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ABSTRACT

Enhancing Grid Integration of High-Power Loads through Modular Unfolding-Based

Power Conversion with Decentralized Control

by

Sanat R. Poddar, Doctor of Philosophy

Utah State University, 2025

Major Professor: Regan A. Zane, Ph.D.
Department: Electrical and Computer Engineering

Transportation electrification across all vehicle classes is essential for mitigating cli-

mate change and advancing a sustainable energy future. However, limited driving range

and inadequate charging infrastructure continue to impede widespread electric vehicle (EV)

adoption. DC Fast Charging (DCFC) technology plays a crucial role by significantly reduc-

ing charging times, thereby enabling long-distance travel and supporting the electrification

of Medium- and Heavy-Duty (MDHD) vehicles.

Despite these benefits, implementing DCFC infrastructure presents challenges due to

high power processing requirements, leading to substantial construction, operational, and

maintenance costs. Integration with the electrical grid adds further complexity. This re-

search aims to advance power conversion technologies central to DCFC systems, with the

broader goal of reducing system and operational costs.

This work introduces a novel unfolding-based modular power converter architecture

that connects directly with the medium-voltage (4.16-34.5 kV) grid. The proposed ar-

chitecture supports both AC and DC output ports to maximize hardware utilization and
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facilitate battery integration, minimizing the impact on the grid. It also incorporates iso-

lated DC-DC modules functioning as DC transformers (DCXs), which enable decentralized

power-sharing control, enhancing system flexibility, reliability, and maintainability.

The research addresses and overcomes key technical challenges related to the proposed

architecture, including system implementation, DCX stage design and topology selection,

dynamic and steady-state modeling of the DCX converters, and mitigation of sector distor-

tion in the unfolding stage.

Overall, this dissertation presents an innovative approach to medium-voltage (MV)

converter architecture that supports the development of cost-effective and reliable DC Fast

Charging (DCFC) systems. It also contributes to the broader field of power electronics by

addressing fundamental design, modeling, and control challenges. In addition, the proposed

solutions are applicable to other high-power applications, such as data centers, supporting

the development of more efficient and resilient energy infrastructure.

(114 pages)
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PUBLIC ABSTRACT

Enhancing Grid Integration of High-Power Loads through Modular Unfolding-Based

Power Conversion with Decentralized Control

Sanat R. Poddar

The transition to electric vehicles (EVs) is a critical step toward reducing greenhouse

gas emissions and creating a cleaner, more sustainable transportation sector. However,

many drivers — particularly those operating larger vehicles such as trucks and buses — face

significant challenges, including limited driving range and lengthy charging times. High-

power, fast-charging stations, which can rapidly replenish EV batteries, are therefore es-

sential for mitigating these barriers and making electric transportation practical across all

vehicle classes.

Despite the promise of electric vehicles, deploying high-power fast-charging stations

presents significant challenges. They require large amounts of electricity, making them

expensive to install, operate, and connect to the power grid. This research focuses on

improving the core technology inside these charging stations: the systems that convert

electricity from the grid into a form EVs can use.

This work introduces a new power converter design that can connect directly to the

medium-voltage power grid. The design is more efficient and flexible, reducing both cost

and complexity. The research also addresses key technical challenges to unlock the full

potential of this system.

While the technology directly supports EV fast charging, its impact extends further. It

can benefit other high-power applications, such as data centers, and the research contributes

to the broader field of power electronics by addressing fundamental design and control

challenges. These advances support the development of a more resilient, efficient, and

intelligent electric infrastructure for a clean energy future.
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CHAPTER 1

Introduction

Transportation electrification is essential to decarbonize the transportation sector. En-

ergy transition away from fossil-based sources is critical to alleviate climate change. The

transportation sector consumes 28% of the total energy needs in the US [1] and is powered

through fossil fuels. Cleaner transportation is essential to reduce greenhouse emissions. In

combination with a greener generation mix, EVs are a solution to reduce emissions due to

transportation.

EV adoption (across vehicle classes) at scale is enabled by a ubiquitous and seamless

charging experience [2]. High battery costs, battery degradation, and limited driving range

are the major barriers to EV adoption [3]. The presence of charging infrastructure helps

mitigate these challenges by reducing the need for large onboard battery capacity (thus

reducing upfront costs) and alleviating range anxiety among consumers. As a result, invest-

ment in charging infrastructure is crucial to accelerating the transition to electric mobility

and achieving sustainable transportation solutions.

DC fast charging stations (DCFCs) are an integral part of the charging ecosystem. A

DCFC station consists of multiple DCFC units. The DCFC unit has a high-power conversion

system that delivers DC power to the battery from the 3-ϕ AC grid. It allows for charging

at higher C-rates, thereby decreasing the vehicle charge time. This is necessary to improve

consumer experience, alleviate range anxiety, and facilitate long-distance travel [4]. Further,

commercially operated medium-duty and heavy-duty (MDHD) vehicles require DCFC to

ensure minimum downtime, and thereby maximize revenue [5].

Widespread EV adoption, which is essential for reducing greenhouse gas emissions

from the transportation sector, may ultimately depend on the establishment of a compre-

hensive fast-charging network. Charging infrastructure plays a critical role in addressing

both perceived and actual driving range limitations, thereby encouraging consumer accep-
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tance of electric vehicles. However, current power conversion technologies must be improved

to reduce the initial capital investment and ongoing operational costs of DC fast-charging

stations. This dissertation addresses these challenges by proposing a new direct medium-

voltage (MV) power conversion architecture designed to facilitate easier grid interconnec-

tion, enhance performance, increase reliability, improve hardware utilization, and thereby

lower overall system costs.

1.1 Challenges to Building DC Fast Charging Stations

The deployment of DCFCs necessitates a substantial capital investment. However, the

process of investment recovery and the associated economic models are not always clear.

The power conversion system is central to a DC fast charging (DCFC) unit and significantly

impacts the cost of DCFCs.

For each DCFC unit, the power conversion hardware and equipment constitute a sig-

nificant portion of the cost. The power rating for each DCFC unit ranges from 50 kW

to 350 kW (or even higher to enable MDHD fast charging). Such high-power conversion

requires sophisticated power conversion systems, charging connectors, communication and

control systems, protection, and grid connection infrastructure. The higher the power re-

quirement and efficiency, the higher the cost.

The power conversion system serves as the core of the DCFCs, where improvements in

performance, reliability, and utilization have a significant impact on both initial investment

and ongoing operational costs. Typically, high-power loads are connected to the three-phase

AC grid (480 V AC). Within the DCFC unit, the power conversion system performs the

essential conversion and control processes needed to charge EV batteries, which require DC

voltages ranging from 200 V to 900 V. As power conversion requirements increase, so do the

volume and weight of the converter, which in turn raise equipment, installation, and labor

costs. Additionally, the efficiency of the power conversion system directly affects operating

expenses, while the limited lifespan of power hardware leads to recurring maintenance costs.

Therefore, to reduce the total cost of ownership and improve system performance, there is

a clear need for high-performance, reliable, modular, and flexible power conversion systems
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that are easier to maintain and upgrade.

DCFCs contain multiple DCFC units, which are interconnected with the feeder at

medium voltage (4.16-34.5 kV) and require a line frequency transformer. This addition

significantly increases both cost and system volume. Further grid upgrades may be needed

to service the DCFCs. Therefore, high infrastructure costs remain a bottleneck for the con-

struction of DCFCs. Low hardware utilization exacerbates the problem [6]. An operational

model that increases hardware utilization could encourage investments in building DCFCs.

Additionally, due to the high instantaneous power requirement of DCFCs, they could

pose a significant burden on the electricity grid [7, 8]. DCFCs can be considered variable

high-power loads for the grid, making power balancing challenging for grid operators. De-

mand charges and time-of-utilization energy costs increase operational expenses, resulting

in higher overall costs. This raises questions about the economics of DCFCs. Energy storage

integration with the DCFCs helps resolve these challenges [9, 10].

In summary, the power conversion system significantly influences both the initial in-

vestment and ongoing operational costs of DCFCs, making its optimization crucial for

cost-effectiveness.

1.2 Objectives and Contributions

This work aims to advance the technology of high-power conversion systems central to

DC fast-charging stations, with a focus on power converter architecture, design, modeling,

and control. The overarching goal is to reduce both the initial system cost and ongoing

operational expenses.

We introduce a novel direct medium-voltage (MV) connected power converter archi-

tecture designed to enhance performance, improve system reliability, and maximize the

utilization of power conversion hardware. The key innovation lies in the use of a natu-

rally stackable DC-DC structure that supports medium-voltage grid input combined with

a three-phase unfolder, while reducing the number of required power-processing stages to

get to the desired output.
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By eliminating the need for a bulky line-frequency transformer, the proposed direct

MV-connected power converter significantly reduces both cost and system size. Its modular

structure and decentralized power-sharing control improve fault tolerance and scalability,

while a multi-port output capable of supplying both DC and 3 − ϕ AC power increases

hardware utilization across diverse load types.

The objective of this work is to address the technical challenges associated with the

proposed architecture and to validate its feasibility and performance through design, and

experimental hardware testing.

The proposed architecture consists of multiple DC-DC modules that operate as DC

transformers (DCXs), and the performance of these modules is crucial to the overall system.

Accordingly, this dissertation additionally explores the design of the DC-DC modules and

the system-level controls. The specific contributions are as follows:

1. Novel MV Converter Architecture to Improve Performance, Reliability, Utilization,

and Grid Integration: We propose a three-phase unfolding-based MV converter architec-

ture with both low-voltage (LV) 3− ϕ AC and DC outputs. The architecture features fully

decentralized power-sharing control for the modular structure that improves system relia-

bility. A lab-scale prototype validates its feasibility and performance. Experimental results

confirm key benefits, including natural voltage sharing among modules, hybrid distribution,

single-stage AC to AC power conversion, and reactive power control, demonstrating this

architecture as a practical and advantageous solution.

2. DCX Topology and Design for Operation with Unfolder : The proposed architec-

ture adopts an input-series-output-parallel (ISOP) configuration of DC-DC modules, each

functioning as an ideal DCX. DCX operation enables natural input-voltage sharing among

modules, enhancing system reliability. Since topology selection for DCX operation with an

unfolder is non-trivial, we examine multiple full-bridge DC-DC topologies that can achieve

resonance, including Series Bridge-DCX (SB-DCX) and Dual Active Bridge-Series Resonant

Converter (DAB-SRC). Hardware validation of the SB-DCX design for 10 kW power level,

achieving efficiencies greater than 97%, confirms its practical feasibility and supports the
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proposed architecture. Further, suitable mechanisms to counteract resonance mistuning are

also investigated in DAB-SRC.

3. Relevant Steady-State and Dynamic Models: A scalable and tractable linear time-

invariant (LTI) dynamic model is developed for the SB-DCX using half-cycle averaging.

This model enables accurate system-level design and stability analysis. Additionally, to

support DAB-SRC operation as a DCX, we derive steady-state models to predict the re-

quired minimum dead time as a function of resonance mistuning and power conversion

parameters needed for the topology to operate as DCX. This analysis enables the practical

implementation of DAB-SRC with an unfolder.

4. Control Techniques to Minimize Sector Distortions: Unfolding-based architectures

can suffer from grid-current distortions known as sector distortions. These distortions in-

crease total harmonic distortion (THD) and degrade system performance. We model the

underlying causes of sector distortions and design control schemes to mitigate their impact.

Experimental hardware results show a significant (about 50%) reduction in grid-current

THD, demonstrating the effectiveness of the proposed methods.

1.3 Dissertation Structure

This dissertation adopts a multi-paper format, with Chapters 3 through 7 presenting

individual research contributions. Chapter 2 provides a brief overview of the current state

of technology in power architectures for DCFCs, 3-ϕ AC-DC converters, and power-sharing

controls for modular converters, establishing the necessary background and context for

understanding the advantages of the proposed architecture.

Chapter 3 presents the implementation of the complete MV converter architecture,

including detailed simulation studies and experimental hardware validation. Chapter 4

explores the topology selection for DCX operation with an unfolder, detailing the design and

hardware validation of a 10 kW SB-DCX module integrated with the unfolder. Chapter 5

develops predictive models for determining the minimum required dead time, enabling the

practical use of the DAB-SRC topology for DCX operation. Chapter 6 introduces dynamic

models for the SB-DCX topology, supporting accurate system-level design and stability
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analysis. Finally, Chapter 7 documents the various causes of sector distortion in unfolding-

based architectures and proposes control strategies to mitigate their impact on system

performance.
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CHAPTER 2

Technology Overview: High-Power AC-DC Converters & Power Sharing Controls

The power conversion system is central to the operation of DC fast-charging stations

(DCFCs). High-power loads such as DCFCs are powered through the three-phase AC (3-ϕ)

grid. In a DCFC station, multiple charging units are typically connected to the 3-ϕ AC grid.

The conventional power distribution architectures for a DCFC station and their associated

trade-offs are discussed in this chapter.

The power conversion system is responsible for converting 3-ϕ AC grid power into DC

power suitable for charging EV batteries, while simultaneously meeting grid compliance

requirements. These power converters are generally referred to as 3-ϕ AC-DC converters.

This chapter establishes the fundamental requirements for 3-ϕ AC-DC converters and

provides an overview of current technologies, with a particular focus on applications in

DCFCs. Direct medium-voltage-connected (MV-connected) power converters offer both

cost and performance advantages over low-voltage (LV) interface converters by eliminating

the need for bulky line-frequency transformers typically required for MV interconnection.

Furthermore, unfolding-based converters can enhance performance by reducing the number

of power conversion stages. However, the full potential of direct MV-connected converters

has yet to be realized, and concerns persist regarding the long-term reliability of MV power

electronic components.

Incorporating modularity into the system architecture can improve both reliability and

performance. Effective power sharing among modules is essential to fully realize these

benefits, although additional control strategies may be necessary to achieve optimal power

balancing. A comprehensive review of power-sharing control techniques is presented in this

chapter.
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Opportunities for improvement in modular unfolding-based MV-connected power con-

verters and power-sharing control methods are identified, and these advancements are in-

corporated into the proposed direct MV-connected unfolding-based converter architecture.

2.1 DC Fast Charging Stations: Power Distribution Architecture Review

High-power loads such as DCFCs are powered through the 3-ϕ AC grid. Unlike a 1-ϕ

AC grid, a 3-ϕ AC grid provides a constant power draw, which eliminates the need for line-

frequency energy buffering when supplying DC loads. Thus, for high-power loads supplied

by a 3-ϕ AC grid, energy buffering is not a fundamental requirement.

A DCFC station typically includes multiple chargers that require power from the 3-

ϕ grid. These chargers are commonly serviced through a line-frequency (LF) transformer

connected to the primary distribution at medium voltage (4.16-34.5 kV). Deploying mul-

tiple chargers instead of a single-port charger allows the cost of MV interconnection to be

distributed across several units, resulting in a combined power architecture that is more

cost-effective [11,12]. Furthermore, this approach facilitates the integration of energy stor-

age and renewable energy sources, helping to mitigate negative impacts on the grid from the

extreme power fluctuations associated with high-power, variable loads like EV fast chargers.

Two commonly used power distribution architectures differ in how power is shared among

individual chargers. In one approach, power is distributed via an AC bus; in the other, via

a DC bus [12,13].

In an AC distribution architecture (shown in Fig. 2.1), an LF transformer is used to

step down the voltage from the MV grid, and power is then distributed as this stepped-

down AC voltage. Each port—including chargers, energy storage systems, and renewable

energy sources—has its own LV 3-ϕ AC-to-DC converter. While this approach is the most

straightforward to implement, it results in a significantly higher total power conversion

requirement. However, due to well-established protection schemes and standardized metrics,

most commercial DCFCs currently deployed rely on AC distribution architectures, which

benefit from a substantial body of research and mature standards [14].

In contrast, in a DC distribution architecture (shown in Fig. 2.2), a front-end AC-DC
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3-φ MV 
Grid

AC bus

Fig. 2.1: DCFCs power architecture with AC distribution and MV-grid interconnection
through line frequency transformer

converter generates a common DC bus (after the LF transformer), and power is distributed

to each port via this DC bus. An isolated DC-DC converter is required to interface each

port with the DC bus, as current standards mandate electrical isolation between individual

ports [15]. This architecture provides a more straightforward method for integrating DC

renewable energy sources and battery storage systems. Additionally, the overall power

conversion effort is reduced compared to the AC distribution architecture.

The DC distribution architecture can be further improved by integrating the functional-

ities of the LF transformer with the front-end AC-DC converter into a direct MV-connected

AC-DC power converter with isolation provided by high-frequency power electronics (shown
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3-φ MV 
Grid

DC bus

Fig. 2.2: DCFCs power architecture with DC distribution and MV-grid interconnection
through line frequency transformer

in Fig. 2.3)—a configuration commonly referred to as a solid-state transformer (SST) [8].

This integration can enhance performance and reduce the overall cost of the power con-

version system. MV-based power conversion architectures connect directly to primary

distribution voltages, thereby bypassing the cost and size disadvantages associated with

bulky grid-frequency transformers [16]. Medium-frequency (MF) transformers provide the

necessary galvanic isolation while potentially decreasing the overall system footprint. MV

architectures can offer higher power conversion efficiencies and lower system costs compared

to conventional low-voltage solutions. Furthermore, in the context of DCFCs, MV converter

architectures provide additional advantages, including significant reductions in cabling costs

for power distribution [8].

Moreover, to improve the utilization of MV infrastructure and enable additional func-

tionalities, hybrid distribution (Fig. 2.4)—comprising both AC and DC networks—has been

actively explored [17, 18]. The coexistence of AC and DC distribution facilitates seam-

less integration of a wide range of load types and generation sources, while enhancing the

flexibility, scalability, and efficiency of MV hardware deployment.



11

3-φ MV 
Grid

DC bus

Fig. 2.3: DCFCs power architecture with DC distribution and MV-grid interconnection
through a solid state transformer

3-φ MV 
Grid

DC bus

3-φ MV 
AC-DC

Fig. 2.4: DCFC power architecture with both AC and DC distribution enabled via a solid-
state transformer
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To enable simultaneous AC and DC distribution, the SST-based power conversion

architecture typically follows a cascaded topology. It consists of an MV AC–DC converter to

generate a low-voltage DC bus, followed by a DC–AC inverter to provide a 3-ϕ low-voltage

AC output. The DC–AC inverter is conventionally implemented as a three-leg inverter,

which can be controlled to operate either as a voltage source or a current source, depending

on system requirements [19]. Multiple different topologies can be employed for the MV

AC–DC converter, and a detailed review of these options is necessary to understand the

fundamental requirements, trade-offs, and identify opportunities for further advancement.

2.2 MV Three-phase AC-DC Converters: Review

The core functional requirements of MV-connected 3-ϕ AC-DC converters include MV

blocking capacity at the input, establishing an ideal unity input power factor (PF) with low

current total harmonic distortion (THD) in compliance with grid requirements, providing

controlled power at the required DC output voltage, and maintaining galvanic isolation.

These requirements can be represented by the equivalent circuit shown in Fig. 2.5. Fur-

thermore, converters that provide at least two independently controlled current sources at

the input are sufficient, since the input of the converter can be modeled as a star-connected

load that requires exactly two independent current sources for complete control.

Multiple converter topologies have been explored to achieve these requirements [12,

16, 20, 21]. It is important to categorize these topologies to understand their respective

trade-offs and to identify the most suitable solutions and areas of improvement for high-

performance EV charging systems. The categorization of different converter topologies is

summarized in Fig. 2.6.

The 3-ϕ AC grid can be viewed as consisting of three 1-ϕ AC voltages. One approach

to achieving 3-ϕ AC-DC power conversion is to use three independent 1-ϕ AC-DC con-

verters as shown in Fig. 2.7, referred to as phase-modular systems (terminology borrowed

from [20]). These converter architectures enable existing knowledge of single-phase convert-

ers to be extended to three-phase systems, albeit with increased implementation effort [22].

In contrast, direct 3-ϕ systems interface with all three phases simultaneously. They require
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Fig. 2.5: Equivalent circuit representing the fundamental requirements of a 3-ϕ AC-to-DC
power converter. The 3-ϕ grid input is modeled as ideal, independently controlled current
sources to enable PFC. The converter output is represented as a constant power source with
appropriate electrical isolation from the input side.

MV 3-φ AC-DC 
Converters

Phase-Modular Direct 3-φ interfaced

Multi-stage
Quasi-single-

stage
Single-stage Modular

Single-
Module

Fig. 2.6: Categorization of fully active MV 3-ϕ AC-DC converter topologies. The proposed
architecture expands on quasi-single-stage modular power converter topologies.

fewer switches and impose lower sensing and signal processing demands. Therefore, only

direct three-phase systems are considered in this work.

Direct 3-ϕ AC-DC converters can be further categorized based on the number of high-

frequency power conversion stages. These converters typically employ a multi-stage archi-

tecture [20] to simplify implementation and meet the core requirements described earlier.

A typical two-stage architecture (see Fig. 2.8) consists of two cascade-connected converters:
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Fig. 2.7: Block diagram of a phase-modular implementation of a MV 3-ϕ AC-DC converter.
Each phase consists of a similar structure with a 1-ϕ front-end AC-DC converter. The
back-end DC-DC stage can be implemented separately or combined, depending on system
requirements.

an active front-end (AFE) rectifier followed by a DC-DC converter [20]. The AFE rectifier

performs power factor correction (PFC), while the DC-DC converter provides isolation and

tight output voltage regulation. A two-stage architecture often includes a large decoupling

capacitor to separate the dynamics of the two power conversion stages, which simplifies

hardware and controller design but can limit overall performance.

In contrast, single-stage architectures (see Fig. 2.9) eliminate one power-processing

stage, potentially offering higher performance [23]. In this configuration, all converter re-

quirements—DC output power conversion, PFC, and isolation—are handled by a single

stage. This approach can improve system efficiency and eliminate the need for bulky de-

coupling capacitors, thereby enhancing performance. However, implementing a single-stage

architecture requires four-quadrant (4-Q) operation of the switches and introduces signifi-

cant control complexity, making both design and achieving reliable performance challenging.

Quasi-single-stage architectures that integrate an unfolding stage offer a promising

balance, achieving improved performance characterized by higher efficiency and power den-
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Fig. 2.8: Block diagram of the conventional two-stage implementation of a direct 3-ϕ AC-
DC converter. An AFE stage is used for power factor correction, followed by an isolated
DC-DC stage. Bulk capacitance is required to decouple the two stages, which can reduce
overall system performance and reliability.

sity [24, 25]. These architectures consist of a line-switched unfolder (also referred to as an

input voltage selector) followed by a DC-DC converter as shown in Fig. 2.10. Since the

unfolder switches at line frequency without needing energy buffering, it is not counted as

a power processing stage. The DC-DC converter is then responsible for fulfilling the three

primary objectives of an AC-DC converter: voltage regulation, PFC, and isolation. Be-

cause there is only a single high-frequency power-processing stage, unfolding-based AC-DC

architectures have the potential to achieve higher efficiency and power density compared

to conventional multi-stage systems. Furthermore, they avoid the need for 4-Q switches

in the high-frequency power conversion stage, which provides a significant advantage over

single-stage topologies. This work explores unfolding-based converter architectures due to

their potential for higher performance compared to multi-stage implementations, without

the need for 4-Q switches.

MV-connected 3-ϕ AC-DC converters can also be categorized based on modular versus

single-module implementations. Recent advancements in high-voltage silicon carbide (SiC)

MOSFETs, with blocking capabilities of up to 10-15 kV, have enabled the development

of single-module converter designs [26, 27], which can reduce overall system complexity.
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Fig. 2.9: In a single-stage implementation, all converter requirements must be managed
within a single conversion stage. This necessitates the use of 4-Q switches to handle the
input voltage, making the operation more challenging.
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Fig. 2.10: The quasi-single-stage implementation employs line-side unfolder switches to
eliminate the need for four-quadrant (4-Q) switches, enabling a single high-frequency power
processing stage.

However, this technology remains in its early stages and requires further refinement for

widespread adoption.

