100
Load [%]

Figure 5.1: Overall MMC-based converter efficiency under different load condi-
tions.

To further analyze these behavioral differences, Fig 5.2 details the percentage share
of semiconductor losses for both configurations at nominal operation. For the 1.7 kV
system, conduction losses constitute approximately 67.7% of the total semiconductor

40



5. System Loss & Cost Analysis

losses, with switching losses accounting for the remaining 32.3%. In comparison, the
3.3 kV configuration exhibits an even higher dominance of conduction losses, which
rise to roughly 74.0% of the share, while its switching loss share drops to 26.0%.
This higher share of conduction losses in the 3.3 kV system is primarily driven by
the higher Rpg(on), causing ohmic losses to dominate at nominal current levels.

Percentage [%]
S

1.7kV 33kV

m Conduction Loss Share [%] m Switching Loss Share [%]

Figure 5.2: Overall Loss distribution.

The individual conversion stages provide further insight into these results. The effi-
ciency of the isolated DAB stage is shown in Fig 5.3. In this stage, switching losses
are significantly minimized due to the ZVS mechanism. While the 1.7 kV system
maintains a consistently higher efficiency above 99.3%, the 3.3 kV system exhibits a
characteristic efficiency drop at light loads (dropping to roughly 98.1% at 10% load)
and peaks near 40% load, demonstrating that the ZVS benefits for the 3.3 kV SiC
switches are most effective at moderate to high current levels.

The physical basis for this difference is detailed in the loss distribution breakdown
presented in Fig 5.4. Both systems utilize the same primary-side switches, resulting
in an identical loss share of approximately 59% conduction and 41% switching for
the DAB primary bridge. However, the secondary-side bridges utilize different SiC
MOSFETs tailored to their respective voltage levels. The 1.7 kV secondary stage
exhibits a loss profile of roughly 61% conduction and 39% switching, benefiting from
a lower on-resistance of Rpg(n) = 1.42 mf). In contrast, the 3.3 kV secondary stage
uses devices with a higher resistance of Rpgn) = 2.7 m{2. As illustrated in Fig 5.4,
this higher resistance shifts its loss profile further, leading to an increased conduc-
tion loss share of approximately 68% and a reduced switching loss share of 32% in
the 3.3 kV secondary bridge.
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Figure 5.3: Isolated DAB converter efficiency under different load conditions.
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Figure 5.4: DAB Loss distribution: Comparison of primary and secondary bridge
shares.

Finally, the CHB converter efficiency, shown in Fig 5.5, demonstrates extremely high
and stable performance for both systems, consistently exceeding 99.5%. The effi-
ciency in this stage decreases almost linearly as the load increases, which is typical
for a stage dominated by I?R conduction losses. The 1.7 kV CHB stage performs
slightly better than 3.3 kV variant. Even though the 1.7 kV system requires a higher
number of submodules, the lower Rpg(on) of the 1.7 kV SiC MOSFETS results in lower
total conduction losses in the phase leg compared to the 3.3 kV configuration.
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Figure 5.5: Cascaded H-bridge converter efficiency under different load conditions.

100

Percentage [%]
3

1.7kV 3.3kV

® Conduction Loss Share [%] m Switching Loss Share (%)

Figure 5.6: CHB Loss distribution.

The underlying loss distribution presented in Fig 5.6 confirms that conduction causes
most of the losses for both voltage levels at nominal operation. For the 1.7 kV CHB
configuration, conduction losses make up approximately 86.5% of the total semicon-
ductor losses, while switching losses are only 13.5%. Similarly, the 3.3 kV configura-
tion has a very similar split, where conduction losses make up roughly 84.5% of the
total and switching losses account for the remaining 15.5%. This high amount of
conduction losses shows that the total resistance of the switches is the main factor
deciding the CHB stage’s overall efficiency.
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This detailed analysis confirms that while the 1.7 kV system offers slightly higher
peak efficiency due to lower on-resistance, the 3.3 kV system provides a highly
competitive alternative. By utilizing higher-voltage devices, it significantly reduces
the overall component count and system complexity of the 10 kV MMC architecture
while maintaining excellent efficiency.

5.2 Cost Analysis

In the development of this system, the architectural framework and component se-
lection strategies are derived from the research presented by [36]. This work adopts
a high-frequency link featuring a single primary and multiple secondary windings
(twenty-seven for 1.7 kV switches and fifteen for 3.3 kV switches), which follows the
methodology presented in the article of using multi-winding transformers to reduce
magnetic component count and increase power density. By integrating multiple out-
puts into a single transformer core, the system achieves a significant reduction in
total volume compared to traditional modular designs.