Conversely, modular implementations can deliver improved performance and higher

reliability, as highlighted in recent reviews [28]. Modular systems can continue operating
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even in the event of partial module failure and offer additional advantages such as flexibility,

scalability, and ease of maintenance. Therefore, modular architectures are preferred for

MV-connected power converters in this work. Nevertheless, modular converters require

additional control strategies to ensure effective power sharing among modules.

2.3 Power Sharing Controls: Review

Commonly, MV converter architectures consist of an ISOP configuration of multiple

converter modules. Modularity helps realize the required input voltage blocking capacity,

voltage step-down, and high power conversion capacity. Modularity enables direct MV con-

nection and provides an opportunity to improve the reliability of power conversion systems.

However, the input MV voltage (or power) doesn’t naturally share among the series-

connected modules [29]. This is fundamental because, for natural voltage sharing in closed-

loop operation, the individual module’s power control loop needs to be perfectly tuned and

synchronized with each other. However, component tolerances and timing mismatches don’t

allow these ideal conditions, resulting in unequal voltage (and power) sharing. Therefore,

additional voltage-sharing controls are required to avoid catastrophic failure.

Voltage sharing control structure can be categorized based on the extent of commu-

nication required - centralized, distributed, and decentralized [30]. Centralized controls

require a master controller that communicates with all the other modules to ensure voltage

sharing. The central controller is a single point of vulnerability that can result in global

failure [29]. Distributed controls consist of a single communication line between all modules.

Distributed controls need less communication infrastructure but the single communication

line remains a vulnerability. Decentralized controls ensure voltage sharing without the need

for communications. Hence, promising maximum reliability and opportunities for expand-

ability and interoperability. Therefore, MV converter architectures that have decentralized

controls are more reliable and scalable.

Droop controls have been predominantly utilized as decentralized controls [31, 32].

However, the inherent droop control logic entails a trade-off between voltage regulation

and power sharing. An ideal decentralized control approach is proposed in [33], where
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power-sharing information is encoded in the frequency of the output voltage. However, this

method requires additional decoding circuitry for all modules, making its implementation

cumbersome. Another approach in [29] suggests operating with novel non-linear controls.

Although effective at low power, its performance under high power or time-varying input

voltages remains unverified. An interesting approach is presented in [34]. Each module in

the ISOP configuration operates as a DCX. Since the output of each module is in parallel

and the module operates at a fixed voltage conversion ratio, it imposes a constraint on the

input voltage, ensuring voltage sharing. This fully decentralized control approach will be

extended to an unfolding-based architecture.

2.4 Improvement in Unfolding-based MV Converter Architecture & Power

Sharing Controls

Power distribution architectures with hybrid power distribution—comprising both AC

and DC distribution buses—enable better utilization of high-power conversion infrastruc-

ture, particularly in systems employing direct medium-voltage (MV)-connected power elec-

tronics. The hybrid distribution allows seamless interfacing with a diverse range of loads,

thereby enhancing system utilization. Moreover, it combines the respective advantages of

both AC and DC distribution systems.

As discussed earlier, the unfolding-based quasi-single-stage architecture offers perfor-

mance benefits compared to conventional multi-stage solutions [35]. With fewer cascaded

power-processing stages, unfolding-based converters can achieve higher efficiency. There-

fore, a modular MV-connected unfolding architecture combined with hybrid distribution

presents a compelling solution for the power conversion needs of DCFCs.

Each unfolder output has two terminals—referred to as the p-port and n-port (Fig. 2.11(a)),

with the corresponding voltage waveforms shown in Fig. 2.11(b). The unfolder is imple-

mented using a single-pole triple-throw (SPTT) switch, and its practical realization is il-

lustrated in Fig. 2.12. This circuit converts the 3-ϕ AC voltage into two time-varying

DC voltages without requiring high-frequency switching or energy buffering. The unfolder

operates by switching six times per grid cycle, dividing the full 2π period into six equal
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Fig. 2.11: (a) Ideal unfolder implementation using a single-pole triple-throw switch, which
connects each phase input voltage (13.2 kV) to node p, o, or n as required. (b) Input phase
voltages and the resulting vpo and von port voltages.
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Fig. 2.12: Practical implementation of the unfolder using MOSFET switches. The o-node
switches must support bidirectional voltage blocking and therefore require two MOSFETs
in a cascode configuration.
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The current state-of-the-art system employing a modular unfolding-based architecture

for MV-connected power conversion features a hybrid distribution, as illustrated in Fig. 2.4.

The complete block structure, with each power conversion stage highlighted, is shown in

Fig. 2.13.
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3-Phase Input 
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vc

3-Phase 
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LV 

vbvc va

DC 
Output 

DC-DC Stage

Fig. 2.13: Current state-of-the-art MV-connected unfolding-based power converter with
hybrid distribution. A modular DC-DC stage using three-port converters interfaces the
input from the unfolder output to the DC output bus. An additional DC–AC stage is
included to generate the 3-ϕ low-voltage (LV) AC output.

The input unfolder converts the 3-ϕ AC input into two time-varying voltages: vpo

and von. A modular configuration of three-port converters is required to interface with

these unfolder outputs and maintain a regulated DC output bus. Each three-port converter
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must perform power factor correction (PFC) at the input, regulate the output voltage,

and provide galvanic isolation [36]. A comprehensive summary of the various converter

topologies that can be used in conjunction with an unfolder to achieve these objectives and

enable effective AC-DC conversion is provided in [37]. Additionally, a secondary stage is

required to generate an AC output from the DC bus.

Furthermore, the modular DC-DC stage requires additional power-sharing controls

to ensure voltage balancing across the unfolder ports. Decentralized control strategies,

such as droop control, are difficult to implement in this context due to the complexity of

managing voltage balance in a three-port converter topology. As a result, centralized control

schemes are typically employed [38]; however, they introduce a single point of failure and

may compromise system reliability. The need for additional control mechanisms within an

already complex power conversion stage further increases implementation challenges.

Scope for Improvements:

• Development of decentralized control strategies for modular power sharing in unfolding-

based architectures

• Simplification of control schemes and reduction of operational complexity in the DC-

DC stage

• Minimization of power-processing stages in MV AC to LV AC conversion paths to

improve system efficiency

This work introduces a novel architecture that enables natural voltage sharing among

the modules in the DC-DC stage, thereby establishing fully decentralized voltage balancing

control. Furthermore, the DC-DC stage operates as a passive DC transformer (DCX),

eliminating the need for active control and significantly simplifying the implementation

of the modular structure. The DC-DC stage is henceforth referred to as the DCX stage.

Finally, the DCX stage facilitates a single high-frequency power conversion path from MV
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3-ϕ AC to LV 3-ϕ AC, resulting in substantial improvements in both performance and

overall system efficiency.

2.5 Proposed Direct MV-connected Unfolding-based Architecture with Hy-

brid Distribution and Natural Voltage Sharing

We propose a novel unfolding-based power converter architecture to directly connect

high-power loads, such as DCFCs, to the MV grid. The architecture, illustrated in Fig. 2.14,

supports both AC and DC distribution, providing flexibility and opportunities to leverage

the advantages of each approach. Having both AC and DC outputs enables better utilization

of MV hardware by allowing the system to interface with a wider variety of loads. MV

integration is achieved through the DCX stage, which consists of an ISOP configuration of

DC-DC modules, each functioning as a DCX to enable fully decentralized power-sharing

controls. These modules provide the necessary isolation and voltage step-down, facilitating

the provision of both LV 3-ϕ AC and DC output ports.

This architecture includes both an input (MV) unfolder and an output (LV) unfolder.

The MV unfolder converts the MV 3-ϕ AC input into soft DC-link voltages, which are

supported by multiple DC-DC modules arranged in an ISOP configuration. Each mod-

ule functions as a DCX. A DCX, or “DC transformer,” is a class of converter designed

or controlled to operate at a fixed voltage conversion ratio [39, 40]. DCX-based DC-DC

modules enable natural input voltage sharing without requiring inter-module communica-

tion, thereby realizing fully decentralized voltage-sharing controls and enhancing system

reliability. Since the outputs of the modules are paralleled and each operates at a fixed

voltage conversion ratio, the input voltages are inherently constrained to be shared among

the modules, ensuring natural voltage balancing.

Furthermore, the output of the paralleled DC-DC modules is used to generate a DC

output for charging EV loads through an additional DC-DC converter. Additionally, the

output is employed to obtain a 480 V 3-ϕ AC output via the LV unfolder, facilitating the

connection of both DC and conventional AC loads and thereby enhancing overall hardware

utilization.
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The complete hardware implementation and experimental validation of the proposed

architecture are presented in Chapter 3. Particular attention is given to the implementa-

tion of the DCX stage, which poses significant design and integration challenges. A de-

tailed discussion of its implementation and corresponding hardware validation is provided

in Chapter 4.
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CHAPTER 3

Novel SST Architecture with Hybrid Power Distribution and Natural Voltage Sharing in a

Modular Structure

The detailed implementation and validation of the proposed architecture are presented.

Apart from the unfolder, the proposed architecture consists of a DCX stage, a three-port

converter for DC output, and an auxiliary converter for reactive power control. The imple-

mentation of each of the stages is discussed, including topology selection and operational

principles. While the DCX stage implementation is introduced here, detailed modeling and

design are covered in Chapter 4.

Furthermore, simulation validation is provided for the complete system processing up

to 1 MW of power with a 13.2 kV MV AC input. The simulations confirm ideal voltage

sharing among the series-connected modules and demonstrate the feasibility of a single

high-frequency power conversion stage from 13.2 kV AC to 480 V AC without the need for

switches with bidirectional voltage-blocking capability. Hardware results are presented for

the complete architecture, validating natural voltage sharing in the modular DCX stage,

dual DC and AC outputs, and reactive power control via the auxiliary converter.
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Three-Phase Unfolding-based Modular Solid State
Transformer with Multi-port Output

Sanat Poddar, Student Member, IEEE, Regan Zane, Fellow, IEEE

Abstract—Unfolding-based three-phase (3-ϕ) grid-tied con-
verter architectures offer a more efficient and power-dense
alternative to conventional multi-stage designs by reducing the
number of high-frequency power conversion stages. This paper
presents a 3-ϕ unfolding-based solid-state transformer (SST)
architecture with multi-port capability, enabling simultaneous
delivery of 3-ϕ ac and regulated dc outputs. This enhances
hardware utilization and provides greater flexibility for serving
diverse load types. The 3-ϕ ac-ac conversion is realized using
a single high-frequency stage, greatly improving performance.
The modular design supports medium-voltage (MV) ac grid
integration and includes a step-down dc transformer (DCX)
stage that enables natural voltage sharing across input series-
connected modules, improving system reliability and scalability
without centralized control. An auxiliary converter is integrated
to enable independent reactive power control, ensuring grid com-
pliance while processing only reactive power. Key implementation
challenges addressed include the non-trivial topology selection
for the DCX stage and the design of converter stages capable of
operating with the time-varying voltages inherent to unfolding-
based systems. The proposed architecture is validated through
comprehensive simulations of a 13.2 kV/1 MW-rated system and
experimental results from a 480 V/1 kW laboratory prototype,
demonstrating effective hybrid ac and dc operation, reliable
voltage sharing, and reactive power control. The 3-ϕ ac–ac power
conversion stage achieves an efficiency of 96.5%.

Index Terms—Solid-state transformer, SST, three-phase, ac-
ac, unfolding, multi-port, medium-voltage, MV, DCX, dc trans-
former, decentralized, modular, input-series, ISOP, resonance,
series-bridge, SB

I. INTRODUCTION

THE growing demand for electric energy necessitates
continuous advancements in grid-tied power conversion

systems [1]. The electrification of transportation through elec-
tric vehicles (EVs) and the expansion of energy-intensive
data centers are among the key drivers of rising electricity
consumption. Three-phase (3-ϕ) grid-tied power converters
are essential for interfacing these high-power loads with the
grid. Additionally, they are a critical enabling technology for
integrating renewable energy sources [2]. Consequently, im-
provements in the performance, reliability, and cost efficiency
of these converters are increasingly essential.

Solid-state transformers (SSTs) have emerged as a promis-
ing technology to enhance energy conversion performance,
reduce costs and system size, and enable advanced con-
trol of grid-connected systems [3], [4]. SSTs replace bulky

This material is based upon work supported the National Science Foun-
dation (NSF) Advancing Sustainability through Powered Infrastructure for
Roadway Electrification (ASPIRE) Center through the Engineering Research
Centers Program under Grant 1941524.

line-frequency transformers with power electronic convert-
ers, allowing the use of high-frequency transformers that
offer significant advantages. This is particularly beneficial
for eliminating conventional medium-voltage to low-voltage
(MV-to-LV) line-frequency service transformers in secondary
distribution networks, enabling direct integration of MV-rated
power electronics for applications such as multi-megawatt fast-
charging stations and data centers [5], [6]. Direct MV connec-
tion reduces installation time, minimizes system footprint, and
can lower both capital costs and material usage [7].

To support MV grid integration, SSTs are typically imple-
mented in a modular fashion to scale in voltage and power [8],
[9]. A common approach is the Input-Series Output-Parallel
(ISOP) configuration, where multiple converter modules are
connected in series on the input to handle MV levels, and in
parallel on the output to meet current demands. Alternatives in-
clude the series connection of discrete semiconductor devices
or the use of high-voltage (HV) devices [10], [11], though
these approaches face challenges such as limited performance
and the immaturity of HV switch technology. Modular or
multilevel converter topologies are generally preferred for
MV SST applications due to their scalability and enhanced
reliability.

SSTs often employ multistage architectures [12], [13]. Their
primary functional requirements include grid current shaping,
galvanic isolation, and generation of regulated dc and ac
outputs. These are typically achieved using two or more power
conversion stages to simplify control demands while avoiding
the use of four-quadrant switches. A typical state-of-the-art
ac-ac SST consists of an ac-dc stage for grid current shaping,
a dc-dc stage for isolation and regulated bus generation, and
a dc-ac stage for output generation [14], [15]. Intermediate
bulk dc-link capacitance is often required to decouple stage
dynamics and facilitate reactive power control. However, these
multistage architectures may suffer from reduced efficiency
due to cumulative losses and the need for bulky energy storage
components.

Unfolding-based architectures allow for quasi-single-stage
power conversion and have emerged as competitive alter-
natives for 3-ϕ ac-dc grid-tied converters [16]–[20]. These
systems use a line-switched unfolder operating at twice the
line frequency to convert 3-ϕ ac voltages into two time-varying
soft dc-link voltages (or vice versa). By reducing the number
of high-frequency switching stages, these architectures offer
improved efficiency and power density compared to traditional
designs [17].

Most prior work on unfolding-based SSTs has primarily
focused on ac–dc or dc–ac conversion at either MV or LV
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levels. Reference [21] does explore ac–ac conversion, but the
output ac frequency differs from the input. Moreover, existing
modular approaches for MV applications typically require
active control to maintain voltage balance, which complicates
scalability. This work extends the benefits of unfolder-based
designs to 3-ϕ ac–ac SST architectures by proposing a mod-
ular implementation that supports the same input and output
frequency and achieves natural voltage sharing without the
need for active balancing control.

This article proposes a 3-ϕ unfolding-based SST capable
of multi-port output with hybrid 3-ϕ ac and dc distribution
(see Fig. 1), using a single high-frequency power conversion
stage for ac–ac conversion. The proposed ISOP modular
implementation supports MV ac input and enables natural volt-
age sharing. Furthermore, it supports reactive power control
through an auxiliary converter.

The system operates from a 3-ϕ MV ac input and delivers
both 3-ϕ ac and regulated dc outputs. The MV unfolder
converts the 3-ϕ ac input into two time-varying dc voltages
ranging from 0 to 0.866 of the line-to-line peak ac voltage.
A DCX stage, acting as an ideal dc transformer, provides
galvanic isolation and voltage step-down, producing time-
varying dc voltages at its outputs. These are then unfolded
to generate a 3-ϕ LV output, achieving quasi-single-stage
conversion from MV ac to LV ac.

Simultaneously, a constant dc output bus can be derived
from the DCX stage using a dc-dc conversion stage. The
resulting hybrid ac/dc distribution architecture enhances flex-
ibility and allows efficient utilization of the MV–LV power
conversion stage (the DCX stage), which is often the cost
driver in direct-MV-connected converters [22].

The ISOP DCX stage facilitates natural voltage sharing,
enabling a fully decentralized control strategy that improves
reliability and reduces cost [23], [24]. An auxiliary converter
is added to shape grid currents and support reactive power
control. Importantly, this converter only circulates reactive
power and does not handle full load power, ensuring efficient
and compliant grid interfacing.

Overall, the proposed SST architecture offers significant
advantages over conventional three-stage designs for applica-
tions requiring both ac and regulated dc outputs [25], [26].
By using an unfolder, the architecture reduces high-frequency
conversion stages from three to one for ac–ac conversion. The
modular MV–LV DCX stage enables natural input voltage
sharing and can interface with multiple dc-dc converters to
provide multiple regulated dc outputs. Additionally, the ar-
chitecture allows for reactive power control and eliminates
the need for intermediate energy storage. The proposed SST
architecture provides a scalable, efficient solution for hybrid
ac/dc distribution systems, with potential applications in high-
power EV charging, data centers, and renewable integration.

In summary, the key contributions of this work are:

1) Introduction and validation of a 3-ϕ unfolding-based
SST architecture that enables quasi-single-stage MV ac
to LV ac conversion, providing both 3-ϕ ac and regulated
dc outputs while improving efficiency and reducing
stage count.

2) Realization of a modular ISOP DCX stage compatible
with time-varying dc voltages, enabling natural voltage
sharing across series-connected modules and improving
scalability without centralized control.

3) Development of an auxiliary converter that operates
from time-varying dc voltages, offering independent
reactive power control and grid current shaping, without
processing full load power.

The remainder of this article is organized as follows:
Section II provides an overview of the architecture and in-
troduces the system’s key components, including the unfolder,
DCX stage, three-port dc-dc converter, and auxiliary converter.
Section III discusses the selection and design of DCX module
topologies and their scalability for high-power applications.
Section IV details the implementation of the three-port dc-dc
and auxiliary converters. Section V presents simulation results
for a 1 MW system, and Section VI describes experimental
results from a 1 kW prototype, demonstrating ac/dc outputs,
voltage sharing, and reactive power control.

II. ARCHITECTURE OVERVIEW

The proposed architecture is centered on the use of 3-ϕ
unfolders in combination with an ISOP modular configuration
of DCX-operated dc-dc converters (the DCX stage). This
achieves a quasi-single-stage MV-to-LV ac power conversion
with natural voltage sharing among the input series-connected
converters. Additionally, further converter stages can be inter-
faced with the low-voltage output of the DCX stage to provide
a regulated dc port and to enable grid harmonic compensation
and reactive power control as needed.

The input MV unfolder converts the 3-ϕ MV ac input into
two time-varying dc voltages ranging from 0 to 0.866 of the
line-to-line peak voltage. These two time-varying soft dc-link
voltages, denoted as vpo and von—referred to as the p-port
and n-port voltages, respectively—are illustrated in Fig. 2. The
unfolder operates at a frequency on the order of the line fre-
quency to produce these two time-varying voltages from the 3-
ϕ ac input. A detailed explanation of the unfolder’s switching
operation is provided in [17], [18]. Since the unfolder does not
require high-frequency switching or associated energy storage,
its losses are negligible, and it is not classified as a power-
processing stage.

The time-varying voltages are stepped down by the DCX
stage, which comprises an ISOP modular configuration of full-
bridge dc-dc converters, each operating as a DCX (see Fig. 1).
This stage provides galvanic isolation and steps down the
voltage at each port (p and n). Each port features an input
series connection of full-bridge dc-dc converters that enable
MV operation and provide the required voltage step-down.
The voltage step-down ratio is determined by both the number
of series-connected dc-dc converters and the transformer turns
ratio. The stepped-down output voltage of the DCX stage is

vout,port =
vin,port

n×N
, (1)

where n is the number of modules in the ISOP configuration
for the respective port, and N is the transformer turns ratio
(P:S).
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Fig. 1. Block diagram of the proposed unfolding-based solid-state transformer with multi-port output. The architecture includes a DCX stage that provides
voltage step-down and galvanic isolation between the MV input and the 3-ϕ LV outputs. An additional converter shapes the MV input currents, functioning
as an active filter to ensure compliance with grid power quality requirements and reactive power control. Furthermore, a dc-dc converter generates a regulated
dc bus from the DCX stage output.

Operating each dc–dc converter in DCX mode enables
natural input voltage sharing within the ISOP configuration,
facilitating fully decentralized control—a critical feature for
modular MV 3-ϕ ac grid-tied converters [27]. In steady-state
DCX operation, the output voltage of each dc-dc converter
depends solely on its input voltage and transformer turns
ratio. With DCX operation and identical transformer turns

ratios, all output parallel-connected modules share the same
differential input voltage. This ensures natural input voltage
sharing, resulting in robust performance with minimal control
complexity and cost [27], [28].

The stepped-down output voltages of the DCX stage can
be unfolded using an LV (higher current rated) unfolder to
generate a 3-ϕ LV ac output, achieving quasi-single-stage
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time-varying dc voltages from 3-ϕ ac. (b) Ideal waveforms for a 480 V, 10 kW system: balanced 3-ϕ ac grid voltages, soft dc-link voltages over a line cycle,
and ideal port currents emulating balanced 1 MW resistive loading of the 13.2 kV line-to-line input.

conversion from MV ac to LV ac. The combined number
of series-connected modules and the transformer turns ratio
determine the overall voltage step-down, as given by (1). An
additional power conversion stage is required to convert the
output of the DCX stage to a regulated dc bus, implementation
discussed in detail in Section IV.

The time-varying nature of the port voltages by the unfolder
introduces unique challenges for DCX operation of individual
dc-dc converters. In particular, the selection of a suitable dc-dc
topology requires further investigation.

III. IMPLEMENTATION OF THE DCX STAGE

The primary challenge in implementing the DCX stage lies
in selecting a suitable topology that can operate as a DCX
while interfacing with the time-varying voltages produced by
the unfolder. These time-varying inputs necessitate a topology
that operates precisely at resonance to ensure consistent energy
transfer. The Series-Bridge DCX (SB-DCX) topology provides
a practical solution, as it inherently operates at resonance and
functions as a DCX without requiring closed-loop control. This
makes the SB-DCX highly robust to component tolerances,
which is advantageous for practical implementation. In this
section, the steady-state operation of the SB-DCX is analyzed,
and key design adaptations are presented to enable high-power
operation with unfolding architectures.

A. Challenges in Topology Selection for DCX Operation in
Unfolding Architectures

The input voltages at the two ports (the p-port and n-port)
vary from 0 to Vin,max (0.866 × Vll,peak). This wide voltage
variation complicates the task of maintaining a finite output
current when the input voltage approaches zero—particularly
for conventional full-bridge topologies.

Traditional full-bridge topologies, such as the phase-shift-
controlled dual active bridge (DAB) or resonant converters

like LLC [29]–[33], are commonly used in DCX applications.
However, they are not well suited for operation with an
unfolder. Under time-varying input voltages and balanced
resistive loading (required for unity power factor at the grid in-
terface), the topology must be capable of sourcing a finite input
current even when the voltage is near zero. This requirement
is illustrated in the ideal waveforms of Fig. 2(b). Although
DABs and resonant converters are preferred in many DCX
applications [28], [34], maintaining DCX functionality under
low input voltage with finite output current is particularly
challenging in their operating regimes.

B. SB-DCX as the DC–DC Topology

A key obstacle in realizing DCX functionality in practical
systems is the impact of finite transformer leakage inductance,
which limits current delivery to the output at low input
voltages. To overcome this, a series capacitor is introduced
to form a resonant tank, and the system is operated at its
resonant frequency. At resonance, the energy needed to sustain
current through the leakage inductance is stored and recycled
within the tank, removing the dependency on the input voltage.
This results in a zero net reactive impedance in the tank,
allowing finite current to be delivered even at near-zero input
voltages—an essential feature for operation with unfolder-
based systems.

Achieving perfect resonance, however, is nontrivial. The
series capacitor must be precisely tuned to match the leakage
inductance. Even minor deviations can cause performance
degradation. In uncontrolled DCX operation—whether using
diode rectifiers [35] or synchronous rectifiers [36]—such de-
tuning leads to load-dependent output voltages, which compro-
mises DCX performance. Similarly, the approach of applying
symmetric gate signals to both bridges with a resonant tank, as
shown in Fig. 3, achieves ideal DCX behavior only under per-
fect tuning [37]–[39]. Small variations due to temperature drift
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Fig. 3. A series resonant converter with symmetric gating signals for the
primary and secondary H-bridges operates as an ideal bidirectional DCX if the
series capacitor is tuned to resonate perfectly with the transformer’s leakage
inductance.

or component mismatch can result in excessive recirculating
currents and reduced efficiency.

Frequency-tracking control strategies have been proposed
to maintain resonance under such mismatches [40]–[42], but
these add complexity and reduce system robustness.

An elegant solution is to augment the resonant tank with
a series bridge (SB), which effectively emulates a variable
capacitor [43]–[45]. This enables automatic and precise com-
pensation for leakage inductance, maintaining resonance de-
spite component tolerances. The resulting topology—referred
to as the Series-Bridge DCX (SB-DCX)—functions as an ideal
DCX without active control. Each DCX module consists of
two SB-DCX converters, one interfacing each port as shown
in Fig. 4.

The SB-DCX is adopted here to support DCX operation
with the time-varying inputs of the unfolder. Details on SB gat-
ing, capacitor sizing, and steady-state behavior are discussed.

C. Steady-State Operation of the SB-DCX
The SB-DCX is inherently designed to operate as a DCX

in steady-state without the need for active control and exhibits
robustness to component variations. Neglecting losses, the
output voltage is directly proportional to the input voltage,
scaled by the transformer turns ratio given as

Vout =
Vin

N
. (2)

This relation holds for slowly varying input voltages, such as
vpo and von, which follow grid-frequency variations. As long
as the SB capacitance Csb is not excessively large, the system’s
dynamic response is fast enough to treat these voltages as
quasi-static.

The SB-DCX achieves ideal DCX operation by operating at
perfect resonance, resulting in zero tank reactance. Assuming
a constant output voltage (i.e., neglecting capacitor ripple),
the tank’s input and output can be modeled as shown in
Fig. 5. Series resistance Rs, representing conduction losses,
is neglected in the steady-state analysis. With symmetric
gating applied to both full bridges, steady-state operation is
maintained only when the output voltage equals the input
voltage—satisfying Kirchhoff’s Voltage Law in the circuit of
Fig. 5 for a transformer turns ratio of N = 1. This results in
natural steady-state DCX behavior.

Perfect resonance is achieved through the combined effect
of the SB and symmetric gating. Symmetric gating allows
a constant output voltage only if the tank reactance is zero;
otherwise, power transfer is disrupted (assuming minimal re-
sistance). The SB automatically tunes the tank to resonance by
emulating a variable capacitor. It adjusts the energy stored in
its capacitor Csb, which creates a dc voltage offset (vc,min). This
offset changes the effective SB capacitance, compensating for
variations in leakage inductance or switching frequency, and
maintains precise resonance.
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Fig. 5. Steady-state equivalent circuit of the SB-DCX, assuming ideal
switching and perfect resonance. The primary and secondary bridges are
modeled as in-phase square-wave voltage sources. The tank’s net reactance is
zero.

The SB is driven at the same frequency and duty cycle
as the full bridges but with a 90◦ phase lag. This ensures
resistive tank currents. A 100% duty cycle minimizes peak SB
capacitor voltage, improves transient response, and produces
near-sinusoidal tank current. Fig. 4(b) illustrates typical gate
signals and tank waveforms for the SB-DCX converter (at a
specific operating point). The effect of dead-time transitions
is minimal and thus neglected in the derivation of the steady-
state model.

D. Scaling SB-DCX for High Power

In high-power systems, an additional capacitor Cs is added
to the resonant tank to reduce the reactive power circulating
through the SB. This lowers the peak voltage stress across the
SB switches, enabling the use of lower-voltage, lower-RDS(on)
devices, thereby improving efficiency. The peak voltage across
the SB capacitor (in the absence of Cs) is given by

Vc,max =
Iout

4fswCsb ·
(
1− cos

(
1√

LlkgCsb·4fsw

)) . (3)

The reduction in voltage, ∆V , achieved by introducing Cs, is
expressed as

∆V =
Iout

8Csbfsw
+

Iout sin
2(α)

8Csbfsw (cos(α)− 1)
2

+
Iout (Cs + Csb cos(β))

4CsCsbfsw (cos(β)− 1)
, (4)

where

α =
1

4
√
Csb
√

Llkgfsw
, (5)

β =
1

4
√
C
√

Llkgfsw
, (6)

C =
CsCsb

Cs + Csb
. (7)

A detailed derivation is provided in Appendix A. Based
on this analysis, the capacitances Csb and Cs must be se-
lected based on the peak output power, transformer leakage
inductance, and the maximum allowable voltage across the
Csb switches, while accounting for component tolerances. The
tank parameter tolerances Tc and TL represent the percentage
deviations in Cs and Llkg, respectively.

To ensure reliable operation under worst-case conditions,
the peak voltage across Csb—evaluated at full load and with
a maximum leakage inductance of Llkg(1 + TL/100)—must
remain below the SB switch voltage rating. The addition of
Cs serves to reduce this peak voltage, as quantified in (4).

Moreover, the SB voltage must remain strictly positive at
all times to avoid conduction through the body diodes of the
SB switches. This requirement imposes a lower bound on the
permissible value of Cs, given by

Cs,min =
Cres

(1− Tc/100)(1− TL/100)
,

where Cres is the nominal value of the resonant capacitance.
This condition ensures that resonance is maintained even under
worst-case deviations in tank parameters.

IV. CONVERTER FOR DC OUTPUT AND AUXILIARY
CONVERTER FOR REACTIVE POWER CONTROL

To obtain a regulated dc bus, an additional converter stage
is required to interface with the output of the DCX stage and
convert its time-varying voltage into a stable dc output. This
section discusses various converter topologies and their associ-
ated trade-offs for achieving this functionality. In addition, an
auxiliary converter stage can be incorporated to control grid
reactive power. This auxiliary stage interfaces directly with
the output of the DCX stage and does not need to process
the full power. The converter topologies and their operational
principles for achieving these objectives are detailed below.

A. Three-Port Converters for DC Output

A regulated dc voltage can be obtained from the output of
the DCX stage using a three-port converter that transforms
the time-varying voltages into a stable dc bus. The converter
topology must also enable input current shaping to support
power factor correction (PFC). Furthermore, multiple such
converters can be connected in parallel to generate multiple
isolated and regulated dc buses, depending on application
requirements.

Several converter topologies have been proposed to interface
with the two output ports of an unfolder (p-port and n-port)
and convert the time-varying voltages into a regulated dc
output [17]–[20], [46]. Fundamentally, the role of the dc–dc
converter is to achieve output voltage regulation with PFC,
while optionally providing galvanic isolation. To enable PFC
behavior, the input of such converters should ideally emulate
a pair of independent voltage-controlled current sources. Dif-
ferent current source configurations can be employed to meet
various PFC objectives, with appropriate converter topologies
selected accordingly.

A comprehensive overview of such configurations—albeit
in the context of MV ac–dc conversion—is provided in [16],
which outlines current-source arrangements and their asso-
ciated isolated dc–dc converter implementations suitable for
unfolder interfaces. In this work, we focus on a subset of those
implementations that align with the proposed architecture.

Fig. 6 shows ideal input behaviors and practical non-
isolated and isolated implementations. These converters must
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function as at least two independent current sources, arranged
in configurations as illustrated. The implementations shown
represent one class of feasible designs (each for isolated and
non-isolated), although other topologies may be used if they
meet the same functional objectives.

The simplest configuration uses one current source at each
port—p and n as shown in Fig. 6(a). This requires the dc–dc
converter to operate across a wide range of input voltages,
which poses challenges, particularly for maintaining soft-
switching across all operating points and under-utilization of
hardware.

Reference [46] explores non-isolated implementations for
this case, with one example shown in Fig. 6(a)(i). In this
topology, the shapes of the average currents in the two induc-
tors are controlled to achieve PFC, while their magnitudes are
regulated to control the output voltage. For isolated operation,
two independent full-bridge dc–dc converters—one for each
port—with parallel outputs can be employed, as illustrated
in Fig. 6(a)(ii) [18]. The control strategy for both full-bridge
converters is the same as that used in the non-isolated imple-
mentation.

However, when independent current sources are imple-
mented at each port, ports p and n experience large voltage
variations, which can degrade efficiency. To mitigate this,
T-type and triple active bridge (TAB) three-port converters
have been proposed. These topologies combine the input volt-
ages through high-frequency switching and have demonstrated
favorable performance when interfaced with unfolder-based
systems [19], [20].

An alternative configuration introduces a current source at
the O node to circulate power, while another current source

processes the full power between Vpn and the output as
shown in Fig. 6(b). Known as the harmonic injection leg, this
approach allows the main converter to operate across a reduced
input voltage swing, simplifying its design. The trade-off is
increased total processed power due to internal recirculation,
which may limit scalability at higher power levels.

The harmonic injection leg can be implemented using a
buck converter connected between the p and n nodes, with its
output tied to the O node. This configuration supports both
isolated and non-isolated implementations. The full-power
converter—handling vpn to output transfer—can be a conven-
tional non-isolated converter (e.g., buck - Fig. 6(b)(i)) or an
isolated topology with a transformer controlled to maintain
constant power at the output (Fig. 6(b)(ii)). Reference [47]
provides in-depth discussion of the control and implementation
of harmonic injection legs.

This work demonstrates the hardware implementation of a
DAB-SRC converter topology for interfacing the output of the
DCX stage and producing a regulated dc bus [20].

B. Auxiliary Converter for Reactive Power Control
An auxiliary converter can be interfaced with the output

of the DCX stage to provide reactive power control without
processing full load power. While such converters are con-
ventionally connected at the low-voltage 3-ϕ ac side [48], the
proposed approach interfaces directly with the time-varying
dc voltages vpo and von, reducing implementation complexity.
However, the topology and control requirements are non-trivial
and introduce unique design challenges.

The auxiliary converter operates as a three-port dc–dc
converter with input ports connected to vpo,out and vout, and an
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output connected to an energy storage element (e.g., capacitor
or battery) to buffer exchanged energy, as illustrated in Fig. 1.
Under steady-state conditions, it processes no real power
(neglecting losses). The behavior of port voltages, currents,
and power under purely inductive grid loading is shown in
Fig. 7.

Fig. 7. Power parameters at the auxiliary converter input ports corresponding
to purely inductive grid loading.

The converter must support wide voltage gain variations,
abrupt current transitions near zero voltage, independent con-
trol of the two input currents, and bidirectional power flow at
each port. Synchronous rotating reference frame (SRF) control
is used to achieve fast current response and manage transitions
based on the grid angle.

Two dual active bridge–series resonant converters (DAB-
SRCs), arranged as in Fig. 8, are used to implement the
auxiliary converter. These integrate well with SRF control,
as demonstrated for ac–dc unfolder applications [49], and are
adapted here for reactive power control.

The complete auxiliary converter system, including DAB-
SRC implementation and control variables, is shown in Fig. 8.
The converter is connected between the p-port and n-port
outputs of the DCX stage. Its objective is to regulate currents
auxiliary converter currents ip and in based on measured grid
currents (ia, ib, ic) to enable reactive power control. Control
variables ϕADp and ϕADn used to control p-port power and
n-port power respectively are derived from desired ip and in,
which in turn are functions of the real and reactive grid current
components id,ref and iq,ref in the dq-frame.

The id and iq components are computed from the 3-ϕ grid
currents using an abc → dq transformation, which requires
the grid angle θ obtained from a phase-locked loop (PLL).
These components can be regulated in closed-loop to generate
reference currents for the auxiliary converter, denoted as id,ref

and iq,ref. Alternatively, open-loop references for id,ref and
iq,ref may be applied to specify the desired real and reactive
power exchange. The reference values are then normalized
with respect to the converter’s maximum current limit, Imax,
and the resulting normalized currents are transformed into port
current commands using

[
ip,norm
in,norm

]

S odd
=

[
cos(σ) − sin(σ)

sin
(
σ + π

6

)
cos
(
σ + π

6

)
] [

id,norm
iq,norm

]
,

[
ip,norm
in,norm

]

S even
=

[
sin
(
σ + π

6

)
cos
(
σ + π

6

)

cos(σ) − sin(σ)

] [
id,norm
iq,norm

]
,

where the sector index S and internal angle σ are

S =

⌈
θ

π/3

⌉
, σ = θ − (S − 1)

π

3
.

The control variables are finally computed using

ϕADp = sin−1(ip,norm), (8)

ϕADn = sin−1(in,norm). (9)

This reactive power control method is implemented in open-
loop form. However, it can be readily extended to closed-loop
operation, where the id,ref component regulates output voltage
and iq,ref is tuned for precise grid reactive power control. The
proposed topology and its control are experimentally validated
in Section VI.

V. MV SIMULATION VALIDATION & PRACTICAL
IMPLEMENTATION

To validate the feasibility of the proposed architecture, sim-
ulation results are presented for a complete system delivering
1 MW from a 13.2 kV medium-voltage (MV) grid. The DCX
stage achieves ideal voltage sharing among series-connected
modules, even with up to 15% variation in tank parameters.
A DAB-SRC topology is employed to interface the output of
the DCX stage and generate a regulated dc output. Finally,
key practical challenges in the hardware implementation of
the 1 MW system are discussed.

A. Simulation Validation

The system parameters are listed in Table I, and the circuit
parameters for each SB-DCX (rated for 37 kW peak power)
are provided in Table II. Ideally, the transformer leakage
inductance should be minimized to reduce recirculating energy
within the series bridge (SB). For simulation purposes, a
leakage inductance of 5 µH is selected, with up to 15%
variation among modules. This value is significantly higher
than the practical benchmark of 1.67 µH reported for MV-
insulated systems [50]. The capacitors Cs and Csb are chosen
to ensure that the peak SB voltage remains below 150 V.
enabling the use of GaN-based switches with high figures of
merit [51], in accordance with (4).

The simulated waveforms are shown in Figs. 9 and 10.
The 13.2 kV 3-ϕ input is converted into time-varying voltages
vpo,in and von,in, which swing from 0 to 16.6 kV, as shown
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TABLE I
SYSTEM SPECIFICATIONS FOR MV SYSTEM

Specification Value

Input Voltage (3-ϕ ac) 13.2 kV

Input Power, Pin 1 MW

DCX Stage Voltage Step-Down 28:1

Number of DCX Modules 28

Output Voltage (3-ϕ ac), Vout,ac 480 V

Output Power (3-ϕ ac), Pout,ac 1 MW

TABLE II
COMPONENT VALUES FOR SB-DCX IN 37 KW MODULE

fsw Cin=Cout Cs Csb Ltank N

100 kHz 4 µF 0.63 µF (±5%) 5 µF 5 µH (±15%) 1

in Fig. 9. These voltages feed the DCX stage, which uses an
ISOP configuration of 28 modules to process 1 MW of power.
The waveforms demonstrate ideal voltage sharing among the
modules despite 15% variation in tank inductance, and without
active control. The DCX operates with a voltage step-down
ratio of 28:1, and the output, shown in Fig. 10, feeds an output
unfolder that generates a 3-ϕ ac waveform, confirming the
advantages of using an unfolder and the DCX stage to get
quasi-single-stage ac-ac power conversion.

A regulated dc bus draws 80 kW at 300 V, while the remain-
ing power is delivered to balanced resistive loads connected
to a 480 V, 3-phase ac output. A DAB-SRC converter is
used to generate the constant dc bus from the output of the

Fig. 9. Simulated input waveforms for the DCX stage. Subplot 1: The 13.2 kV
ac input is converted by the unfolder into time-varying voltages peaking at
16.6 kV. Subplot 2: Input currents ip,in and in,in to the DCX stage for a
1 MW load. Subplot 3: Ideal voltage sharing among ISOP modules despite
15% component variation.

DCX stage. The circuit parameters for the TAB-SRC stage
are listed in Table III. This demonstrates that the proposed
converter architecture enables simultaneous generation of both
a single-stage 3-ϕ ac output and a regulated dc output. The
overall architecture is validated through prototype hardware
implementation.
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TABLE III
COMPONENT VALUES FOR DAB-SRC FOR DC OUTPUT (80 KW)

fsw Cin=Cout Cs Ls N

100 kHz 20 µF 0.381 µF 8.78 µH 1

Fig. 10. Simulated output waveforms. The DCX stage output shows a 28:1
voltage step-down while providing galvanic isolation. The output unfolder
generates a 480 V 3-ϕ ac waveform, completing the MV-to-LV ac conversion.
The dc output port is obtained using a three-port converter.

B. Challenges to Hardware Implementation

This subsection highlights key practical challenges in the
hardware implementation of the proposed architecture, with
particular emphasis on interfacing with the MV grid. These
include switch selection for the MV-rated unfolder and de-
ployment considerations for the SB-DCX topology within a
modular structure.

High-power unfolders have been developed [52]. However,
managing high-voltage requirements remains a challenge. The
primary unfolder is connected to the MV ac grid and must
use switches capable of blocking the peak line-to-line voltage
with adequate safety margin. A practical unfolder consists
of 12 switches, as illustrated in Fig. 1. The back-to-back
switches (required for bidirectional blocking capability) must
be controlled devices rated for 0.866 × Vll,peak and can
be implemented using IGBTs. The remaining unidirectional
switches can be implemented using diodes rated for Vll,peak,
enabling a simpler realization.

For a 13.2 kV system, no single switch meets the required

blocking voltage with sufficient margin. Therefore, multiple
devices must be connected in series to meet this require-
ment. An example implementation at 4.16 kV ac input is
presented in [53], using series-connected QIC6508001 IGBTs
and QRD6516001 diodes. A similar approach can be extended
for 13.2 kV systems. Significant research is ongoing to develop
higher breakdown voltage semiconductor devices suitable for
such applications.

While the SB-DCX topology has been validated for high
power [44], it has not yet been demonstrated in a series-
stacked configuration with MV isolation. This introduces
additional challenges. The SB-DCX must be operated using
symmetric gating (i.e., identical gate signals applied to both the
primary and secondary bridges) to preserve its natural DCX
characteristics and tolerance to tank mistuning, as described in
Section III. However, in practice, achieving this symmetry is
non-trivial due to differences in gate-driver circuitry between
the MV-side (primary bridge) and the LV-side (secondary
bridge). These differences may introduce small but non-
negligible timing mismatches caused by propagation delays
or clock skew across isolation boundaries.

Fig. 11. Simulated waveforms under gate-timing mismatch. Subplot 1: Ideal
input voltage sharing is maintained even when the two modules have different
gate-timing mismatches. Subplots 2 and 3: Primary and secondary switch-
node voltages and corresponding tank currents for the module with the largest
mismatch (300 ns). Subplot 4: Zoomed-in view highlighting the mismatch and
the resulting distortion in tank current waveform.

To evaluate this issue, simulations were performed with
gate-timing mismatches up to 300 ns—a conservative worst-
case estimate supported by propagation delays typical in
isolated gate drivers [54]. Simulation results (see Fig. 11)
show that the SB-DCX remains tolerant to these mismatches
and continues to function as an ideal DCX, with balanced
input voltage sharing among series-connected modules. This
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confirms the robustness of the topology under practical imple-
mentation constraints.

Finally, the implementation and control of high-power three-
port dc-dc converters for generating regulated dc output from
unfolder-derived time-varying voltages has already been vali-
dated in hardware [52].

VI. EXPERIMENTAL VALIDATION AND COMPARISON

A 1 kW prototype of the complete system (setup shown
in Fig. 12) has been implemented to validate the proposed
architecture. The system is powered from a balanced 480 V
three-phase ac source. The input unfolder converts this input
into the time-varying dc voltages vpo and von, which are then
stepped down by the DCX stage. The DCX stage consists
of two modules configured in an ISOP arrangement, each
implemented using SB-DCX converters with a transformer
turns ratio of 1:1. This results in an overall DCX stage voltage
step-down of 2:1 with galvanic isolation. Experimental results
confirm natural voltage sharing among the series-connected
DCX modules without requiring active balancing control.

The output of the DCX stage is connected to an output un-
folder that produces a 240 V line-to-line ac output. In addition,
two DAB-SRC converters are used to generate a regulated dc
bus. These outputs are shown in the hardware waveforms of
Fig. 13(b). The ac input and the corresponding DCX stage
output are shown in Fig. 13(a). As illustrated, the DCX stage
produces time-varying dc outputs with an effective 2:1 step-
down ratio, achieved using two ISOP-connected modules. The

complete system specifications are given in Table IV, and the
DAB-SRC prototype parameters are listed in Table VI.

TABLE IV
SYSTEM SPECIFICATIONS

Specification Value

Input Voltage (3-ϕ ac) 480 V

Input Power, Pin 1 kW

DCX Stage Voltage Step-down 2:1

Output Voltage (3-ϕ ac), Vout,ac 240 V

Output Power (3-ϕ ac), Pout,ac 600 W

Output Voltage (dc), Vout,dc 135 V

Output Power (dc), Pout,dc 300 W

Auxiliary Converter Circulating Power 80 W

TABLE V
COMPONENT VALUES FOR THE DCX MODULES

fsw Cin Csb Lleak N Cout

100 kHz 1.5 µF 1.2 µF 4.5–9.5 µH 1 1.5 µF

The voltage sharing performance of the ISOP DCX modules
is shown in Fig. 14. The waveforms depict the input voltages at
the p-port and n-port for both SB-DCX modules. As observed,
the input voltage is evenly shared between the two modules
at each port, without any active control. The system maintains

3-φ AC  Input 
480 V (Pacific Power 

390 ASX)

va

vb

vc
DCX Module 2

DCX Module 1

DCX Stage (2:1 Step Down)

 DAB-SRC: DC Out + Auxiliary

Balanced 
Resistive Load 
(100 Ω each)

DC Out – 60 Ω  
load

3-φ AC Out 
240 V 

Unfolder Unfolder

Fig. 12. Hardware test setup for the complete architecture: The input unfolder generates time-varying voltages from a 3-ϕ 480 V ac input; the DCX stage
(using SB-DCX topology) provides isolation and step-down. The DCX stage output is interfaced with the output unfolder to supply an ac output feeding
resistive loads. Two DAB-SRC converters are interfaced with the DCX output to obtain a regulated dc bus. The same converter is also used as an auxiliary
converter to enable reactive power control.
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va ia

vpo von

(a) (b)
Fig. 13. Complete system results: (a) Phase a voltage and current of the 480 V three-phase ac input, along with the stepped-down (2:1) soft DC-link voltage
from the DCX stage. (b) Three-phase ac output (240 V) and regulated dc output.

TABLE VI
COMPONENT VALUES FOR THE DAB-SRC FOR DC OUTPUT AND FOR

REACTIVE POWER CONTROL

fsw Cin C L N Cout

100 kHz 1 µF 0.015 µF 185 µH 1 1 µF

this sharing even under large variations in leakage inductance,
with tests performed for deviations up to 100%. The SB-DCX
module parameters are summarized in Table V.

The auxiliary converter, implemented using the same DAB-
SRC topology and operated as described in Section IV, ef-
fectively circulates power to compensate for reactive current
drawn by the filter capacitors. As shown in Fig. 15, this results
in nearly resistive input currents. The auxiliary converter only
consumes power necessary to offset circulating losses.

The power conversion efficiency was measured using a
Yokogawa WT1806E power analyzer. For the 480 V 3-ϕ ac
to 240 V 3-ϕ ac path, the measured efficiency is 96.5% at
600 W output power. This high efficiency is achieved due to
the single high-frequency power conversion stage in the DCX,
which directly interfaces the ac input and output. For the 480 V
3-ϕ ac to 135 V dc path, the measured efficiency is 93% at
300 W output power, slightly lower due to the additional power
stage for dc regulation.