For the economic evaluation, the cost of the high-frequency multi-winding trans-
former is estimated based on current market rates for specialized magnetic cores
and windings suitable for high-power, high-frequency applications, totaling 380,000
USD. Notably, this cost remains constant across both the 1.7 kV and 3.3 kV scenar-
ios, as the rated power and operating frequency—the primary drivers of transformer
sizing and material costs—are identical for both system designs. The specific results
of the component selection and cost analysis for the 1.7 kV and 3.3 kV systems are
summarized in Table 5.2 and 5.3.

Table 5.2: Components design results of the 1.7 kV system.

Parameter Component Type Cost (USD)
DAB primary side Transformer - 380,000
Half-bridge module CAB650M17HM3 3891.62
Gate driver CGD1700HB3P-HM3  498.53
DC-link capacitor  947D481K132DGRSN  131.33
DAB secondary side Half-bridge module CAB650M17HM3 3891.62
Gate driver CGD1700HB3P-HM3  498.53
DC-link capacitor ~ 947D481K132DGRSN  131.33
CHB stage Half-bridge module CAB650M17HM3 3891.62
Gate driver CGD1700HB3P-HM3  498.53

As observed in Figure 5.7, the transition from a 1.7 kV architecture to a 3.3 kV archi-
tecture offers a clear economic advantage. While the 1.7 kV configuration provides
higher operational efficiency, the 3.3 kV system is the more cost-effective solution.
The total system cost is reduced because the higher voltage rating of the 3.3 kV
modules allows for a lower submodule count, thereby reducing the complexity and
quantity of components in the CHB and DAB secondary stages.
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Table 5.3: Components design results of the 3.3 kV system.

Parameter Component Type Cost (USD)

DAB primary side Transformer - 380,000
Half-bridge module CAB650M17HM3 3891.62
Gate driver CGD1700HB3P-HM3  498.53

DC-link capacitor ~ 947D481K132DGRSN  131.33

DAB secondary side Half-bridge module FF4000UXTR33T2M1 2846.11

Gate driver 1SP0635V2M1-33 317.38

DC-link capacitor ~ C44PXGR5680RASK  134.13
CHB stage Half-bridge module FF4000UXTR33T2M1 2846.11

Gate driver 1SP0635V2M1-33 317.38

The visual breakdown in Figure 5.7 shows that while "Magnetic Components" remain
a fixed expenditure due to the transformer’s constant parameters, the "MOSFET"
category sees the most significant reduction. This validates the shift toward 3.3
kV SiC technology for large-scale grid integration; the savings gained from reduced
semiconductor volume and fewer required submodules.
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Figure 5.7: Total estimated system cost breakdown in USD.

In conclusion, this comprehensive evaluation highlights a decisive trade-off between
operational efficiency and economic viability when selecting SiC device ratings for
the 10 kV MMC architecture. Performance analysis confirms that both configura-
tions achieve excellent total efficiency around 99%, with the 1.7 kV system offering
a slightly higher nominal efficiency and a flatter light-load curve due to its lower
device on-resistance (Rpgon) = 1.42 m§2). However, the economic analysis reveals
that the 3.3 kV system serves as a highly competitive and practical alternative; by
using higher-voltage components, it lowers the required submodule count, signifi-
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cantly reducing system complexity, semiconductor volume, and auxiliary component
expenditures while managing an exceptional nominal efficiency of 98.8%.
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Conclusion

This thesis investigated the integration of renewables through a common DC-link
architecture using modular multilevel converter principles. The primary objective
was to evaluate whether a cascaded H-bridge inverter combined with an isolated dual
active bridge stage and SiC semiconductors could provide high efficiency, high power
density, and stable grid-connected operation at the medium-voltage level. To achieve
this, a comprehensive simulation framework was developed in MATLAB/Simulink
and PLECS, incorporating realistic semiconductor device models, control strategies,
and loss mechanisms.

The proposed converter architecture successfully demonstrated stable steady-state
and dynamic performance for a 10 MW, 10 kV grid-connected application. The
control of the DAB and CHB stages ensured a regulated DC-link voltage and high-
quality output currents with low harmonic distortion. The synchronous reference
frame current control combined with phase-shifted PWM enabled accurate current
tracking and unity power factor operation, while the single phase-shift control of the
DAB stage effectively maintained DC-link voltage stability under varying operating
conditions.