A. Comparison with Other SST Architectures

The proposed unfolding-based SST architecture is compared
against recent SST architectures in Table VII, considering
supported ports, number of conversion stages, switching de-
vice requirements, bulk energy storage needs, reactive power
control, voltage-sharing control, and control complexity.

The MUSE-SST [55] follows a conventional three-stage
configuration to derive both LV ac and dc outputs from an MV
ac input. However, this cascaded approach reduces efficiency
and requires bulky energy storage for stable control. Voltage-
sharing control is unnecessary since it uses a single module
with HV-rated devices.

TABLE VII
COMPARISON OF PROPOSED SST WITH OTHER SSTS

Parameter [55] [56] [16], [53] This Work
Single

Module
M-S4T Unfolder Unfolder

MVAC port ✓ ✓ ✓ ✓

LVDC port ✓ ✗ ✓ ✓

LVAC port ✓ ✓ ✗ ✓

AC→DC stages 2 — 1 2
AC→AC stages 3 1 — 1
4Q switch — Req. — —
Bulk E-cap Req. — — —
Q-control ✓ — ✗ ✓

V-share ctrl. Not Req. Req. Req. Not Req.
Ctrl. complexity Simple Diff. Diff. Simple

The M-S4T SST [56] enables single-stage MV–LV conver-
sion but requires 4-quadrant switches. It can provide either
ac or dc output at a time, not both simultaneously, and re-
quires active voltage-sharing control for ISOP configurations.
Reactive power control is not possible.

The unfolding-based SST in [16], [53] eliminates the need
for 4Q switches and uses a single high-frequency stage but
supports only dc output and requires voltage-sharing control.
It also lacks reactive power control capability.

The proposed work combines these advantages, enabling
ac–ac conversion with a single high-frequency stage, avoiding
4Q switches, requiring no voltage-sharing control, supporting
both LV ac and dc outputs, and allowing reactive power control
for enhanced flexibility and efficiency in MV SST applications.

VII. CONCLUSION

This article presents an unfolding-based multi-port SST
architecture that enables three-phase ac–ac conversion using
a single high-frequency power conversion stage, offering a
simplified alternative to conventional three-stage systems. For
MV ac to LV ac applications, the architecture incorporates
a modular DCX stage that naturally shares voltage among
series-connected modules, enhancing system reliability and
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(b)
Fig. 14. Voltage sharing among ISOP DCX modules: (a) Ideal input voltage sharing between the series-connected modules (scale: 125 V/div). (b) Split-view
of the voltage waveforms (scale: 125 V/div).

va ia

vpo von

(a)

va ia 

vpo von

(b)
Fig. 15. Auxiliary converter for reactive power control: (a) Operation without auxiliary converter. (b) Operation with auxiliary converter, showing regulated
grid currents and near-zero reactive power draw.

scalability without the need for centralized control. The natural
voltage sharing is validated through both simulation (at 1 MW
scale) and hardware experiments (at 1 kW). Additionally, the
architecture supports integration of a three-port dc-dc converter
to generate a regulated dc bus, allowing simultaneous support
for ac and dc loads directly from the MV grid—thus improving
overall hardware utilization.

A key challenge in implementing the DCX stage is the
time-varying voltages from the unfolding stage, which com-
plicate the use of conventional DCX topologies. To address
this, the SB-DCX converter is proposed for its ability to
operate precisely at resonance and its tolerance to component
mismatches. Key design elements for scaling to high power
and for robust operation with the unfolder are discussed.
Furthermore, an auxiliary converter is introduced to enable
reactive power control; a DAB-SRC topology with control
in the rotating DQ reference frame satisfies all necessary re-
quirements to interface with the time-varying unfolder voltages
while achieving full grid current control. The complete system
demonstrates scalable performance, natural voltage sharing,

ac and dc outputs, and reactive power compensation—all
validated through simulations and hardware measurements.
The overall 480 V 3-ϕ ac to 240 V 3-ϕ ac power conversion
efficiency is 96.5%, higher compared to the conventional 3-
stage architecture, further highlighting the advantage of the
proposed system architecture.

APPENDIX A
CSB VOLTAGE DECREASE WITH ADDITIONAL SERIES

CAPACITANCE

The addition of Cs in series with the LV series bridge (SB)
reduces the peak voltage (∆V ) across the SB capacitance Csb.
The value of ∆V can be determined using (4).
∆V is the difference in peak voltage across Csb without and

with Cs. The peak voltage without Cs is given by (3). To find
the peak voltage with Cs, the constraints imposed on capacitive
energy requirement and the capacitor charge conservation are
used. These constraints are represented as

Csb
(
V 2

c,max-new − V 2
c,min-new

)
+ CsV

2
c,s = LlkgI

2
max,new, (10)
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Csb (Vc,max-new − Vc,min-new) =
Iout

4fsw
, (11)

CsVc,s =
Iout

4fsw
, (12)

where

Imax,new =

Iout sin

(
1√

LlkgC·4fsw

)

(
4fsw

√
LlkgC

)
·
(
1− cos

(
1√

LlkgC·4fsw

)) . (13)

Solving (10) – (13) to get an expression for Vc,max-new. The
voltage difference is obtained using

∆V = Vc,max − Vc,max-new. (14)
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CHAPTER 4

Series-Bridge DCX as the DC-DC Topology for the DCX Stage

The implementation of the DCX stage is critical to realizing the perceived advantages of

the proposed unfolding-based architecture. However, topology selection for the DCX stage

are non-trivial. This chapter comprehensively details these challenges and proposes the

SB-DCX topology as a practically viable solution. Furthermore, the design and hardware

validation of a complete DCX module are presented, demonstrating its ideal DCX behavior

when paired with the unfolder.

The DCX stage provides the necessary voltage step-down and electrical isolation, con-

sisting of multiple input-series-output-parallel (ISOP) connected DCX modules, which en-

able natural voltage sharing among the series-connected modules at the input.

Each DCX module serves as the fundamental building block of the DCX stage. It

comprises two DCX cells: one for port-p and one for port-n. Each DCX cell is a DC-

DC converter operating as a DC transformer (DCX). However, selecting and designing

the appropriate converter topology for DCX operation in conjunction with the unfolder is

challenging, as the time-varying nature of the unfolder voltages complicates both topology

selection and the design process.

Due to near-zero voltages occurring during certain portions of the grid cycle at the un-

folder output, topologies that operate precisely at resonance are required to maintain proper

DCX operation. As detailed in this chapter, none of the conventionally used topologies are

suitable for this application.

The SB-DCX topology is proposed as a practically relevant solution, capable of operat-

ing at resonance in open-loop conditions, even in the presence of mismatches. Steady-state

models are developed to enable the design of the SB-DCX to function effectively as a DCX

when paired with time-varying voltages from the unfolder. Hardware results provided in

this chapter validate the DCX operation of a complete 10 kW DCX module in combination
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with the unfolder, achieving a total efficiency of approximately 97%, thereby demonstrating

the validity and performance of the proposed topology.
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DCX Module in a Three-Phase Unfolding-based
Solid State Transformer with Multi-port Output
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Abstract—Unfolding-based 3-ϕ grid-tied converter architec-
tures offer a more efficient and power-dense alternative to
conventional multi-stage designs. This work proposes a 3-ϕ
unfolding-based dual output solid-state transformer (SST) sup-
porting both 3-ϕ ac and dc loads, facilitating higher hardware
utilization. The modular architecture features natural voltage
sharing among series-connected modules and allows for reactive
power control. The architecture includes a dc-dc power con-
version stage operating as a step-down DCX (dc transformer).
The DCX stage is critical to the advantages of the proposed
architecture, as it allows for natural input voltage sharing among
series-input parallel-output (ISOP) connected dc-dc modules. The
time-varying soft dc-link voltages, characteristic of unfolding
architectures, pose challenges for conventional DCX topologies.
This article examines these challenges and proposes series bridge-
DCX (SB-DCX) converter topology suitable for DCX operation.
Furthermore, design elements of the SB-DCX are examined using
developed analytical models specific to the unfolding architecture.
Hardware results are provided to validate the DCX operation
using a 600 V, 5 kW dc-dc prototype converter that achieves
a peak efficiency of 98.5%. DCX operation of the complete
10 kW DCX module is validated under time-varying soft dc-link
voltages.

Index Terms—Solid-state transformer, SST, three-phase, ac,
unfolding, multi-port, medium-voltage, MV, DCX, dc trans-
former, resonance, series-bridge, SB

I. INTRODUCTION

THE growing demand for energy from the electric
grid necessitates continuous advancements in grid-tied

power conversion systems [1]. Electrification of transportation
through Electric Vehicles (EVs) and the growth of energy-
intensive data centers are among the key drivers of rising
electricity demand. 3-ϕ grid-tied power converters are essential
for interfacing these high-power loads with the power grid.
Additionally, they serve as a key enabling technology for
the integration of renewable energy sources into the grid [2].
Consequently, it is imperative to focus on advancing the
performance, reliability, and cost-efficiency of these systems.

Solid-state transformers (SSTs) have emerged as a promis-
ing technology to enhance energy conversion efficiency, re-
duce costs, and provide advanced control and protections for
grid-connected systems. SSTs replace traditional bulky line-
frequency transformers with advanced power electronics that
enable the use of high-frequency transformers with potential
advantages. This is particularly advantageous for eliminating

This material is based upon work supported the National Science Foun-
dation (NSF) Advancing Sustainability through Powered Infrastructure for
Roadway Electrification (ASPIRE) Center through the Engineering Research
Centers Program under Grant 1941524.

the conventional medium voltage to low voltage (MV-to-
LV) line-frequency transformer used in secondary distribution
networks, allowing the direct integration of MV-rated power
electronics for various applications such as multi-megaWatt
fast charging stations and data centers [3], [4]. Direct MV-
connected power electronics enable fast installations, size re-
duction, potential cost savings, and reduced material usage [5].

Typically, SSTs employ multistage architectures. The pri-
mary functional requirements for these systems include grid
current shaping, isolation, and output voltage control. Two
or more power conversion stages facilitate the fulfillment
of these objectives with relatively low hardware and control
complexity. A state-of-the-art ac-ac SST may consist of a
cascade of power converters that convert from ac to dc and
back to ac, with appropriate control to obtain the desired 3-ϕ
ac output [6]. An intermediate bulk DC-link capacitance would
also be required to decouple the dynamics of the individual
stages and enable reactive power control. Despite their design
and control simplicity, multi-stage architectures limit SST
performance due to the cascade of multiple power conversion
stages and bulk energy storage.

In contrast, unfolding-based architectures have emerged as
a competitive solution for 3-ϕ ac grid-tied converters [7]–[11].
These architectures feature a line-switched unfolder, which
operates at twice the line frequency to convert 3-ϕ ac voltages
into two time-varying soft dc-link voltages or vice versa.
This method of voltage conversion eliminates a high-frequency
switched power conversion stage, offering the potential for
higher efficiency and power density compared to conventional
converter architecture designs [8].

The authors propose a 3-ϕ unfolding-based solid-state trans-
former (SST) capable of reactive power control and multi-port
output configuration with hybrid 3-ϕ ac and dc distribution
(see Fig. 1). The system operates from a 3-ϕ MV ac grid
input and delivers both 3-ϕ ac and dc outputs. The input MV
unfolder converts the 3-ϕ MV ac input into two time-varying
dc voltages, ranging from 0 to 0.866 of the line-to-line peak
voltage. A DCX stage, functioning as an ideal dc transformer,
ensures galvanic isolation and performs voltage step-down
to produce time-varying dc voltages at the outputs. These
voltages are unfolded to generate a 3-ϕ LV output, achieving
a single high-frequency power conversion from MV ac to LV
ac. In tandem, a constant dc output bus can be derived from
the DCX output using an auxiliary power conversion stage.
The multi-port output facilitates a more efficient hardware
utilization of the MV-LV power conversion stage (the DCX
stage), which is the major cost driver in direct-MV-connected
power converters [12].
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Fig. 1. Block diagram of the proposed unfolding-based solid-state transformer with multi-port output. The architecture includes a DCX stage that provides
voltage step-down and galvanic isolation between the MV input and the 3-ϕ LV outputs. An additional converter shapes the MV input currents, functioning
as an active filter to ensure compliance with grid power quality requirements and reactive power control. Furthermore, an additional dc-dc is employed to
convert the output of the DCX stage into a regulated dc-bus.

The DCX stage facilitates natural input voltage sharing in
an ISOP modular structure, enabling a fully decentralized
voltage-sharing control architecture that enhances system reli-
ability and reduces costs [13], [14]. An additional converter is
incorporated to regulate and shape the grid current and support
reactive power control. Notably, the auxiliary converter doesn’t
process the full load power. Rather, it circulates reactive power

as needed, ensuring robust grid interaction and compliance
with grid requirements.

This article focuses on the design and validation of the
DCX module in the overall topology, which is connected in
ISOP configuration to form the DCX stage in the proposed
3-ϕ unfolding SST. The implementation of the DCX stage is
crucial to realizing the benefits of the proposed architecture.
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The time-varying nature of the soft dc-link voltages, Vpo

and Von (refer to Fig. 2 (b)), presents unique challenges for
the dc-dc converter within the module to function as a DCX.
The fundamental challenge is ensuring a finite output current
at near-zero input voltages. As detailed in Section II (a),
actively controlled full-bridge topologies, such as phase-shift-
controlled DAB or LLC converters [15]–[20], are not suitable
for this application. Instead, series resonance-based topologies
that operate precisely at resonance are required [21], [22].
However, achieving perfect resonance in practice is chal-
lenging due to component tolerances and variations during
operation. Additional control mechanisms to control frequency
to tune it to resonance can be implemented [23]–[25]. How-
ever, the additional complexity and stability challenges can be
avoided.

This work uses a topology similar to that proposed in
[26], referred to here as the series-bridge DCX (SB-DCX).
It naturally functions as a DCX by operating at resonance and
inherently compensates for component tolerances. A similar
topology has recently been explored for enabling transformer-
level paralleling [27]. However, its design and SB gate modu-
lation techniques cannot be directly applied to operation with
unfolder. Furthermore, to the author’s knowledge, none of
the previous work related to SB-DCX or DCX topologies,
in general, has addressed the unique operational and design
requirements when operating with unfolder.

To summarize, the key contribution of this article is the sys-
tematic analysis and design of a dc-dc topology for DCX op-
eration with time-varying soft dc-link voltages in the proposed
unfolding SST architecture. Specifically, this work addresses
the challenges in topology selection, steady-state modeling,
and design for reliable DCX operation. Section II examines
the fundamental challenges associated with topology selection
and establishes the necessity of the SB-DCX topology for

achieving effective DCX operation. Section III presents the
working principles and steady-state modeling of the SB-DCX
topology, leveraging state-plane analysis to develop analytical
insights. These models serve as a foundation for the design of
the SB-DCX when interfacing with time-varying dc voltages,
as discussed in Section IV. Finally, Section V details the
hardware prototype and experimental validation of a 10 kW
DCX module (with two SB-DCX converters), demonstrating
the feasibility and practical performance of the proposed
approach.

II. DESIGN OF DCX MODULE

The inputs to the DCX stage are two time-varying soft
dc-link voltages, Vpo and Von, referred to as the p-port and
n-port voltage, respectively (see Fig. 2). These voltages are
generated by the unfolder, which operates on the order of
the line frequency to convert the 3-ϕ ac input into the two
time-varying voltages. A detailed explanation of the unfolder’s
switching operation is available in [8]. Since the unfolder
does not require high-frequency switching or associated energy
storage, its losses are negligible, and it is not classified as a
power-processing stage.

The DCX stage comprises an ISOP modular configuration
of full-bridge dc-dc converters, each functioning as a DCX
(see Fig. 1). This stage provides galvanic isolation and steps
down the voltage at each port (p and n). Each port has
an input series configuration of full-bridge dc-dc converters
that support MV operation and provide the necessary voltage
step-down. The voltage step-down ratio is determined by the
number of dc-dc converters in series and the transformer turns
ratio. Two dc-dc converters interfacing the p-port and n-port
independently combine to form a modular block referred to as
a DCX module.

DC-DC Stage

p
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n

von

vpo

Unfolder

va vb vc

ipin

(a) (b)

Grid Angle (wt)0 2π 

vpovon

17 A

600 V

400 V

-400 V

0

0

0

va

vb

vc

Fig. 2. (a) A grid-tied unfolder followed by a dc-dc converter stage. Grid/filter inductors are modeled for completeness. The line switched unfolder, a
combination of single pole triple throw switch, is switched once every ”sector” to obtain two time-varying dc voltages from 3ϕ ac. The input ports of the
dc-dc converters are modeled as two controlled current sources to highlight the requirement of unity power factor. (b) Ideal waveforms for a 480 V, 10 kW
system: Balanced 3ϕ ac grid voltages, soft-dc link voltages (in a complete line cycle), and ideal dc-dc currents to emulate balanced resistive loading to the
grid.
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Operating each dc-dc converter in a module in DCX mode
enables natural input voltage sharing in the ISOP configuration
with decentralized controls, a crucial feature for modular
systems in MV 3-ϕ ac grid-tied converters [15]. In steady-
state DCX operation, the output voltage of each dc-dc is a
function of its input voltage and transformer turns ratio only.
With DCX operation and identical transformer turns ratio
for all, the parallel output connected modules will have the
same differential input voltage. This results in the total input
voltage being evenly distributed among the dc-dc modules at
both p and n input ports. This ensures natural input voltage
sharing leading to robust performance with minimal control
complexity and cost [15], [16].

However, the time-varying nature of the port voltages in the
proposed unfolding architecture presents unique challenges for
DCX operation. In particular, the selection of a suitable dc-dc
topology requires further investigation.

A. Challenges to topology selection for DCX operation of dc-
dc converters in unfolding architecture

The input voltages to the two ports (p-port and n-port)
vary from 0 to Vin,max (0.866 × Vll,peak). This wide voltage
variation it difficult to maintain finite input current when the
input voltage approaches zero, as required for DCX operation,
especially with conventional full-bridge circuits.

Conventional full-bridge topologies used for DCX, such as
the phase shift-controlled dual active bridge (DAB) or LLC
converter [17]–[20], [28], fail to meet the requirements needed
to operate the dc-dc as DCX in combination with unfolder.
With time-varying input voltages and assumed balanced re-
sistive loading (to maintain unity power factor at the grid
input), the topology must be capable of conducting finite
currents at near-zero input voltages. This concept is illustrated
in ideal waveforms shown in Fig. 2(b). While they are often the
preferred topologies for DCX operation [16], [29], achieving
DCX operation with near-zero input voltage and finite input
current proves challenging within a DAB or conventional
resonant converter framework.

To understand the fundamental challenge, the DCX oper-
ation of the DAB is examined in detail. Physically, a DAB
comprises a tank inductor, often the transformer leakage
inductance, which serves as the energy transfer element and
governs energy flow. The problem arises from the absence of
an energy source to build current in the leakage inductance of
the transformer under near-zero input voltage conditions. To
sustain the required output current, sufficient input voltage is
necessary to build current (or energy) in this inductor. This is
mathematically modeled by the expression for output current
in a DAB as

Iout = ϕ× (1− ϕ)× Vin

fsw × L
, (1)

where ϕ is the phase shift between primary and secondary H-
bridges. The tank current (and consequently, the output current
Iout), in a DAB, builds up only if sufficient input voltage (Vin

a source of energy) is present. This is in direct contrast with the
topology characteristics required to maintain the voltage and

current requirements of a DCX in an unfolding architecture.
Thus, generating the required current becomes increasingly
difficult with near-zero input voltages, especially as current
demands escalate for high-power loads (can be visualized in
Fig. 3).
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Fig. 3. Variation in phase shift versus grid angle is shown for different leakage
inductance values and power levels. The corresponding time-varying p-port
dc voltage, Vpo, is depicted in red. At higher power levels and/or for larger
leakage inductance, the phase shift saturates to its maximum possible value
for near-zero voltages, indicating a challenge in building the tank current.

Consequently, it becomes imperative to explore topologies
that eliminate the need for an input voltage source to build
current in the parasitic leakage inductance of the transformer.

B. SB-DCX as the dc-dc topology

The fundamental challenge is addressing the presence of
finite leakage inductance in a practical transformer, which
impedes the flow of currents to the output significantly at near-
zero input voltages. To compensate for leakage inductance
physically, a series capacitor is added to form a resonant tank,
and the system is operated at its resonant frequency. In steady-
state and operation at resonance, the reactive energy required
to build current in the leakage inductance is confined within
the tank, eliminating the need for additional energy from the
input source. In other words, operating the tank precisely at the
resonant frequency ensures zero reactive impedance, allowing
for finite output currents even at near-zero input voltages
hence, allowing for DCX operation with an unfolder.

However, achieving perfect resonance in practice is non-
trivial. The capacitor must be precisely tuned to resonate with
the leakage inductance. Slight detuning leads to undesirable
effects. In uncontrolled DCX operation using a series resonant
tank with either a diode secondary bridge [30] or synchronous
rectifiers [31], slight detuning results in a drop in output
voltage (dependent on the load)—an outcome that is not
ideal. Similarly, in configurations with symmetric gate signals
applied to the primary and secondary H-bridges and a series
resonant tank (as shown in Fig. 4) [21], ideal DCX opera-
tion can be achieved, but only if the capacitor is accurately
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Fig. 4. A series resonant converter with symmetric gating signals for the
primary and secondary H-bridges operates as an ideal bidirectional DCX if
the series capacitor is tuned with the transformer leakage inductance to achieve
perfect resonance.

tuned [22], [32]. Even small deviations from the resonant
condition—due to temperature variations or component toler-
ances—can shift the system off-resonance, causing significant
recirculating currents that degrade performance.

While frequency tracking can be employed to ensure precise
resonance operation [23]–[25], it introduces additional con-
trol complexity and potential reliability concerns that can be
avoided.

To address this issue, the tank is modified to include
a series bridge (SB), emulating a variable capacitor [26].
This modification ensures exact compensation of the leakage
impedance (naturally), resulting in perfect resonance that
is tolerant to tuning mismatch. Consequently, this topology
naturally behaves as an ideal DCX without any additional
controls and is referred to here as Series-Bridge DCX (SB-

DCX) (Fig. 5).
A family of similar SB-based resonant DCXs, referred

to as Electronic Embedded Transformers (EET)-DCX [27],
[33], has been recently proposed. However, these converters
have been explored in a different context and cannot be
directly applied as DCX in combination with unfolder. EET-
DCX features a unique SB switching scheme and design
that enables trapezoidal tank currents [27], facilitating natural
current sharing for transformer-level paralleling. The time-
varying nature of the input voltages imposes limitations on the
size of the SB capacitance (denoted as Csb in Fig. 5), which in
turn prevents the realization of trapezoidal tank currents and
the replication of the used SB switching technique.

This work presents the analysis and steady-state modeling
and the design and operation of the SB-DCX suitable for
operation with time-varying voltages from an unfolder.

III. STEADY-STATE OPERATION AND MODELING OF
SB-DCX

The SB-DCX is inherently designed to operate as an ideal
voltage source at its output under steady-state conditions.
When losses are neglected, the output voltage is directly
proportional to the input voltage, scaled by the transformer’s
turns ratio, as described in (2). This behavior characterizes the
SB-DCX as an ideal DCX, with

Vout =
Vin

N
. (2)

For time-varying input voltages, (2) remains valid as long as
the input voltage variations occur at a rate significantly slower
than the dynamic response of the SB-DCX. This condition
is typically satisfied when operating with unfolding-based
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Fig. 5. (a) The SB-DCX topology: a series bridge that emulates a variable capacitance, enabling perfect resonance operation of the tank in a full-bridge dc-dc
converter while allowing for higher tolerance to variations in capacitance. (b) The ideal symmetric gating signals of the primary and secondary bridges are
shown, with the SB phase shifted by 90 degrees to allow for resistive tank currents. The corresponding tank waveforms for ideal steady-state operation are
also depicted.
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voltages, Vpo and Von, which vary on the order of the line
frequency. Additionally, the capacitance Csb should not be
excessively large and should remain close to the resonance
capacitance, Cres, to ensure a fast dynamic response of the
SB-DCX. Under these conditions, the input voltages can be
assumed to be quasi-static for steady-state analysis.

The ideal DCX operation of an SB-DCX is achieved by
ensuring perfect series resonance in the tank circuit during
steady-state. Perfect resonance resulting from the interaction
between the SB and the leakage inductance can be modeled
as zero tank reactance (at all input frequencies). Assuming a
constant output voltage (neglecting capacitor voltage ripple),
the input and output voltage excitations of the tank can
be modeled as depicted in Fig. 6. Voltage drops due to
series resistance (which represents losses) are neglected. With
symmetric gate signals for primary and secondary H-bridges,
steady-state operation is achieved only when the output voltage
equals the input voltage as required by Kirchhoff’s Voltage
Law (assuming N = 1). Hence, the topology inherently
operates as DCX with symmetric gating. A more rigorous
proof that shows Vout = Vin (for N = 1) is provided in
APPENDIX A.

N:1Rs

itank Vs
Vp

Fig. 6. (a) Steady-state equivalent circuit of SB-DCX, assuming ideal
switching transitions and perfect series resonance. The primary and secondary
voltages are modeled as square-wave voltage excitations that are in phase
due to symmetric gating. The reactance of the leakage inductance and SB
combination is zero. Rs models losses due to current conduction.

The perfect series resonance operation of the tank is fa-
cilitated by the combined action of the SB and the use of
symmetric gate signals for the primary and secondary H-
bridges. With symmetric gating, a constant output voltage
is maintained only if the tank’s reactive impedance is zero.
This is because, under symmetric gating, any nonzero tank
reactance prevents real current flow through the tank (as-
suming negligible resistance). The symmetric gating forces
the SB to tune the tank capacitance for resonance operation,
ensuring zero tank reactance. The SB achieves this naturally
by emulating a variable capacitance that continuously adjusts
to maintain resonance. It controls the flow of energy to the
SB capacitor (Csb) and allows a dc offset in the capacitor
voltage (vc). This dc offset enables variation in the tank
capacitance as a function of leakage inductance and operating
frequency, ensuring precise tuning. An FFT (Fig. 7) of the
tank waveforms in an SB-DCX, Vsb and Itank, confirms that
the tank operates at perfect series resonance in steady-state.

The SB is switched with gate signals at the same frequency
and duty cycle as the primary and secondary bridges but with
a 90-degree phase lag. The duty cycle of the SB influences the
waveshape of the tank current and peak voltage across (Csb).
While the phase lag determines the zero-crossing point relative
to the main bridges. Operating at full duty cycle allows for a

Fig. 7. (a) FFT spectrum of tank waveforms of SB-DCX in steady state,
modeling negligible tank energy loss. The frequency spectrum of Vsb and
Itank (times characteristic impedance at the corresponding frequency) is
identical. This highlights a perfect series resonant tank in steady state

lower peak capacitor voltage, faster transient response, and a
near sinusoidal tank current. A 90-degree phase lag ensures a
resistive tank current.

The gate signals, steady-state waveforms of the tank current,
and the SB capacitor voltage (vsb) are shown in Fig. 5(b).
The deadtime transitions are small and do not significantly
impact the state waveforms. Therefore, they are neglected in
the derivation of the steady-state models.

State plane analysis is used to analyze and develop the
steady-state model for the SB-DCX that would be useful for
designing the converter for different applications. The state-
plane analysis technique is well-suited for geometrically ana-
lyzing the resonant energy exchange, particularly when there
are fewer energy storage elements [34], [35]. Fig. 8 shows the
normalized SB capacitor voltage mC versus normalized tank
current jL. Normalization is performed with respect to the base
voltage Vbase = 1 and the base current Ibase = 1/Z0, where
Z0 =

√
Lleak/Csb is the characteristic impedance. Therefore,

mc and jL are given as

mc = vc/Vbase, (3)
jL = iL/Ibase. (4)

α represents the normalized period for each switch state
combination.

α =
ω0

4fsw
, (5)

where ω0 = 1/
√
LleakCsb is the resonant angular frequency.

The steady-state models can be derived by utilizing ge-
ometric relationships to determine key normalized values,
which are then converted back to time domain. These steady-
state models for vsb and itank are essential for designing
and selecting components for hardware implementation. The
important relations needed are



7

(0,0)
mc

jL

I II

IIIIV

JL,max

MC,min MC,max
α 

Fig. 8. (a) Normalized state-plane trajectories during the steady-state opera-
tion of SB-DCX. The colored solid and dashed state trajectories are used to
distinguish different trajectory directions corresponding to different switching
combinations; however, they overlap.

Mc,min = Mc,max cos(α), (6)
Jl,max = Mc,max sin(α), (7)

Jout =
1

α

∫ α

0

Mc,max sin θ dθ =
Mc,max

α
(1− cosα) . (8)

Using (5) - (8) and the base values to get the time domain
expressions,

Itank,max =

Iout sin

(
1√

LlkgCsb·4fsw

)

(4fsw
√

LlkgCsb) ·
(
1− cos

(
1√

LlkgCsb·4fsw

)) ,

(9)

Vc,min =

Iout · cos
(

1√
LlkgCsb·4fsw

)

4fswCsb ·
(
1− cos

(
1√

LlkgCsb·4fsw

)) , (10)

Vc,max =
Iout

4fswCsb ·
(
1− cos

(
1√

LlkgCsb·4fsw

)) . (11)

These can also be written as a function of Itank,max as

Vc,min =

(
2fsw

Iout

)
LlkgI

2
tank,max −

Iout

8fswCsb
, (12)

Vc,max =

(
2fsw

Iout

)
LlkgI

2
tank,max +

Iout

8fswCsb
, (13)

lim
Csb→∞

Vc,min = lim
Csb→∞

Vc,max = 8fswIoutLlkg. (14)

(14) represents the minimum possible peak voltage across
Csb for a given output power requirement and aforementioned
SB gating. These developed steady-state models form the basis
for design to operate with time-varying input voltages.

IV. DESIGN ELEMENTS OF SB-DCX FOR OPERATION
WITH TIME-VARYING INPUT VOLTAGES

The time-varying nature of the unfolder voltages presents
unique challenges in the design of the SB-DCX. Particularly,
in achieving zero-voltage switching (ZVS) for the primary
and secondary high-voltage (HV) bridges. ZVS inductors are
connected as shown in Fig. 9, to obtain load-independent ZVS
and ZCS for all the HV switches. The appropriate sizing of the
ZVS inductor and its impact on switch selection is discussed.

Furthermore, the design of the series bridge is analyzed
in detail. The SB design involves selecting the capacitance
with an appropriate tolerance margin, minimizing the energy
storage requirements, and choosing SB switches to reduce
losses associated with the SB.

A. Soft switching for Primary and Secondary HV bridges

Achieving ZVS on both the primary and secondary H-
bridges is critical, as the hardware operates at high voltage
and high frequency (to minimize energy storage requirements).
However, the symmetric gating and the time-varying nature of
the input voltages complicate achieving ZVS across the line
cycle.

To achieve ZVS on the primary bridge, an inductive tank
current (lagging in phase relative to the switch-node voltage)
is required. The tank current can be made inductive by
controlling the phase shift of the SB bridge gate signals relative
to the primary (or secondary) gate signals. However, since
the secondary bridge switches simultaneously, the tank current
does not flow in the correct direction to achieve ZVS for the
secondary switches. Furthermore, the time-varying nature of
the input voltage causes the required tank current to achieve
ZVS to fluctuate throughout the line cycle. Additionally, the
tank current is load-dependent and varies over the line cycle
as well. As a result, the tank current cannot be relied upon
to ensure ZVS for both the primary and secondary switches
across all operating conditions.

The magnetizing current of the transformer can be utilized
to achieve zero-voltage switching (ZVS). However, enabling
ZVS on the primary side requires this current to flow through
the SB, leading to increased losses and degraded performance.
To address this, ZVS inductors are introduced across each
high-voltage (HV) H-bridge to facilitate ZVS (see Fig. 9).
The switching transition occurs when the triangular inductor
current reaches its peak and is in the correct direction to assist
in the soft commutation of the corresponding bridge’s switch
voltages.

This approach is particularly advantageous because the peak
inductor current

IL,pk =
Vin

4fswLzvs
, (15)

and the required ZVS current
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Izvs,req =
2CossVin

tdead
, (16)

varies proportionately with the input voltage. As a result
(assuming constant switch output capacitance Coss) the ZVS
design variable,

Lzvs =
tdead

8fswCoss
(17)

solved using (15) and (16), is independent of the input voltage.
The analysis here assumes that the inductor current is constant
and the tank current is negligible for the switching transition
(valid for small dead times and resistive tank currents). Fur-
thermore, (17) also highlights the coupled nature of switch
(via Coss) and Lzvs selection.

C

Primary/ Secondary Bridge

G1

G1G2

G2

Lzvs

Fig. 9. ZVS inductors are added across the 2-legs of each HV H-bridge to
facilitate input voltage and load-independent ZVS. The output capacitance of
each switch is modeled for completeness.

A higher Coss (corresponding to a lower Rds,on for the same
device figure of merit (FOM) - Rds,on ×Coss [36]) results in
needing higher circulating currents (via decreased Lzvs), which
helps achieve ZVS but increases the rms currents through the
switches. This tradeoff must be carefully managed through
switch selection to minimize net conduction losses in the
switches for an allowed deadtime.

Further, the parasitic output capacitance of the switches is
a non-linear function of the voltage across it (higher charge-
equivalent Coss,q [37] for lower drain-source voltage). This
makes Lzvs selection challenging when the input voltages vary
throughout the line cycle.

Because Coss is a function of voltage, there is no explicit
solution for Lzvs to achieve ZVS throughout the line cycle. The
approach taken here is to select Lzvs in combination with the
HV bridge’s switching device to minimize conduction losses
across the line cycle (for a given device FOM) while, ensuring
boundary ZVS at the peak input voltage (for an allowed
minimum deadtime). To achieve ZVS at all other input voltage
levels, the deadtime can be increased as the input voltage
decreases to compensate for the increasing charge-equivalent
Coss,q.

In conclusion, using the above design approach, load- and
input-voltage-independent near ZVS can be achieved through-
out the entire line cycle, in the primary and secondary H-
bridge. Furthermore, the tank currents are maintained resistive,
enabling ZCS as well.

B. Series Bridge Design

The primary design variable for the SB is the floating
capacitor Csb. The capacitance of Csb has to be higher than
the series resonance capacitance - Cres = 1((2πfsw)

2Llkg). A
higher capacitance is needed to allow the SB-DCX to function
without Vsb,min going negative (see (Eq. 10)). The higher the
capacitance value, the greater is the ability to incorporate
resonance tuning mismatch.

However, increasing capacitance Csb increases the tank rms
currents and the total required energy storage in the system
(shown in Fig. 10). The minimum rms currents and energy
storage occur when Csb = Cres. Hence, the plots are normal-
ized to these values. A very high capacitance can allow for
trapezoidal tank currents (through different SB gating) [27].
However, with time-varying input voltages, a large capacitance
will increase the transient time and make the system unstable.
Therefore, the capacitance is chosen based on the maximum
amount of LC or frequency variation tolerance required in a
practical application. Typically, Csb as 1.5 - 2 times Cres is
enough for most applications. If ceramic capacitors are used,
voltage derating must be considered, if applicable.

Fig. 10. Normalized plots highlighting the changes in important parameters
as a function of increasing Csb

The SB switches must block the peak voltage across Csb
during a switching cycle. This peak voltage is determined
by the leakage inductance and the power processed by the
converter. The maximum peak voltage occurs when the output
current reaches its maximum value (output current varies
through the line cycle). Therefore, the SB switches should be
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rated to withstand this maximum peak voltage across Csb (with
appropriate design margins), which occurs at Vin = Vin,max and
full power operation. The maximum peak blocking voltage can
be found using (11).

To maximize the performance of the converter, the SB
switch blocking voltage needs to be kept to a minimum (allow-
ing usage of lower resistance and better FOM devices). The
primary design degree of freedom is the leakage inductance
(see Eq. 13). Minimizing the leakage inductance should be a
priority, especially for high-power designs. High capacitance
value for Csb helps decrease the peak voltage across Csb but
not significantly (see Fig. 10). Further, as discussed earlier Csb
should be kept closer to Cres.

For numerical context, the hardware prototype designed in
Section V has a leakage inductance of 4.5 µH. For up to
10 kW of power (588 V input), the peak voltage that the
SB needs to block is about 65 V. GaN-based MOSFETs (with
better FOMs [36], [38] than Si counterpart) are ideal for such
applications. Their low Rds,on minimizes power loss in the
SB. Furthermore, all SB switching transition occurs when the
tank current is at its peak and has the correct direction to fully
achieve ZVS for all switches. This allows the use of extremely
low Rds,on (high Coss), as ZVS currents are sufficient at all
operating points within reasonable deadtime. Expression for
minimum deadtime for SB switches is given as

tdead,sb ≥ 2Coss,sb√
Csb

·
√
Llkg · cot

(
1

4fsw
√
LlkgCsb

)
. (18)

If, however, the leakage inductance cannot be reduced
beyond a certain point, a modified SB-DCX can be employed
similar to [39], [40]. In this configuration, an additional series
capacitor Cs is added in series with the SB to share the leakage
inductance energy storage requirement. This configuration
allows the peak voltage across the SB to decrease (as a
function of the added capacitance) while maintaining the same
LC/ frequency mismatch tolerance.

An appropriate Cs can be selected for a given Csb and peak
voltage drop ∆V using

∆V =
Iout

8Csbfsw
+

Iout sin
2(α)

8Csbfsw (cos(α)− 1)
2

+
Iout (Cs + Csb cos(β))

4CsCsbfsw (cos(β)− 1)
, (19)

where

α =
1

4
√
Csb
√

Llkgfsw
, (20)

β =
1

4
√
C
√

Llkgfsw
, (21)

C =
CsCsb

Cs + Csb
. (22)

Detailed derivation for (19) is provided in APPENDIX B.

V. HARDWARE PROTOTYPE AND EXPERIMENTAL RESULTS

A prototype hardware (shown in Fig. 11) has been devel-
oped to validate the DCX operation of the SB-DCX topology
and to test the DCX module (consists of two SB-DCX
converters) in combination with the unfolder circuit. The SB-
DCX hardware is designed to handle a 480 V, three-phase
ac input voltage through the unfolder and process 5 kW of
average power under time-varying input voltage conditions.
Operating with soft dc-link voltages (peak voltage of 588 V)
as input, the SB-DCX provides isolation and near unity voltage
gain, which can be unfolded to deliver a 480 V 3-ϕ ac
output. The complete DCX module built using two SB-DCX
converters, can process a peak power of 10 kW. These voltage
and power specifications (summarized in table I) have been
deliberately chosen to closely replicate those of real-world
hardware systems, enabling realistic validation of the DCX
operation with unfolder and to ascertain its performance.

Fig. 11. A 600 V, 5 kW SB-DCX hardware (top) designed to test DCX
operation in combination with the unfolder. The GaN-based LV series bridge
is highlighted at the bottom.

TABLE I
ELECTRICAL PARAMETERS OF THE SB-DCX TOPOLOGY

Specification Value

Input Voltage (Max), Vin 600 V

Output Voltage (Max), Vout 600 V

Average Power, Pavg 5 kW

Peak Power, Ppeak 10 kW

Switching Frequency, fsw 100 kHz

Transformer Turns Ratio 1:1

TABLE II
COMPONENT VALUES FOR THE PROTOTYPE SB-DCX

Cp Lzvs,p Csb Lleak N Lzvs,s Cs

2.5 µF 175 µH 1.2 µF 4.5 µH 1 180 µH 2.5 µF
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TABLE III
POWER STAGE COMPONENTS

Component Part / Value

Primary & Secondary MOSFETs SiC IMBG120R017M2H

Series Bridge (LV) MOSFETs GaN EPC2361

Input/Output Capacitors R75QR368050H0J

ZVS Inductor Core PQ50/50-3C97

Transformer Core PQ32/30-3C97

For MV systems, dc-dc hardware with similar voltage
and current specifications—capable of providing MV isola-
tion—serves as a scalable building block. The overall system
power level and voltage transformation can be configured
by adjusting the number of these building blocks and the
transformer turns ratio.

The prototype circuit parameters and the power stage com-
ponents are listed in tables II and III. The input and output
capacitors are selected to maintain a near 5% voltage ripple
at peak voltage and peak output power. Lzvs is chosen in
conjunction with the switch, as detailed in Section IV(a),
using a minimum possible deadtime of 70 ns at peak input
voltage. SiC MOSFETs were used as they have higher FOM
(Rds,on × Coss) than their Si counterparts for 900-1200 V
voltage blocking capacity. The secondary Lzvs is slightly larger
than the primary due to the magnetizing inductance appearing
in parallel. This ensures that the net ZVS current remains
the same as that of the primary bridge, thereby preserving
symmetry.

Csb is selected to be approximately twice the resonant value.
The transformer leakage inductance is calculated assuming
the cantilever model for the transformer [41]. With a leakage
inductance of 4.5 µH and a peak power of 10 kW, the max-
imum voltage across the SB is less than 65 V. Consequently,
no additional series resonance capacitor is needed, and GaN
switches with a 100 V blocking capacity and a minimum
Rds,on of 1 mohms are used to minimize conduction losses,
a deadtime of 70 ns is more than sufficient for complete ZVS
of the SB switches (verified using (18)).

A. DCX operation of SB-DCX with constant dc-input

The SB-DCX hardware was initially tested with a constant
dc input voltage to evaluate its steady-state and transient oper-
ation across discrete input voltages and load currents, as well
as to measure efficiency. The hardware test used electronic
supplies and electronic loads/passive loads. Electronic loads
were used for power levels less than 2 kW and passive resistors
for all other power levels.

The SB-DCX works as an ideal DCX processing a full-load
current of 8.5 A at both 30 V and 600 V input voltages while
maintaining similar tank waveforms, as shown in Figs. 12(a)
and 12(b). These tank waveforms closely align with the
predictions of the developed mathematical models, neglecting
dead-time transitions. The designed SB-DCX achieved a peak
efficiency of 98.5%.

Transient load performance was evaluated using a 90% load
change at a slew rate of 0.5 A/µs, while maintaining a fixed
input voltage of 30 V (see Figs. 13(a) and 13(b)). The transient
waveforms highlight the topology’s load-independent voltage
gain (neglecting the series voltage drop due to resistive losses)
without requiring any additional controls.

Additionally, the load transient waveforms demonstrate the
SB-DCX’s fast transient response, with settling times of less
than 100 µs. This fast dynamic response is particularly ad-
vantageous when operating with time-varying input voltages.
The dynamic response is strongly influenced by the value of
the SB capacitance (Csb), with the transient time decreasing
as the capacitance approaches the resonant value.

B. DCX Module operation with unfolder

Next, the DCX module is tested with an unfolder. The
unfolder is powered by a 480 V 3-ϕ ac line, with two SB-DCX
dc-dc converters connected at its output ports (p-port and n-
port), as shown in the test setup Fig. 14(a). The two SB-DCX
dc-dc converters form a complete DCX module. The hardware
test using the SB-DCX-based DCX module demonstrated ideal
DCX characteristics when operating with time-varying input
voltages from the unfolder (see Figs. 15(a) and 15(b)).

The magnitude and shape of the ac line currents are de-
termined by the load connected to the SB-DCX, as the SB-
DCX is not intended to regulate these currents. To ensure that
an ideal resistive load is presented to the 3-ϕ grid, a delta-
connected combination of load resistors is placed at the output
of the dc-dc stage. This resistive load is configured to allow
nearly 10 kW of power to be processed by the combined
operation of the SB-DCX and the unfolder when operating
at a 480 V ac input. It should be noted that to obtain a 3-ϕ ac
output, an additional unfolder is required, as shown earlier in
Fig. 1. However, the performance of the DCX module can be
evaluated without the output unfolder by using delta-connected
resistors, which emulate the same loading conditions as those
imposed by an unfolder-driven resistive load.

Near ideal 1:1 DCX operation is observed throughout the
line cycle. The output voltage tracks the input voltage, as
expected for an ideal DCX with unity gain. Notably, near zero
voltage crossings, the SB-DCX is capable of processing the
required ip and in currents (see Fig. 15(a)), unlike conven-
tional DCX topologies. Perfect resonance, facilitated by the
SB and symmetric gating, is key to achieving such ideal DCX
characteristics without needing controls.

Overall, the port voltages and output currents of the DCX
module observed in the hardware (Fig. 15) are very similar
to the ideal expected waveforms shown in Fig. 2, except for
the distortion in currents that near zero voltage (or sector
change). The causes of these ”sector distortions” and control-
based solutions are well documented in [42]–[44].

C. Efficiency Measurements

The power conversion efficiency of the designed SB-DCX
hardware was measured for various loads at constant dc input
voltages. Yokogawa WT1806E power analyzer was used to
perform these measurements.
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(a) (b)
Fig. 12. (a) Steady-state operation at full load current (8.5 A) with a 30 V input voltage. The input voltage (Vin, 25 V/div) and output voltage (Vout, 25 V/div)
have nearly identical dc values (turns ratio N = 1). The tank current (itank, 10 A/div) and the SB capacitor voltage (vsb, 25 V/div) closely match the ideal
waveforms. (b) Steady-state operation at full load current with a 600 V input voltage. The input and output voltages (Vin and Vout, 500 V/div) and the tank
waveforms are similar to those in (a). These results demonstrate that the SB-DCX can achieve unity gain at full load current, independent of the input voltage.

(a) (b)
Fig. 13. Load transient waveforms at a 30 V input voltage with a load step of 90%. Output current (Iout, 10 A/div), tank current (itank, 50 A/div), and SB
capacitor voltage (vsb, 100 V/div) are shown. (A) Load transient waveforms at a 30 V input voltage with a load step from 10% to 100%.(b) Load transient
waveforms at a 30 V input voltage with a load step from 100% to 10%. The output voltage waveform (Vout, 20 V/div) highlights the intrinsic load-independent
voltage gain of the SB-DCX topology.
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Fig. 14. Unfolder + DCX stage hardware test setup and waveforms: (a) 480 V 3-ϕ ac input, delta-connected resistive load at the output of the DCX stage to
allow near unity power factor at the input. (b) Phase A input voltage (Va, 250 V/div) and input current (Ia, 50 A/div) are shown in green and dark blue. The
phase current is leading the voltage slightly due to the capacitive loading presented by the filter capacitors. ip,out and in,out (10 A/div) currents are ideal
(similar to Fig. 2(b)), as expected for balanced resistive loading.



12

(a) (b)
Fig. 15. Unfolder + DCX module: The input and output voltages at the p-port (vp,in and vp,out, 220 V/div) and the n-port (vn,in and vn,out, 220 V/div) of
the DCX module are shown, along with the corresponding port output currents (ip,out and in,out, 10 A/div). (a) The input and output waveforms at each port
overlap precisely, illustrating ideal DCX operation throughout the line cycle. (b) Split-view of the voltage waveforms.

The converter efficiencies are plotted for input voltages of
30 V, 150 V, 300 V, and 600 V at different load currents, up to
the max continuous load current of 8.5 A, as shown in Fig. 16.
The converter achieves a peak efficiency of 98.5% at 300 V
input, 4 A load current. And exhibits a relatively flat efficiency
profile for input voltages above 150 V. The combination of
high efficiency and a flat profile is a key reason for operating
the dc-dc converter as a DCX.

Fig. 16. Efficiency plot of the prototype dc-dc hardware with different dc
input voltage and at various load conditions. The hardware achieves a peak
efficiency of 98.5% at 300 V input, 4 A load current.