A comparative study between 1.7 kV and 3.3 kV SiC MOSFET-based implemen-
tations highlighted important trade-offs in modular converter design. The 1.7 kV
system achieved slightly higher peak efficiency due to its lower on-state resistance,
particularly under light-load conditions. However, this performance advantage was
accompanied by an increased number of cascaded submodules and higher system
complexity. In contrast, the 3.3 kV system significantly reduced the cost and number
of required submodules, resulting in a simpler architecture with fewer components
and reduced switching events, while still maintaining an overall efficiency close to

99%.

The loss analysis based on electro-thermal simulations confirmed that conduction
losses dominate in the CHB stage, whereas the DAB stage benefits strongly from
zero-voltage switching, leading to comparatively low switching losses. Across a wide
operating range, both system configurations maintained efficiencies above 98%, val-
idating the effectiveness of the proposed DC-link-based solid-state transformer ar-
chitecture for high-power applications. The cost evaluation further indicated that
higher-voltage SiC devices can offer system-level advantages by reducing converter
complexity and component count, despite higher individual device costs.
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The cost analysis reveals that the 3.3 kV architecture offers a distinct economic ad-
vantage over the 1.7 kV configuration at the system level. While the high-frequency
multi-winding transformer remains a fixed capital expenditure for both designs, the
3.3 kV system drastically reduces the total component count by scaling down from
twenty-seven secondary channels to fifteen. This reduction in submodule count
significantly lowers cumulative spending on MOSFET modules, gate drivers, and
passive components. Consequently, despite the different unit costs of higher-voltage
semiconductor devices, the 3.3 kV configuration serves as the more cost-effective and
practical solution for 10 MW large-scale integration by minimizing overall manufac-
turing complexity and material volume.

Overall, the results demonstrate that integrating PV and BESS through a mod-
ular DC-link architecture using CHB and DAB converters is a technically feasible
and efficient solution for medium-voltage grid applications. The close agreement be-
tween theoretical design calculations and simulation results suggests that the conclu-
sions drawn from the simulated models can be regarded as reliable for system-level
evaluation. The proposed architecture preserves the original functionality of grid-
connected power conversion while enabling high efficiency, modular scalability, and
improved power density, making it a promising candidate for next-generation re-
newable energy integration systems.

6.1 Future Work

Although this thesis demonstrated the feasibility and performance of a common DC
bus architecture for large-scale PV and Battery Energy Storage System (BESS) in-
tegration through simulation, several aspects can be further developed to enhance
system performance, and practical applicability.

First, the presented work is primarily based on detailed PLECS simulation models.
A natural continuation of this research would be the experimental validation of the
proposed architecture using a laboratory-scale prototype. Hardware implementation
would enable verification of switching behavior, thermal performance, parasitic ef-
fects, and control robustness under non-ideal operating conditions that are difficult
to fully capture in simulation-based studies.

One important extension of this work concerns the control of DAB converter. In the
present study, single phase shift modulation was employed to regulate power flow
due to its simplicity and ease of implementation. Future work could investigate ad-
vanced DAB control strategies, such as Triple Phase Shift (TPS) modulation, which
allows for additional degrees of freedom in optimizing current waveforms, reducing
circulating currents, and improving efficiency over a wider operating range. Fur-
thermore, the application of predictive or adaptive control techniques may enhance
dynamic performance and robustness under varying load and source conditions.

Similarly, the grid-side inverter control strategy can be further improved. While
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control methods provide satisfactory steady-state and dynamic performance, future
studies could explore advanced inverter controller structures, including model pre-
dictive control (MPC), virtual inertia emulation, or grid-forming control strategies.
These approaches are particularly relevant for power systems with high penetration
of renewable energy sources and weak-grid conditions.

Another important area for future work is the explicit modeling and integration of
renewable energy sources. In the present thesis, the focus was placed on the DC
bus and converter-level behavior, and the PV and BESS subsystems were therefore
represented in a simplified manner and not modeled in detail. Future research could
extend the developed framework by incorporating dedicated PV and battery models
connected to the DC input source, enabling a more comprehensive assessment of
source—converter interactions.

In particular, advanced PV panel models that capture the effects of irradiance and
temperature variations could be implemented, together with electrochemical battery
models that consider state-of-charge dynamics, aging effects, and power and energy
constraints. Within such an extended framework, the implementation of MPPT
algorithms would represent a natural continuation of the present work. Integrating
MPPT techniques, such as perturb-and-observe or incremental conductance meth-
ods, would allow the PV system to operate under realistic operating conditions and
enable a more detailed evaluation of the interaction between the renewable sources,
the common DC bus, and the power electronic converters.
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