However, for low-voltage (< 80 V), high-current DCX
operation, the converter efficiency drops significantly. Mathe-
matical models predict the converter losses well at dc operating
conditions Figs. 17 and 18. These models (Fig. 17) indicate
that this decline is primarily attributed to conduction losses.
The conduction losses are the same as full load power but
the processed power decreases proportionally with the input
voltage. Thus, conduction power losses are a larger fraction of
the power processed and hence, lower efficiency. This behavior
is expected, as the dc-dc converter operates over a wide input
voltage range while still requiring near-peak currents.

Fig. 17. Measured Loss at 30 V dc input voltage for various loads and the
model predicted loss breakdown. Conduction loss in all the components is the
dominant loss mechanism.

Using the developed loss model, the efficiency of the
complete DCX module (comprising two SB-DCX converters)
is plotted across the line cycle in Fig. 19 when operated with
time-varying voltages from an unfolder at 10 kW. Nearly all
power is processed at efficiencies above 96%, except near zero
input voltages, where the processed power is minimal while
the output currents remain high. However, the power processed
under these low-efficiency conditions is negligible. For the
majority of the operating time—corresponding to more than
95% of the total power—the efficiency exceeds 96%, resulting
in an overall predicted efficiency of 97.3%.

The predicted efficiency closely matches the measured total
efficiency of 97.1% for the DCX module (the efficiency mea-
sured doesn’t include power loss in the unfolder). For complete
ac-ac power conversion using both input and output unfolders,
the additional unfolders have a minimal impact on overall effi-
ciency, as unfolders tend to have operating efficiencies above
99.5% [45]. Therefore, the inclusion of additional unfolders
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Fig. 18. Measured Loss at 600 V dc input voltage for various loads and the
model predicted loss breakdown. The ZVS inductors contribute to a significant
portion of the losses due to the high input voltage. They further contribute to
conduction losses in the switches due to circulating currents.

slightly reduces the overall ac-ac conversion efficiency, but
the total efficiency is expected to remain above 96% with
the designed DCX module (two SB-DCX converters). This
demonstrates the performance utility of the DCX stage within
the proposed unfolding architecture.

Fig. 19. Instantaneous power conversion efficiency heatmap predicted by the
mathematical model for 10 kW of power when operation with time-varying
input voltages unfolded for 480 V 3-ϕ ac input.

VI. CONCLUSION

This article presents the SB-DCX topology as a robust
solution for implementing the DCX module in the proposed
unfolding-based multi-port SST architecture. The SB-DCX
enables natural input voltage sharing in the ISOP modu-
lar DCX stage for direct MV-connect applications and in
combination with an unfolder, supports single-stage MV-to-
LV power conversion. Conventional topologies struggle to
achieve DCX operation under the time-varying input voltages

introduced by the unfolder. This is primarily due to the
absence of sufficient input voltage to build the necessary
tank energy during near-zero input voltage conditions. Conse-
quently, resonant converter-based operation is required, which
must function precisely at resonance. The SB-DCX naturally
achieves perfect series resonance, without requiring precise
turning, thus improving practical feasibility. This is enabled by
the series bridge and symmetric gating that forces the topology
to operate as a DCX in steady-state, as validated through state-
plane analysis.

Steady-state models are developed to guide the unique
design elements of the SB-DCX and support its operation with
time-varying input voltages. Hardware results demonstrate that
the SB-DCX provides a reliable, high-performance solution
for DCX operation. Efficiency measurements from a 600 V,
5 kW hardware prototype demonstrate a peak efficiency of
98.5%, with minimal energy consumption by the series bridge,
further confirming the topology’s effectiveness. In combination
with an unfolder, the SB-DCX can process finite output
currents even at near-zero input voltages, and functions as
an ideal DCX. The complete DCX module (with two SB-
DCX converters) processes 10 kW of power at an efficiency
of 97.1% when operated with an unfolder (480 V 3-ϕ ac input).
To obtain a 3-ϕ ac output from the output of the DCX stage
(ISOP combination of DCX modules), an additional unfolder
is required. Similarly, to obtain a dc output, a secondary dc-
dc converter is needed. The DCX module built using SB-DCX
dc-dc converters is envisioned as a scalable building block for
high-power MV systems within the proposed architecture. By
incorporating MV isolation capabilities, similar designs can be
adapted for scalable direct-MV-connected power conversion
solutions.

APPENDIX A
ANALYTICAL PROOF FOR INHERENT DCX OPERATION OF

SB-DCX

State-plane analysis [34], [35] is employed to examine the
possible steady-state solutions of the SB-DCX topology under
symmetric primary and secondary H-bridge gating. In this
analysis, the transformer is assumed to have a unity turns ratio
for simplicity, without loss of generality. All potential steady-
state solutions are analyzed as a combination of state-plane
trajectories, each corresponding to a linear time-invariant (LTI)
circuit formed by the different switch-state combinations. The
possible combinations are determined by the gate signals
shown in Fig. 5.

By applying the definition of steady-state to impose con-
straints on the state variables, namely itank and vc, it can
be concluded that neglecting resistive losses, the steady-state
operation of the SB-DCX is achieved when the output voltage
Vout equals the input voltage Vin.

Not considering the deadtime duration (ignored for the
analysis), there are a total of four unique switch-state com-
binations and, hence, four LTI circuits to analyze. The tank is
composed of two energy storage components (Lleakage and Csb)
operating near resonance. This lends itself well to analyzing
the converter using state-plane analysis. Hence, state-plane
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Fig. 21. (a) Equivalent circuit (b) and corresponding state-plane trajectory
(ST2) for gating configuration: G1 and G′
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Fig. 22. (a) Equivalent circuit (b) and corresponding state-plane trajectory
(ST3) for gating configuration: G2 and G′
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Fig. 23. (a) Equivalent circuit (b) and corresponding state-plane trajectory
(ST4) for gating configuration: G2 and G′

2 On, G1 and G′
1 Off

trajectories are studied to understand the steady-state behavior
of SB-DCX. It should be noted that analysis using state-plane
methods is fundamentally the same as using time-domain

mathematical equations. However, state-plane analysis enables
the use of geometric intuition, simplifying the analysis.

For the different switch-state combinations (Fig. 5), the
corresponding circuit models and the corresponding state-
plane trajectories (normalized using equations (3) and (4))
are shown in Figs. 20-23. Losses are neglected to simplify
the analysis. It is interesting to note that the shape of the
state trajectory does not change from ST1 to ST2; only
the tracking direction changes. Similarly, this applies to the
transition from ST3 to ST4. Hence, the shape of two state-
plane trajectories needs to be studied. ST1 and ST2 trajectory
shape is represented as

(jl)
2 + (mc − Vin + Vout)

2 = a2 (23)

and ST3 and ST4 trajectory shape is represented as

(jl)
2 + (mc + Vin − Vout)

2 = b2, (24)

where a and b are proportional to the peak energy in the energy
storage elements.

For a steady-state solution of the SB-DCX to exist as a
combination of the four state-plane trajectories (ST1–ST4)
and switches implemented as shown in Fig. 5, the following
conditions must be met:

• The normalized states at the start and the end of a
switching cycle must be equal (definition of steady-state).

• There must not be a jump in the normalized state after
switching.

• The tank current must be antisymmetric about the half-
cycle and must not have a dc offset (gating is symmetric
for the positive and negative halves of the switching cycle
- half-cycle symmetry).

• mc must always be greater than zero (to ensure the body
diodes of the SB-DCX do not conduct - as corresponding
state-trajectories are not considered).

To satisfy the first two conditions, the two trajectories given
by (23) and (24) must intersect at least once. Furthermore, for
the tank currents to be antisymmetric, a must be equal to b.
Therefore, by equating (23) with (24) and considering a = b,
the two trajectories can intersect only if either

mc,inters. = 0, (25)

or

Vin = Vout. (26)

is met.
The possible state-plane trajectories for the complete

switching cycle that meet (25) and/or (26) are shown in Fig.
24. Because mc must always be positive, the only steady-state
solution possible for SB-DCX topology as a combination of
the four state-plane trajectories is (26) i.e. Vin = Vout (N =
1). Thus, analytically proving the inherent DCX operation of
SB-DCX with symmetric gating.
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Fig. 24. (a) Steady-state state-plane trajectory for mc,inters. = 0 (b) Steady-
state state-plane trajectory for Vin = Vout.

APPENDIX B
CSB VOLTAGE DECREASE WITH ADDITIONAL SERIES

CAPACITANCE

The addition of Cs in series with the LV series bridge (SB)
reduces the peak voltage (∆V ) across the SB capacitance Csb.
The value of ∆V can be determined using (19).

∆V is the difference in peak voltage across Csb without and
with Cs. The peak voltage without Cs is given by (13). To find
the peak voltage with Cs, the constraints imposed on capacitive
energy requirement and the capacitor charge conservation are
used. These constraints are represented as

Csb
(
V 2

c,max-new − V 2
c,min-new

)
+ CsV

2
c,s = LlkgI

2
max,new, (27)

Csb (Vc,max-new − Vc,min-new) =
Iout

4fsw
, (28)

CsVc,s =
Iout

4fsw
, (29)

where

Imax,new =

Iout sin

(
1√

LlkgC·4fsw

)

(
4fsw

√
LlkgC

)
·
(
1− cos

(
1√

LlkgC·4fsw

)) . (30)

Solving (27) – (30) to get an expression for Vc,max-new. The
voltage difference is obtained using

∆V = Vc,max − Vc,max-new. (31)
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CHAPTER 5

Dead Time Modeling and Control of DAB-SRC for DCX operation

The dual-active-bridge series-resonant converter (DAB-SRC) is another converter topol-

ogy that can be used for DCX operation in combination with a three-phase unfolder. How-

ever, this approach requires the resonant tank to be precisely tuned to resonance, which is

challenging to achieve in practical systems. This work demonstrates that resonance mistun-

ing can be naturally mitigated by counteracting mechanisms that occur during dead time.

Mathematical models have been developed to predict the minimum dead time with high

accuracy, enabling the practical use of the DAB-SRC for DCX operation with unfolder.

The DAB-SRC inherently supports the bidirectional operation of the DCX stage in

combination with an unfolder. In contrast, the SB-DCX topology enables perfect resonance

operation without the need for precise tuning of the series capacitor and has been shown

to function effectively as the DCX stage with unfolder in previous chapters. However, for

applications requiring bidirectional power flow, implementing the SB-DCX demands 4-Q

switches, which drastically increase the number of gate control signals and the associated

cost, while also degrading performance. Therefore, the DAB-SRC presents a promising al-

ternative, as it can achieve bidirectional operation with a precisely tuned resonant capacitor

and symmetric gating of the two bridges.

Nevertheless, it is practically challenging to maintain exact resonance tuning at all

times, and operation can drift away from resonance due to component aging or environ-

mental factors. This work found that the DAB-SRC can continue to function effectively

as a DCX even with resonance mistuning, thanks to inherent counteracting mechanisms

during dead time. However, a minimum dead time is required, depending on the load and

the extent of mistuning. Therefore, it is practically important to develop mathematical

models that accurately determine the minimum dead time as a function of load conditions

and resonance mistuning.



60

This chapter presents detailed nonlinear models and simplified linear models (with

appropriate approximations) that predict the minimum dead time with good accuracy.

These models can be used to design the DAB-SRC for robust DCX operation across a wide

range of mistuning or to actively control the DAB-SRC dead time, enabling reliable DCX

performance when combined with the unfolder.

The contents of this chapter are a replication of the paper presented at the 2025 IEEE

Workshop on Control and Modeling for Power Electronics (COMPEL) [41]. © 2025 IEEE.

Reprinted, with permission.
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Abstract—A DC transformer (DCX) is a dc-dc converter that
operates at a fixed voltage conversion ratio, enabling optimized
and simplified power converter design. This paper explores the
use of a dual-active-bridge series resonant converter (DAB–SRC)
topology, in which both bridges are actively switched with
symmetric gate signals near the series resonant frequency to
achieve uncontrolled, bidirectional DCX operation. It is observed
that this topology inherently compensates for resonance mistun-
ing—arising from practical non-idealities—through a counter-
balancing mechanism that occurs during the dead time between
switching transitions. This paper investigates and models this
counterbalancing phenomenon and develops analytical expres-
sions to predict the minimum dead time required for two
key cases: stable operation and complete zero-voltage switching
(ZVS). The resulting models express the dead time as a function
of resonance mistuning and load current, providing a practi-
cal framework for designing SRCs that operate as mistuning-
tolerant, bidirectional DCXs without the need for feedback
control. The proposed models are validated using experimental
data collected from a hardware prototype operating at input
voltages up to 50 V and power levels up to 200 W. The predicted
dead times closely match the measured values, with an error of
less than 15%.

Index Terms—DCX, DAB-SRC, resonance, mistuning, tuning,
dead time

I. INTRODUCTION

Topologies that operate as DCX are widely employed in ap-
plications such as data center power distribution, battery charg-
ing systems, and renewable energy interfaces [1]–[4]. The
voltage conversion ratio is typically fixed by the transformer
turns ratio and circuit topology. This fixed-ratio operation
simplifies the control strategy and enables design optimization
for high efficiency at a single, well-defined voltage conversion
point. As a result, DCXs are well-suited for integration into
multi-stage power conversion architectures aimed at achieving
high overall performance [5], [6].

The SRC operating in DCM is frequently used as a DCX
due to its simple implementation and uncontrolled DCX

This material is based upon work supported by the National Science Foun-
dation (NSF) Advancing Sustainability through Powered Infrastructure for
Roadway Electrification (ASPIRE) Center through the Engineering Research
Centers Program under Grant 1941524.

characteristics [7], [8]. The topology operates at a frequency
below resonance and employs passive diodes for the secondary
H-bridge, resulting in natural, load-independent DCX behavior
without the need for active control. However, the use of passive
diodes prevents bidirectional power flow, limiting the flexibil-
ity of the topology. Although these diodes can be replaced with
synchronous switches, the added control complexity may be
undesirable. Additionally, under light-load conditions, severe
oscillations caused by mismatches between the semiconductor
capacitance of the primary and secondary bridges degrade
efficiency and cause EMI challenges [9].

This work investigates an SRC with active switches in both
the primary and secondary H-bridges for DCX operation (as
shown in Fig. 1). Furthermore, the operation under symmetric
gate signals (for primary and secondary H-bridges) and ideally
at the series resonant frequency is explored [1], [9]. This
approach enables ideal bidirectional power transfer without the
need for active control. Although this method has been exam-
ined in prior literature, it requires precise tuning of the series
capacitors to ensure operation exactly at resonance. In practice,
however, component tolerances, manufacturing variability, and
aging effects make such precise tuning difficult to maintain.
While the operating frequency can be adjusted to track the
shifting resonant point [10]–[12], this introduces additional
control complexity and potential stability challenges.

This paper demonstrates that the series resonant converter
(SRC) with symmetric gating naturally compensates for res-
onance mistuning by counterbalancing its effects during the
dead time. It does so by enabling phase shift between bridge
voltages and operating as a naturally phase-shifted dual active
bridge (DAB) with DCX characteristics. Section II presents
the physical basis of this counterbalancing mechanism and
shows that a minimum dead time is required to achieve both
stable operation and zero-voltage switching (ZVS) across all
switches. In Section III, a detailed time-domain mathemat-
ical model is developed in the form of a set of nonlinear
constraints, which accurately predict the minimum required
dead time. This model can assist in the design and component
selection process for SRCs operating as DCXs. Section IV
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simplifies the nonlinear model to obtain linear equations that
estimate the minimum dead time required for both stable oper-
ation and soft-switching, as a function of resonance mistuning
and converter specifications. The linear model offers good
predictive accuracy, with an error margin of less than 15%, and
can be used for adaptive dead time tuning based on operating
conditions. Finally, Section V validates the proposed models
using measurements from a hardware prototype.

II. MECHANISM TO COUNTER RESONANCE MISTUNING
DURING DEAD TIME

Ideally, operating a fully active Series Resonant Converter
(SRC) with symmetric gate signals (as shown in Fig. 1), at the
resonance frequency, results in natural DCX operation [1], [2].
When the SRC operates exactly at resonance, it facilitates a
load-independent voltage gain and enables bidirectional power
transfer. This topology exhibits all the characteristics desired
in an ideal DCX.

However, it is practically challenging to switch exactly
at the resonance frequency due to manufacturing tolerances,
operational variations, or aging effects, which lead to tuning
mismatch.

Neglecting the dead time duration, the operation can shift
away from resonance due to tolerances in Cres, Lleakage, or
the switching frequency fsw. Here, all sources of mistuning
are captured in a single parameter k, which quantifies the
deviation of series capacitance (Cseries) from its ideal resonant
value (Cres). This mismatch can be mathematically represented
by a factor k, defined as k = Cseries

Cres
.

This work finds that when k ̸= 1, a sufficient dead time
interval is necessary to achieve a stable output voltage for
a given load current. In contrast, for k = 1, the SRC is
inherently stable and operates exactly at resonance, regardless
of whether dead time is applied, as established in prior litera-
ture [2]. This is because, under symmetric gating, real power
transfer—and thus regulation of the output voltage—requires
the tank impedance to be zero, a condition that is inherently
satisfied at resonance.

However, with mistuning (k ̸= 1), the tank impedance
becomes finite. Assuming a constant output voltage, the pres-
ence of finite tank impedance under symmetric gating prevents
real power flow through the tank (neglecting series resistance
losses), thereby violating the assumption of output voltage
stability. It is observed that introducing dead time mitigates
this issue by enabling power transfer, thus restoring stable
operation.

To achieve power transfer and maintain a stable output
voltage, the tank current adjusts itself to introduce a phase
shift between the primary and secondary bridge voltages (vp
and vs in Fig. 1(a)) during the dead time. This behavior is
illustrated in the hardware waveforms shown in Fig. 2(a–c)
for the mistuned case where k = 1.6 (or an inductive tank
impedance). The tank current naturally evolves to enable zero-
voltage switching (ZVS) commutation of the primary switch-
node voltage (vp) at the beginning of the dead time, and that
of the secondary voltage (vs) at the end. Assuming negligible
ZVS transition time, the dead time td effectively represents
the phase shift required to build real current in the inductive



(a) (b) (c)
Fig. 2. Hardware waveforms illustrating the dead time duration for an input voltage of 30 V and k = 1.6. (a) For a load current of 0.2 A, a dead time of
180 ns is more than sufficient to achieve the required phase shift. (b) For a load current of 2 A, a dead time of 190 ns is the minimum required to ensure
stable operation, with the secondary bridge experiencing hard switching. (c) For a load current of 2 A, a dead time of 260 ns is sufficient to achieve stable
operation and enable soft switching on both bridges. This paper develops models to predict these dead times as a function of system parameters.

tank (for k > 1), thereby enabling power transfer. Hence, a
minimum dead time is necessary to maintain a stable output
voltage and support the required output current under mistuned
conditions.

III. DETAILED MODELING TO PREDICT MINIMUM DEAD
TIME REQUIRED FOR RESONANCE MISTUNING

TOLERANCE

It is useful to obtain steady-state models that predict the
minimum required dead time to achieve stable operation.
These models can be used to design the DCX to operate
reliably under the maximum permissible mistuning (charac-
terized by k). Furthermore, the dead time can be adjusted
in real-time as a function of load current depending on the
maximum mistuning. For this, one needs simple linear models
that predict the minimum required dead time for both hard-
switched and soft-switched cases.

For k > 1, a minimum dead time—denoted as td,hard,sw in
Fig. 2(b)—is required to ensure stable operation for a given
load current, with minimal deviation in output voltage from the
ideal DCX value. However, achieving soft switching on both
the primary and secondary H-bridges necessitates additional
dead time. The total dead time required for stable operation
with soft switching on both bridges is denoted td,soft,sw, as
shown in Fig. 2(c).

Time-domain analysis is used to develop detailed non-linear
models to more accurately characterize the system behavior in
steady state. This model will be simplified to derive closed-
form expressions for td,hard,sw and td,soft,sw as functions of
the load current, resonance mistuning, and relevant circuit
parameters.

For each LTI circuit that results from different switch-state
combinations, the state variables are tracked as a function
of time. Since the time-domain waveforms are antisymmetric
about Tsw/2, it is sufficient to track the state variables over this
half-cycle interval to obtain complete information for the entire
switching cycle, which repeats under steady-state conditions.
Constraints for steady-state are imposed on the state variable
that results in a system of non-linear equations that can be
numerically solved to obtain the required minimum dead
times. The analysis presented here focuses on the mistuning

case where k > 1, but it can be readily extended to scenarios
with k < 1.

The equivalent circuits for each subinterval (corresponding
to a unique switch-state combination) are shown in Fig. 3, for
the case of k > 1. These circuits represent one-half of the
switching period, Tsw/2. The corresponding subintervals and
ideal waveforms for the complete switching cycle are shown
in Fig. 4(a).

To enable load-independent zero-voltage switching (ZVS)
for both bridges, dedicated ZVS inductors are added, as shown
in Fig. 1(a). These inductors are assumed to behave as constant
current sources, carrying peak tank currents Ipk,1 and Ipk,2 dur-
ing the dead time interval. The switch output capacitance Coss
is modeled using the charge-equivalent capacitance evaluated
at the corresponding voltage.

In Subinterval I, switch G2 is ON and G1 is OFF. Subin-
tervals II–IV correspond to the dead time transition period for
a fully soft-switched operation, with the associated circuits
illustrated in Fig. 3(b)–(d).

As detailed earlier, the tank current adjusts itself to ensure
a phase shift exists between the tank excitation voltages vp
and vs, to counteract the effect of non-zero tank impedance.
This adjustment is achieved by time-shifting the soft-switching
resonant transitions of the primary and secondary bridges
accordingly, within the minimum possible dead time—denoted
as td,soft,sw. This behavior is illustrated in Fig. 4(b), which
shows a zoomed-in view of the waveforms during the dead
time interval.

For k > 1, the tank current naturally adjusts to enable
zero-voltage switching (ZVS) of the primary-side switches at
the beginning of subinterval II. The circuit behavior during
this interval corresponds to Fig. 3(b), where the primary
bridge undergoes ZVS transition while the body diodes on the
secondary side conduct. Subintervals III (natural phase shift)
and IV (secondary-side ZVS) are represented by the circuits
shown in Fig. 3(c) and Fig. 3(d), respectively.

If the applied dead time (< td,soft,sw) is insufficient to ensure
soft switching, stable operation (with minimal drop in output
voltage) can still be maintained by setting the dead time
to td,hard,sw, in which case the secondary bridge undergoes
hard switching. The corresponding waveforms are shown in
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Fig. 4(c). Note that subinterval IV is absent in the hard-
switched case, and the boundary conditions on the tank current
(itank) and tank capacitor voltage (vc) are modified accordingly.

The set of nonlinear equations derived from the time-domain
analysis used to compute the minimum dead time required for
complete soft-switching (td,soft,sw), is summarized in Table I.
The value of td,soft,sw can be obtained by solving for tdead using
a numerical solver.

Eqs. (3)–(12) are derived by applying boundary condi-
tions and enforcing steady-state operation on the evolution
of state variables obtained by solving the equivalent linear
circuits (from subinterval I-IV) shown in Fig. 3. In particular,

steady-state antisymmetry about Tsw/2 is invoked, where
vc(Tsw/2) = −vc(0) = −vo and itank(Tsw/2) = −itank(0) =
−io. (1) imposes a constraint that the average tank current
must equal the output current in steady-state. Similarly, (2)
constrains the total dead time to not exceed the minimum
duration required for a complete ZVS transition.

The analysis assumes a high tank quality factor and neg-
ligible FET on-resistance—approximations that are valid for
most design cases and significantly simplify the derivation. In
addition, the voltage ripple on the input and output capacitors
is neglected, and the capacitors are modeled as ideal voltage
sources, Vin and Vout, respectively. While this assumption



TABLE I
NONLINEAR EQUATIONS NEEDED TO SOLVE FOR tdead TO OBTAIN td,soft,sw

Cseries ·
vo − v3

Tsw/2
=

Iout

N
(1) td1 + td2 + td3 = tdead (2)

v1 = (vo −∆V ) cos

(
ω

(
Tsw

2
− tdead

))
+ ioZ sin

(
ω
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Tsw

2
− tdead
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sin
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ω
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(4)

v2 = v1 +
i1 − Isplit

ωeq,pCseries
sin(ωeq,ptd1) +

−Vin − v1 +N(Vout + 2Vd,s)

L(ωeq,p)2Cseries
(1− cos(ωeq,ptd1)) +

Isplit

Cseries
td1 (5)

Vin = −Vin − (i1 − Isplit)

ωeq,pCoss,p
sin(ωeq,ptd1)−

(−Vin − v1 +N(Vout + 2Vd,s))

L(ωeq,p)2Coss,p
(1− cos(ωeq,ptd1)) +

dIsplit

Coss,p
td1 (6)

i2 = (i1 − Isplit) cos(ωeq,ptd1) +
−Vin − v1 +N(Vout + 2Vd,s)

Lωeq,p
sin(ωeq,ptd1) + Isplit (7)

− Ipk,2

N
= i2 cos(ωtd2)−

(v2 − (Vin + 2Vd,p +N(Vout + 2Vd,s))) sin(ωtd2)

Z
(8)

v3 = Zi2 sin(ωtd2) + (v2 − (Vin + 2Vd,p +N(Vout + 2Vd,s))) cos(ωtd2) + Vin + 2Vd,p +N(Vout + 2Vd,s) (9)

−io = −Ip,cos cos(ωeq,std3) +
−v3 +N(Vout + 2Vd,s) + Vin + 2Vd,p

Lωeq,s
sin(ωeq,std3)− Is,dc (10)

NVout = −N(Vout + 2Vd,s)−
Ip,cos

ωeq,sCoss,s,r
sin(ωeq,std3)−

(v3 −N(Vout + 2Vd,s)− (Vin + 2Vd,p))

L(ωeq,s)2Coss,s,r
(1− cos(ωeq,std3)) +

Ip,cos

Coss,s,r
td3 (11)

−vo = v3 − Ip,cos

ωeq,sCseries
sin(ωeq,std3)−

(v3 −N(Vout + 2Vd,s)− (Vin + 2Vd,p))

L(ωeq,s)2Cseries
(1− cos(ωeq,std3))−

Is,dc

Cseries
td3 (12)

simplifies the model, it leads to a slight overestimation of the
required dead times (approximately 5–20%). This limitation
is revisited in Section IV, where the impact of voltage ripple
is incorporated—using physical intuition—into a simplified
model as a function of the load.

In table I, Vd,p and Vd,s model the voltage drops across the
body diodes of the primary and secondary FETs, respectively.
The following variables are derived from the circuit and
switching parameters and are used in the nonlinear dead-time
modeling equations.

The characteristic impedance and angular frequency of the
series-resonant tank are defined as

Z =

√
L

Cseries
, ω =

1√
LCseries

, (13)

where L = Lleakage. The effective output capacitance of the
secondary-side bridge, referred to the primary side, is

Coss,s,r =
Coss,s

N2
. (14)

The equivalent capacitance during the primary-side and
secondary-side ZVS transitions are

Ceq,p =
Coss,p · Cseries

Coss,p + Cseries
, Ceq,s =

Coss,s,r · Cseries

Coss,s,r + Cseries
. (15)

The corresponding resonant impedance and angular frequency
for the primary-side transition are

Zeq,p =

√
L

Ceq,p
, ωeq,p =

1√
LCeq,p

, (16)

and for the secondary-side transition,

Zeq,s =

√
L

Ceq,s
, ωeq,s =

1√
LCeq,s

. (17)

The peak ZVS inductor currents for the primary and secondary
sides, assumed constant during ZVS transitions are

Ipk,1 =
TswVin

4Lzvs,p
, Ipk,2 =

TswVout

4Lzvs,s
. (18)



During the primary-side ZVS transition, the peak inductor
current Ipk,1 splits as

Isplit = Ipk,1 ·
Cseries

Coss,p + Cseries
, dIsplit = Ipk,1 ·

Coss,p

Coss,p + Cseries
.

(19)
For the secondary-side transition, the reflected peak current
Ipk,2 splits as

Is,dc =
Ipk,2 · Cseries

Cseries + Coss,s,r
· 1

N
, Ip,cos =

Ipk,2 · Coss,s,r

Cseries + Coss,s,r
· 1

N
.

(20)
To obtain td,hard,sw, the same set of equations is solved with

the modification that td3 is set to zero, effectively removing
the secondary-side ZVS transition. In this case, Eqs. (10)–(12)
are omitted, and additional boundary conditions are applied:
the initial tank current is fixed as io = Ipk,2/N , and the final
tank capacitor voltage v3 = −vo.

The nonlinear system of equations was solved numerically
using MATLAB’s fsolve function, resulting in highly ac-
curate predictions of the required dead times td,soft,sw and
td,hard,sw. For the circuit parameters listed in Table II, the model
consistently overestimates the required dead time, with an
average error of approximately 5%, increasing to as much
as 20% at higher load currents. The error at low currents
is primarily due to the assumption of constant ZVS induc-
tor current during the dead time transition, particularly in
Subinterval IV (duration td3). At higher currents, the dominant
source of error is the voltage ripple across the input and
output capacitors—which is negligible in the presence of large
capacitance—but otherwise contributes additional volt-seconds
to the tank inductor during the dead time interval.

Despite these limitations, the nonlinear model is suffi-
ciently accurate to guide component selection and design for
mistuning-tolerant SRC-based DCX systems without requiring
feedback control.

IV. APPROXIMATE LINEAR MODEL FOR PREDICTING THE
REQUIRED DEAD TIME

To simplify the nonlinear system of equations, the output
voltage is assumed to be Vout = Vin/N . This assumption holds
when circulating currents in the resonant tank are minimized,
which naturally occurs when the tuning factor k is close
to unity. As k deviates from 1, circulating energy becomes
necessary due to the finite tank impedance. However, this
energy can be reduced by appropriately designing the ZVS
inductors to limit the required shift in tank current—which
can introduce asymmetry in the switching cycle—to generate
the necessary phase difference during dead time.

In addition, small-angle approximations and linearized tran-
sition behaviors are applied where appropriate, enabling the
derivation of a simplified set of linear equations that predict
the required dead times with good accuracy.

Assuming instantaneous resonant ZVS transitions and ideal
DCX operation (i.e., Vin ≈ NVout), the minimum dead time

required for stable operation can be estimated using the
implicit expression

8 · Cseries · Vin,d · sin
(

ω(Tsw/2−td,min)
2

)
· sin

(
ωtd,min

2

)

Tsw · cos
(
ωTsw
4

) =
Iout

N
,

(21)
where Vin,d = Vin+Vd,p+NVd,s+∆V , and ∆V loosely models
the additional volt-seconds applied to the tank inductor during
dead time due to voltage ripple caused by the finite output
capacitance. The ripple term is approximated as

∆V =
NIout

16Coutfs
, (22)

which is a crude estimate used to capture the influence of
capacitor ripple—typically difficult to model precisely.

To account for the finite duration of the primary-side
ZVS transition, a linear switch node voltage transition is
assumed. The total minimum dead time required for stable
hard-switched operation therefore includes the time needed
to complete only the primary bridge’s ZVS. The primary-
side ZVS time tZVS,p is obtained by solving the nonlinear
expression

−2Vin = (−vo − 2NVd,s) cos (ωeq,ptZVS,p)

+ Zeq,p (iZVS − Ipk,1) sin (ωeq,ptZVS,p)

+ vo + 2NVd,s

(23)

where, the maximum voltage across the Cseries is

vo =
Iout

4kCresfsN
(24)

and the tank current at the start of the ZVS interval is

iZVS = −vo ·
sin
(
ω
(
Tsw
2 − td,min

))

Z
. (25)

This derivation assumes that Cseries behaves as a constant
voltage source during the ZVS interval, i.e., vc = −vo. Based
on a linear ZVS transition for the switch node voltage vp, the
total minimum dead time required for hard-switched operation
is

td,hard,sw = td,min +
tZVS,p

2
. (26)

Applying a small-angle approximation to td,min and tZVS,p
yields

td,min =
IoutLleakageπ

2NVin,d tan
(

π
2
√
k

)√
k
. (27)

and

td,hard,sw =
1

2




2VinCoss,p

Ipk,1 +
TswIout

4NkCres

sin
(
ω
(
Tsw
2 − td,min

))

Z


+td,min

(28)



Similarly, the ZVS time for the secondary-side switch-node
commutation can be found by solving the following expression
for tZVS,s,

Vin = (−2Vin − 2NVd,s − 2Vd,p − vo) cos(ωeq,stZVS,s)

+ Vin + 2Vd,p + vo.
(29)

Assuming a linear commutation, the total dead time required
for complete soft switching is

td,soft,sw = td,hard,sw +
1

ωeq,se
· cos−1

(
vo + 2Vd,p

2Vin,d + vo

)
. (30)

where, td,hard,sw is given by (28).
It should be noted that the linear model in (28) is derived

under the assumptions that Vin ≈ NVout and that the small-
angle approximation holds, implying that the required dead
time is relatively short—typically less than 10% of Tsw/2.
The accuracy of the linear model degrades when the dead
time exceeds this range. However, the full nonlinear system
of equations (Table I) remains valid with minimal assumptions,
and the simplified nonlinear models in (21), (26) and (30) also
remain applicable over a wider operating range, with slightly
higher error primarily due to the Vin ≈ NVout approximation.

V. EXPERIMENTAL VALIDATION OF THE DEVELOPED
MODELS

To validate the developed models, the predicted dead times
are compared against measurements obtained from a hardware
prototype over a range of input voltages and load currents. The
circuit parameters used in the prototype are listed in Table II,
and the corresponding power stage components are provided
in Table III.

Simulation results (using a switched model in PLECS) and
experimental data for td,hard,sw and td,soft,sw are collected under
various input voltages and power levels. This is performed by
analyzing dead time waveforms, as illustrated in Fig. 2(b) and
Fig. 2(c). The collected hardware data is then used to validate
the accuracy of the proposed models.

TABLE II
CIRCUIT PARAMETERS FOR SRC

Parameter Value Parameter Value
Tsw 10µs Lleakage 8.95µH
Cres 0.28µF Cin = Cout 1.5µF
Cseries (k = 1.6) 0.453µF N 1
Coss,p 1451 pF Coss,s 1451 pF
Vd,p 3 V Vd,s 3 V
Lzvs,p 130µH Lzvs,s 120µH

The predictions obtained from the non-linear system of
equations (Table I) are first compared with simulation results
using large filter capacitances. These comparisons yield an
error of less than 5%, demonstrating high model accuracy
under idealized conditions. When compared with experimental
hardware data, the error remains low at lower current levels
but increases as currents rise. This discrepancy is primarily
attributed to the output capacitor voltage ripple, which is

TABLE III
POWER STAGE COMPONENTS

Component Part / Value

Primary & Secondary MOSFETs SiC IMBG120R017M2H

Input/Output Capacitors R75QR368050H0J

Transformer Core PQ50/50-3C97

ZVS Inductor Core PQ32/30-3C97

not included in the non-linear formulation. The corresponding
results for td,soft,sw are shown in Table IV.

TABLE IV
COMPARISON OF tD,SOFT,SW FROM NON-LINEAR MODEL (TABLE I),

SIMULATION, AND EXPERIMENT FOR k = 1.6 AT 30 V INPUT

Load Current Model (ns) Sim. (ns) Exp. (ns)
2 A 285 275 260
4 A 496 475 420

The match with hardware measurements improves at higher
load currents when using the approximate nonlinear model,
given by (21), (23), (28), and (30), incorporates the effect
of finite output voltage ripple via (22). This model assumes
Vin ≈ NVout, with its implications discussed in Section IV. As
shown in Table V, the results exhibit better agreement with
experimental data, particularly at higher currents.

TABLE V
COMPARISON OF tD,SOFT,SW FROM APPROXIMATE NON-LINEAR MODEL
(CONSIDERS OUTPUT RIPPLE), SIMULATION, AND EXPERIMENT FOR

k = 1.6 AT 30 V INPUT

Load Current Approx. Model (ns) Sim. (ns) Exp. (ns)
2 A 280 275 260
4 A 480 475 420

The linearized model—given by (27), (28), and (30)—relies
on the most assumptions among the presented models, but it
does account for finite output voltage ripple. Model predictions
are compared with hardware measurements across a wide
range of operating conditions, as shown in Fig. 5(a)–(h). The
comparison includes two input voltages (30 V and 50 V), load
currents ranging from 2 A to 4 A, and mistuning factors of
k = 1.3 and k = 1.6. Across all data points, the prediction
error remains below 15%.

The primary modeling assumptions include Vin ≈ NVout
and constant current in the ZVS inductors during the dead
time. Additional sources of error stem from the small-angle
approximation used to linearize the system.

An interesting trend observed across all models is a con-
sistent overestimation of the dead time. Although the precise
cause is unclear, it is likely linked to the coarse treatment of
voltage ripple via (22). This aspect presents an opportunity for
future refinement of the model.

VI. CONCLUSION

This paper has demonstrated that a Series Resonant Con-
verter (SRC) with dual active bridges operating under sym-



(a) k = 1.6, Vin = 30V (b) k = 1.6, Vin = 50V (c) k = 1.3, Vin = 30V (d) k = 1.3, Vin = 50V

(e) k = 1.6, Vin = 30 V (f) k = 1.6, Vin = 50 V (g) k = 1.3, Vin = 30 V (h) k = 1.3, Vin = 50 V

Fig. 5. Comparison of calculated (based on linear models from Section IV) and measured minimum dead times (hardware) for hard-switched (top row) and
soft-switched (bottom row) operation across various load currents, mistuning levels, and input voltages.

metric gate signals functions as an ideal bidirectional DCX.
A key insight is the topology exhibits inherent tolerance
to resonance mistuning, governed by the presence of dead
time. During dead time, a phase shift naturally develops
between the primary and secondary switch node voltages,
which mitigates the effects of mistuning. However, achieving
this benefit requires a minimum dead time, which depends on
the mistuning factor (k ̸= 1) and load conditions. A trade-off
of this approach is increased recirculating energy during dead
time, which causes a slight deviation in output voltage from
the ideal DCX value, especially at higher load currents.

In addition to this behavioral analysis, the paper presents a
set of accurate non-linear equations and approximate steady-
state models that predict the minimum dead time required for
stable and ZVS operation of both bridges. These models have
been validated against simulation and experimental results.
The full non-linear model is effective for design scenarios with
minimal output ripple, maintaining an error of less than 5%.
The approximate non-linear and linearized models include out-
put voltage ripple and achieve error margins within 15% across
varying operating conditions. Any observed discrepancies are
primarily due to the small-angle and linearization assumptions
made for tractability. Overall, the modeling framework and
validation results provide practical design tools for imple-
menting robust, mistuning-tolerant bidirectional DCX systems
across a range of applications.
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CHAPTER 6

Dynamic Modeling of the Series Bridge-DCX Topology

The SB-DCX topology, used for the implementation of the DCX stage (see Chapter 4)

within the proposed architecture, has recently been investigated for DCX operation. How-

ever, a convenient and scalable dynamic model has not yet been developed. This work

presents an LTI dynamic model for the SB-DCX topology using a half-cycle averaging

technique. The model enables the SB-DCX to be designed with an appropriate minimum

settling time when operated with an unfolder, and it can also be used to assess the stability

of the DCX stage.

An LTI dynamic model for the SB-DCX is essential for properly designing the DCX

stage and evaluating its closed-loop stability. Switched converters such as the SB-DCX

require high-level LTI models that abstract away the switching behavior, facilitating the

application of well-established frequency-domain techniques to analyze their dynamic per-

formance. Such models support the design of converters with dynamic responses tailored

to specific application requirements. Additionally, for assessing overall system stability in

configurations where the SB-DCX is integrated with other power converters, a dynamic

model becomes indispensable.

This chapter develops an LTI dynamic model for the SB-DCX topology using a half-

cycle averaging approach. The resulting large-signal LTI model features a straightforward

circuit representation and is readily scalable. The complete mathematical derivation and

analytical steps are detailed herein. This work has been submitted as a journal publication.

Furthermore, the model can also be constructed by tracking the energy flow through the

converter, as presented in the related conference publication at IEEE COMPEL 2025 [42].
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Abstract—A DC transformer (DCX) is a dc-dc converter
that operates at a fixed voltage conversion ratio and provides
galvanic isolation. This fixed-ratio operation enables system-level
advantages such as improved efficiency and simplified control.
The resonant Series-Bridge DCX (SB-DCX) topology has recently
gained attention due to its natural ability to achieve DCX op-
eration without active regulation. However, a scalable and time-
invariant dynamic model for this topology is lacking. This paper
presents a complete time-domain derivation of a linear time-
invariant (LTI) dynamic model for the SB-DCX using a half-cycle
averaging approach. The derivation includes step-by-step analysis
and outlines the necessary assumptions for obtaining a valid
model. The resulting circuit-based representation captures both
steady-state and large-signal dynamic behavior while suppressing
switching-level details. Simulation results show strong agreement
between the predicted and observed dynamics using a switched
model. Additionally, experimental validation is performed using
a 500 W hardware prototype at 50 V output, with results shown
for a 50% load transient. The model accurately predicts the
average output voltage and the envelope of the tank current,
demonstrating its practical relevance for system-level design and
analysis.

Index Terms—Dynamic Modeling, DCX, half-cycle averag-
ing, time-domain, series-bridge, SB-DCX, series-resonance, reso-
nance, local-averaging

I. INTRODUCTION

Fixed voltage conversion ratio dc-dc converters with gal-
vanic isolation are commonly referred to as DC transformers
(DCX). They are widely employed in applications such as
data center power delivery, battery charging, and renewable
energy systems [1]–[5]. By operating at a fixed conversion
ratio, these converters simplify control strategies and achieve
high efficiency under nominal operating conditions. In addi-
tion to providing galvanic isolation, they offer architectural
advantages in modular and cascaded converter systems, par-
ticularly in scenarios where intermediate voltage regulation is
unnecessary [3].

Among various DCX topologies, the Series-Bridge DCX
(SB-DCX) has recently gained attention due to its inherent
ability to maintain resonant operation without the need for
precise tuning [6]–[8]. As illustrated in Fig. 1(a), the SB-DCX
replaces the conventional series capacitor in the resonant tank
with an active bridge. This configuration allows the converter
to automatically self-adjust to resonance, enabling symmetric
gating of both the primary and secondary bridges and naturally
enforcing DCX behavior. Consequently, the SB-DCX topology
offers robustness against component variations and scalability
for use in modular power systems.

To enable system-level design and control of power con-
version architectures, an accurate dynamic model of the con-
verter is essential. While the SB-DCX exhibits DCX behavior
under steady-state conditions, capturing its transient response,
particularly during events such as load steps, start-up, or fault
recovery, is critical for design and performance assessment [9].
This requires a dynamic model that accurately reflects its time-
domain behavior.

Due to the inherent switching action in power converters
such as the SB-DCX, the system exhibits time-varying behav-
ior. Consequently, numerical techniques based on piecewise
linear modeling are commonly employed through compu-
tational tools to analyze their dynamic performance [10].
While these methods can accurately capture both transient and
steady-state behavior, they are often computationally intensive
and lack the analytical tractability needed for control design
and system-level integration.

In this context, linear time-invariant (LTI) models are es-
pecially valuable. They support the application of classical
control methodologies, including transfer function analysis,
loop-shaping, and stability evaluation within interconnected
converter systems [11], [12].

Deriving time-invariant models from switching convert-
ers involves reducing the system’s informational complexity
by eliminating explicit switching behavior. This is achieved
through various techniques such as state averaging, har-
monic analysis, or discrete-time sampling [13], [14]. These
approaches aim to abstract essential dynamic characteristics
while suppressing the fast-scale switching details, yielding a
simplified model that retains the dominant system dynamics.

However, developing accurate dynamic models for the SB-
DCX poses significant challenges. Traditional modeling tech-
niques such as state-space averaging [15], [16] and phasor-
domain analysis [17], [18] are not well-suited to this topol-
ogy. As illustrated in Fig. 1(b), the SB-DCX exhibits half-
cycle anti-symmetry and highly non-sinusoidal waveforms
within its resonant tank. Notably, the tank current lacks a
dc component, rendering conventional state-space averaging
inapplicable. Moreover, the topology relies heavily on higher-
order harmonics to sustain resonance. As a result, phasor-
domain techniques—typically used for resonant converters by
modeling only the fundamental component—fail to capture the
essential harmonic interactions governing SB-DCX operation.
These characteristics undermine the assumptions inherent in
conventional modeling techniques, necessitating alternative
approaches tailored to the unique operating principles of the
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Fig. 1. (a) The SB-DCX topology: a series bridge that emulates a variable capacitance, enabling perfect resonance operation while allowing for higher
tolerance to variations in capacitance. (b) The ideal symmetric gating signals of the primary and secondary bridges are shown, with the SB phase shifted by
90 degrees to allow for resistive tank currents. The corresponding tank waveforms for ideal steady-state operation are depicted.

SB-DCX.
While generalized state-space averaging (GSSA) [19] is

mathematically feasible, it often obscures circuit-level insight
and presents challenges in terms of scalability and physi-
cal interpretability. Furthermore, in the SB-DCX topology,
the dominant harmonics that influence dynamic behavior are
strongly dependent on the degree of mistuning. As mistuning
increases, higher-frequency harmonic content becomes more
pronounced, further complicating the modeling process and
diminishing the effectiveness of GSSA. For similar reasons,
the extended describing function (EDF) method, which has
previously been applied to model resonant converters [20], is
also inadequate for capturing the essential dynamics of the
SB-DCX.

Similarly, discrete-time modeling techniques [21], [22],
while theoretically applicable, become computationally in-
tensive as the number of state variables to be tracked in-
creases—particularly in the case of the SB-DCX. Moreover,
these methods tend to obscure circuit-level intuition, making it
difficult to gain physical insight into the converter’s behavior.

Recently, half-cycle averaging has been successfully ex-
plored to develop a linear time-invariant (LTI) dynamic model
of the SB-DCX topology [8]. Half-cycle averaging is a tech-
nique that averages the state variables over each half-switching
cycle [23]. Unlike traditional state-space averaging [15], which
fails in cases where the tank current lacks a dc component,
half-cycle averaging preserves essential harmonic behavior
while eliminating high-frequency switching ripple. This en-
ables the derivation of a time-invariant model that captures
the dominant large-signal dynamics of the resonant tank.

However, the modeling approach in [8] relied on a heuris-
tic, energy-based formulation similar to that used in [24],
[25]. While effective, this method does not fully reflect the

underlying half-cycle averaging process or explicitly state its
assumptions and limitations.

This article builds upon the work presented in [8] by deriv-
ing the half-cycle averaged model directly from time-domain
analysis based on first principles. The model is developed
by systematically tracking the relevant tank state variables
across all switching intervals and formulating their evolution
as a function of the converter’s terminal parameters. These
dynamics are subsequently consolidated into a passive, circuit-
based representation that is both intuitive and scalable. All
underlying assumptions are explicitly stated, and their implica-
tions are carefully examined. In addition to the mathematical
formulation, a physical interpretation is provided, establish-
ing a clear correspondence between model parameters and
measurable waveform features—thereby enabling parameter
identification from both simulation and experimental data.
Furthermore, the exact time-domain methodology introduced
here can be generalized to derive half-cycle averaged models
for other resonant converter topologies.

To summarize, this paper extends the preliminary work
presented by the authors in [8], with the following additional
contributions:

• A complete and rigorous time-domain derivation of the
half-cycle averaged model based on first principles.

• Explicit articulation of modeling assumptions and a
discussion of their implications, along with a physical
interpretation of the time-domain formulation and the
resulting circuit-based model.

• Additional hardware results across a wider span of volt-
ages and power levels to further substantiate the model’s
accuracy.

Section II provides details about the SB-DCX topology,
the switching pattern, and the working principle that naturally



3

leads to DCX characteristics and precise resonance operation.
Section III presents the detailed mathematical analysis, which
employs half-cycle averaging to consolidate the time-domain
information of the state variables and derive an LTI dynamic
model under certain assumptions. The resulting mathematical
formulation, its projection to the circuit model shown in Fig. 7,
and its physical interpretation are discussed in Section IV.
Section V verifies the developed model for different cases
using PLECS simulations based on the complete switched
model. Further, Section V presents experimental validation
with prototype hardware, demonstrating good agreement with
the developed model across various operating conditions,
including peak power operation at 500 W and 50 V output
(unity gain converter).

II. OPERATION AND WORKING PRINCIPLE OF THE
SB-DCX TOPOLOGY

The SB-DCX topology replaces the series capacitor in
conventional series-resonant converters with an active series
bridge (SB), similar in concept to reactive compensators used
in AC transmission systems [6]. The primary advantage of
the SB is that it enables precise resonant operation even in
the presence of tuning mismatches, thereby supporting ideal
resonant DCX behavior. Such ideal resonant DCX operation
has many practical applications, including transformer-level
paralleling in modular converter architectures [7].

The gate control signals for all switches are shown in
Fig. 1(b). The primary and secondary H-bridges use identical
gate signals (G1 and G2) for their symmetric switches; hence,
the term “symmetric gating.” The gating of the SB determines
the phase of the tank current relative to the switch-node
voltages. To achieve a resistive tank current—desirable for
zero-current switching (ZCS)—the SB is phase-lagged by 90°
relative to the primary and secondary bridges. Ignoring dead
time, the switching cycle consists of four distinct switch-state
combinations (I–IV), as shown in Fig. 1(b).

The combination of the SB and symmetric gating forces the
topology to always operate at resonance, thereby exhibiting
DCX behavior. Under symmetric gating, a constant output
voltage is maintained only if the reactive impedance of the tank
is zero. Any nonzero tank reactance would inhibit real power
transfer by blocking current flow, violating the assumption of a
constant output voltage. The SB ensures zero tank impedance
by enabling precise resonant operation. It effectively emulates
a variable capacitance that adjusts naturally to compensate for
any tank inductance. This capability makes the topology robust
to mistuning caused by component tolerances or variations in
tank parameters due to aging. As a result, the tank’s reactive
impedance is regulated to zero, and the output voltage is
determined solely by the input voltage and the transformer
turns ratio:

Vout =
Vin

N
, (1)

where N is the transformer turns ratio, realizing ideal DCX
operation in steady state.

The SB emulates this variable capacitance by allowing a
dc bias (Vc,min) to develop across the SB capacitor (Csb). The
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Fig. 2. The primary and the secondary H-bridges have symmetric gate signals
and hence, the pushing force on the resonant tank can be modeled as +/- ∆v
depending on the switching state of the H-bridges

extent of this dc bias increases with mistuning, enabling the
SB to compensate precisely for the tank inductance Lleakage
and maintain precise resonant operation.

III. HALF-CYCLE AVERAGED MODEL USING
TIME-DOMAIN ANALYSIS

To develop the dynamic model using half-cycle averaging,
time-domain equations are first used to track the relevant state
variables from the beginning to the end of each half-cycle.
These state variables are then averaged over the half-cycle,
resulting in discrete-time updates of their averaged values. By
assuming that the converter’s dynamics evolve on a timescale
much slower than the switching period, these discrete updates
can be approximated by a continuous-time representation.

Half-cycle averaging eliminates high-frequency switching
dynamics while preserving the dominant large-signal behavior
of the system, resulting in a time-invariant model. For the
SB-DCX converter, the key state variables—namely, the tank
current (itank) and the series-bridge capacitor voltage (vc)—are
tracked using time-domain equations across different switch-
ing states during transients.

To monitor the evolution of the tank state variables during
a transient, the SB-DCX is simplified to an equivalent circuit,
as shown in Fig. 2. Any deviation in the input and/or output
voltage from the steady-state operating point (defined by (1))
results in a net pushing force on the resonant tank—comprising
the series bridge (SB) and the leakage inductance—as illus-
trated in Fig. 2. The goal is to express the tank state variables
as functions of this voltage disturbance. This pushing force is
modeled as a voltage deviation, denoted by ∆v, defined as

∆v = Vin −NVout, (2)

where N is the transformer turns ratio. This voltage deviation
∆v quantifies the departure from the ideal input-output voltage
relationship inherent to DCX operation.

To obtain the converter’s dynamic behavior, the circuit is
solved over each subinterval of the switching cycle, with
particular attention to the tank current. This current is then
averaged over the half-cycle interval Tsw/2, as illustrated in
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Rs Rs

Cin Cout Cout 

N:1

|itank-avg|
Rload

Vin

Fig. 3. The SB-DCX can be modeled as shown. The current source represents
the magnitude of the half-cycle averaged tank current. This model suppresses
the switching information of the tank currents to simplify the analysis.

Fig. 4(a). The resulting half-cycle averaged tank current is
significant, as its magnitude reflects the net energy transferred
during each half-cycle. Consequently, it serves as a key quan-
tity in modeling the converter’s input characteristics. When
appropriately scaled by the transformer turns ratio, this current
also characterizes the output behavior, as represented in the
simplified behavioral model shown in Fig. 3. To facilitate
dynamic analysis, a continuous-time approximation of the
half-cycle averaged current, denoted |itank,avg|, is constructed
by interpolating the discrete-time values across successive
half-cycles.

The discrete half-cycle averaged tank current is computed
based on the capacitor voltage vc at the beginning and end of
each switching state defined by the SB-DCX switching cycle
(as illustrated in Fig. 1(b)). Specifically, the magnitude of the
half-cycle averaged tank current during the nth cycle is

|itank-avg,n| = 2Csbfsw (|v2n|+ |v2n−2| − 2|v2n−1|) (3)

where |v2n|, |v2n−2|, and |v2n−1| represent the absolute values
of the capacitor voltage across Csb, sampled at the corre-
sponding switching instants, as indicated in Fig. 4(a). Here,
n denotes the index of the half-cycle.

To find the general expressions for v2n, v2n−2, and v2n−1,
the capacitor voltage vc at the end of each switch state combi-
nation (I–IV) is determined using the time-domain equations
derived from the equivalent circuits shown in Fig. 4(b). These
capacitor voltages are denoted as v0 to v6, while the tank
currents at the end of each unique switching state are denoted
as i0 to i5. These voltages and currents are then used to obtain
the general expressions for v2n and v2n−1. The time-domain
solution equations assuming an underdamped resonant tank
are

v1 = (vo −∆v)k · e−x +∆v (4)

i1 = −(vo −∆v) · e−x · sin a
ZL

(5)

v2 = ∆v + e−x [(−v1 −∆v)k + i1ZC sin a] (6)

i2 = e−x

[
i1 cos a−

(−v1 −∆v

ZL
+

αi1
ωd

)
sin a

]
(7)

v3 = −∆v + e−x [(v2 +∆v)k + i2ZC sin a] (8)

i3 = e−x

[
i2 cos a−

(
v2 +∆v

ZL
+

αi2
ωd

)
sin a

]
(9)

v4 = −∆v + e−x [(−v3 +∆v)k + i3ZC sin a] (10)

i4 = e−x

[
i3 cos a−

(−v3 +∆v

ZL
+

αi3
ωd

)
sin a

]
(11)

v5 = ∆v + e−x [(v4 −∆v)k + i4ZC sin a] (12)

i5 = e−x

[
i4 cos a−

(
v4 −∆v

ZL
+

αi1
ωd

)
sin a

]
(13)

v6 = ∆v + e−x [(−v5 −∆v)k + i5ZC sin a] (14)

where

x =
απ

2ωsw
, r =

ωsw

ωd
, a =

π

2r
,

ωd =
√
ω2
r − α2, ωr =

1√
CsbLleakage

, ZL = Lleakageωd

α =
Rp

2Lleakage
, ZC =

1

Csbωd
, k = cos a+

α

ωd
sin a,

(15)
and vo is the initial voltage across Csb, Rp is the parasitic
series resistance modeling the total series resistive losses in
the tank (assuming ideal switches), and ωsw is the switching
angular frequency.

To simplify the analysis the tank current at the start of the
half-cycle is approximated as

i2n ≈ 0. (16)

This assumption does not majorly impact the half-cycle
averaged value of the tank current, as i2n remains close to
zero throughout the switching cycle, as observed in Fig. 4.
Furthermore, when the tank quality factor is high, it is rea-
sonable to assume that ZL ≈ ZC .

Using equations (4)–(14), the expressions for |v1|, |v3|, and
|v5| are

|v1| = −(v0 −∆v) k e−x −∆v, (17)

|v3| = −(v0 −∆v) k(k2 + sin2 a) e−3x

+ 2∆v k e−x − 2∆v k2 e−2x −∆v, (18)

|v5| = −(v0 −∆v) k(k2 + sin2 a)2 e−5x

+ 2∆v k e−x − 2∆v k2 e−2x

+ 2∆v k(k2 + sin2 a) e−3x

− 2∆v k2(k2 + sin2 a) e−4x −∆v. (19)

Similarly,
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Fig. 4. (a) Representative evolution of the state variables during a dynamic event, such as a load transient. (b) Equivalent circuits of the SB-DCX topology
for the four different switching state combinations, used to obtain time-domain information about the state variables at the necessary sampling instants.

|v2| = −(v0 −∆v)(k2 + sin2 a) e−2x − 2∆v k e−x +∆v,
(20)

|v4| = −(v0 −∆v)(k2 + sin2 a)2 e−4x

− 2∆v k e−x + 2∆v(k2 + sin2 a) e−2x

− 2∆v k(k2 + sin2 a) e−3x +∆v, (21)

|v6| = −(v0 −∆v)(k2 + sin2 a)3 e−6x

− 2∆v k e−x + 2∆v(k2 + sin2 a) e−2x

− 2∆v k(k2 + sin2 a) e−3x + 2∆v(k2 + sin2 a)2 e−4x

− 2∆v k(k2 + sin2 a)2 e−5x +∆v. (22)

The general expression for |v2n−1|, based on equations (17)–
(19) is

|v2n−1| = −(v0 −∆v) k (k2 + sin2 a)n−1e−(2n−1)x

+ 2∆v
n−1∑

i=1

[
k(k2 + sin2 a)i−1e−x(2i−1)

]

− 2∆v
n−1∑

i=1

[
k2(k2 + sin2 a)i−1e−2ix

]

−∆v. (23)

Similarly, the general expression for |v2n|, based on equa-
tions (20)–(22) is

|v2n| = −(v0 −∆v) (k2 + sin2 a)n e−2nx

+ 2∆v
n−1∑

i=1

(k2 + sin2 a)i e−2ix

− 2∆v k
n∑

i=1

(k2 + sin2 a)i−1 e−(2i−1)x

+∆v. (24)

Equations (23) and (24) can be further simplified under
the condition that |θe−2x| < 1, where θ = k2 + sin2 a.
This corresponds to the tank’s series resonance damping factor
α > 0, a condition that is always physically satisfied.

|v2n−1| = −(v0 −∆v) k θn−1e−x(2n−1)

− 2∆v k2 · e
−2x(1− (θe−2x)n−1)

1− θe−2x

+ 2∆v k · e
−x(1− (θe−2x)n−1)

1− θe−2x

−∆v, (25)

|v2n| = −(v0 −∆v) θn e−2nx

+ 2∆v θ · e
−2x

(
1− (θe−2x)n−1

)

1− θe−2x

− 2∆v k · e
−x
(
1− (θe−2x)n

)

1− θe−2x

+∆v, (26)

Using the expression for |itank-avg,n| given in (3), and substi-
tuting the closed-form expressions from (25)–(26), the detailed
result shown in (27) is obtained, as presented in Table I. While
analytically complete, the expression in (27) is too complex
for practical interpretation and requires further simplification.

To this end, a first-order Taylor series approximation is
applied to ex and θ under the assumption that α ≪ 1.
Physically, this corresponds to a low parasitic resistance or,
equivalently, a high tank quality factor, which is a valid
assumption for well-designed resonant converters. Under this
condition, the parameter θ can be approximated as

θ ≈ 1 +
2α

ωd
sin a cos a. (29)
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Consequently the term θn is approximated using the exponen-
tial expansion

θn ≈ en(θ−1) = e
n 2α

ωd
sin a cos a

. (30)

The exponential functions simplify to

ex ≈ 1 + x. (31)

These approximations lead directly to the compact form pre-
sented in (28).

Furthermore, the sampled form of the expression can be
converted into a continuous-time representation by approxi-
mating the cycle index n as

n ≈ ωswt

π
, (32)

based on the assumption that the half-cycle averaged tank cur-
rent evolves much more slowly than the switching frequency.
This condition generally holds for most practical converter
designs. The resulting continuous-time expression

|itank-avg(t)| =
−2Csbvo

Tsw
· e−λt

(
1 + e

απ
ωsw − 2 cos a · e απ

2ωsw

)

+
2ω2

d∆v

ω2
r a (a− cos a sin a)

(1− cos a)2

− 2ω2
d∆v

ω2
r a (a− cos a sin a)

(1− cos a)2 · e−λt

(33)

where

λ = α · a− sin a cos a

a
. (34)

This expression has a clear physical interpretation and serves
as the foundation for the equivalent circuit model presented in
Fig. 7.

The quantity itank-avg-0 denotes the half-cycle averaged tank
current prior to the transient event and is given as

itank-avg,0 = −2Csbvofsw ·
(
1 + θ−1e

απ
ωsw − 2kθ−1 · e απ

2ωsw

)
.

(35)
Using (33) and (35)

|itank-avg|(t) = itank-avg,0 · e−λt

+
2ω2

d∆v(1− cos a)2

ω2
r a(a− cos a sin a)

(1− e−λt). (36)

This expression represents a first-order response for the
magnitude of half-cycle averaged tank current under a voltage
excitation of ∆v and can be represented as

|itank-avg(t)| = itank-avg,0 · e−
Req
Leq

t

+
∆v

Req

(
1− e

−Req
Leq

t
)
, (37)

where

Req = (a− cos(a) sin(a)) · a

2(1− cos(a))2
·Rp,

Leq =
a2

(1− cos(a))2
· Lleakage.

(38)

This behavior can be equivalently represented by the circuit
model shown in Fig. 6(a). The circuit effectively captures the
dynamic evolution of the magnitude of the half-cycle averaged
tank current in the SB-DCX converter. The continuous-time
model is valid under the assumption that the system dynamics
are much slower than the switching frequency and that the
tank has a high quality factor.

Figure 5 compares the discrete-time model and its
continuous-time approximation for the case of ∆v = 0.05,
using SB-DCX circuit parameters identical to those employed
in the hardware experiments presented in Section V. The
results confirm that the continuous-time model provides a good
approximation of the sampled-average model for a practical

TABLE I
DETAILED AND SIMPLIFIED EXPRESSIONS FOR |iTANK-AVG,n|.

Full detailed expression
without approximations

∣∣itank-avg,n
∣∣ = 2Csb fsw

{
− v0 θ

ne−2nx
(
1 + θ−1e2x − 2k θ−1ex

)

+
4∆v

(
1− ke−x

)2

1− θe−2x

+
∆v θne−2nx

(
−θ−1e2x − θe−2x − 2 + k

(
4θ−1ex + 4e−x

)
− 4k2θ−1

)

1− θe−2x

}
(27)

Simplified expression using
first-order taylor

approximation assuming
α ≪ 1

∣∣itank-avg,n
∣∣ = 2Csbfsw

{
− v0 e

θ−1e−2nx
(
1 + θ−1e2x − 2kθ−1ex

)

+
4∆v (1− cos a)2

1− θe−2x

− ∆v en(θ−1)e−2nx

1− θe−2x

[
4(1− cos a)2

]
}

(28)
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converter implementation. It accurately captures the tank cur-
rent dynamics while inherently filtering out high-frequency
switching components. However, the approximation begins to
break down when the output filter capacitance is very small,
causing the system dynamics to shift closer to the switching
frequency.

Fig. 5. Comparison between the discrete-time model and its continuous-time
approximation for the half-cycle averaged tank current, with ∆v = 0.05 and
SB-DCX circuit parameters as given in Section V.

IV. CIRCUIT MODEL AND ITS INTERPRETATION

Based on the expression derived for the half-cycle averaged
tank current in (36) in Section III, a complete terminal
circuit model (Fig. 7) that captures both the steady-state and
dynamic behavior of the SB-DCX is developed. Furthermore,
the physical interpretation of the model is presented, high-
lighting its connection to the SB-DCX circuit parameters
and corresponding operational waveforms. This interpretation
enables the extraction of terminal model parameters directly
from simulation waveforms, thereby significantly enhancing
the practical utility of the model.

A. Resulting terminal circuit model
The circuit shown in Fig. 6(a) represents the dynamics of

the half-cycle averaged tank current in response to a voltage
disturbance modeled as ∆v given by (36), where ∆v is defined
in (2). This half-cycle averaged tank current can, in turn, be
used to drive a current source that captures the time-varying
behavior of the SB-DCX shown in Fig. 6(b). Fig. 6(b) is an
extension of Fig. 3. The two equivalent circuit representations
(Fig. 6(a) and (b)) can be combined to obtain a complete
circuit model shown in Fig. 6(c), which accurately captures
the dynamic behavior of SB-DCX.

To incorporate the steady-state behavior accurately, R1 is
introduced following the approach in [25], [26], where

R1 = (β2 − 1)(Rs +N2Rs) (39)

models the losses in the input and output capacitors, Cin and
Cout due to losses in ESR of filter capacitors due to high-
frequency currents. Rs is the ESR of the filter capacitors. The
parameter β is defined as

β2 =
1

2
· (a− cos(a) sin(a)) · a

(1− cos(a))2
, (40)

where a = π
2r and r = ωsw/ωd.

To further account for complete resistive losses, the total
equivalent resistance Req,total is given as

Req,total = Rp · β2 +R1 (41)

This results in a complete terminal model, shown in Fig. 7,
that captures both the dynamic and steady-state behavior of the
SB-DCX converter. The model is a large-signal representation
that eliminates the explicit time-varying nature of the circuit
by assuming that the system dynamics evolve much slower
than the switching frequency, and by assuming the tank has a
high quality factor.

The model accurately predicts both the output voltage and
the magnitude of the half-cycle averaged tank current, denoted
as im. The envelope of the instantaneous tank current, itank,env,
can be extracted from im using

itank,env = im · γ, γ =
a

(1− cos(a))
· sin(a). (42)

The model has been validated by both simulation and
hardware results in Section V.

B. Physical interpretation

The complete circuit model can also be derived by tracking
energy flow through the converter. The equivalent inductance,
Leq, can be divided as

Leq = Lsb + Ldc, (43)

where

Lsb = Lleakage

(
a cos a

1− cos a

)2

= Csb · δ2

= Csb

(
cos a

(1− cos a) · 4fswCsb

)2

,

(44)

and

Ldc = Lleakage

(
a sin a

1− cos a

)2

= Lleakage · γ2. (45)

Here Ldc models the peak energy stored in the leakage
inductance during steady state, which is given as

1

2
Lleakagei

2
tank,max =

1

2
Ldc|itank,avg|2. (46)

Similarly, Lsb models the extra energy that can accumulate
in the tank due to the DC offset vc,min permitted on the series
bridge capacitor Csb, expressed as

1

2
Csbv

2
c,min =

1

2
Lsb|itank,avg|2. (47)

The physical intuition behind these terms is that Ldc models
the energy stored in the leakage inductance as a function of
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Fig. 6. (a) Circuit model representing the dynamics of the half-cycle averaged tank current in the SB-DCX converter during transients, as described by (36).
(b) The averaged tank current drives a current source that interacts with the input and output capacitors, capturing the time-varying behavior of the converter
- same as Fig. 3. (c) Combining (a) and (b) yields a complete circuit model that accurately represents the transient behavior of the tank current.

Rs Rs

Cin Cout Cout 

Leq N:1Req,totalim
+

Vin Vout

+

- -

Fig. 7. Developed LTI circuit dynamic model that predicts the terminal
behavior of SB-DCX.

half-cycle averaged tank current, and Lsb accounts for the extra
energy accumulated in the series bridge capacitor due to the
dc offset vc,min. Furthermore, Req, total models the total loss in
the circuit due to Rp and Rs, as described by the expression
in Eq. (41).

Based on this physical intuition, the important variables that
relate the SB-DCX circuit variables to the developed model’s
circuit parameters, namely β, γ, and δ, can be found from
the information about tank state variables using simulation
or hardware data to improve the accuracy of the model for
practical applications.

β =
itank,rms

|itank,avg|
(48)

γ =
itank,max

|itank,avg|
(49)

δ =
vc,min

|itank,avg|
(50)

V. SIMULATION AND PROTOTYPE HARDWARE
VERIFICATION

To validate the developed half-cycle averaged model
(Fig. 7), its predicted dynamic behavior was compared against
the results of a switched-mode circuit simulation performed
in PLECS. The SB-DCX circuit parameters used in the sim-
ulation are listed in Table II, and the corresponding terminal
model parameters, derived from the proposed modeling frame-
work, are provided in Table III.

The developed model provides half-cycle averaged values
of key circuit variables, including the output voltage and the
tank current (im). While the model does not capture switching
ripple or high-frequency behavior, it effectively predicts the
low-frequency envelope of the tank current. To estimate the
peak or envelope of the tank current from its averaged value,
the analytical expression given in (42) can be used.

The evaluation focused on a 50% load step—specifically,
from 3 A to 6 A (step-up) and from 6 A to 3 A (step-
down)—at an input voltage of 30 V. These transient conditions
are representative of typical system-level dynamics in modular
DCX applications. As shown in Figs. 8 and 9, the developed
model accurately predicts the average output voltage and
closely matches the envelope of the tank current observed in
the simulation for both transient scenarios. This agreement
confirms the model’s capability to capture the dominant dy-
namic behavior of the SB-DCX topology.

Fig. 8. Simulated dynamic response of the SB-DCX topology to a 3–6 A load
step at 30 V input, comparing the switched-mode model with the developed
linear circuit model.

TABLE II
CIRCUIT PARAMETERS FOR THE SIMULATION AND PROTOTYPE SB-DCX

fsw Cin Csb Lleak N Rp Cout

100 kHz 1.6 µF 1.28 µF 8.95 µH 1 0.403 Ω 1.6 µF
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Fig. 9. Simulated dynamic response of the SB-DCX topology to a 6-3 A load
step at 30 V input, comparing the switched-mode model with the developed
linear circuit model.

TABLE III
SB-DCX TERMINAL MODEL PARAMETERS FOR CIRCUIT PARAMETERS

GIVEN IN TABLE II

Leq β γ a Req,total

71.89 µF 1.144 1.908 0.7386 0.53 Ω

Additionally, a prototype hardware (as shown in Fig. 10)
was developed to evaluate the actual dynamic response. The
circuit parameters used match those listed in Table II, and
the power stage components are detailed in Table IV. An
electronic switch and passive resistors were employed to
generate the load step. The transient response for a 3–6 A
load step at a 30 V input is shown in Fig. 11. For direct
comparison, the measured waveform data were overlaid on
the model’s predicted response, as shown in Fig. 12. The close
agreement between the measurement and the model confirms
that the developed model accurately predicts both the tank
current envelope and the average output voltage, validating its
effectiveness.

TABLE IV
POWER STAGE COMPONENTS

Component Part / Value

Primary & Secondary MOSFETs SiC IMBG120R017M2H

Series Bridge (LV) MOSFETs GaN EPC2361

Input/Output Capacitors R75QR368050H0J

Transformer Core PQ50/50-3C97

Similarly, step-down transients for a current step from
6–3 A were captured under two different dead time settings:
100 ns and 70 ns, as shown in Figs. 13 and 14, respectively.
From the output voltage plots, it can be observed that the
hardware results with a 70 ns dead time align more closely
with the model predictions. This behavior arises because the
proposed model does not account for dead time duration,
and in step-down transitions, the resulting damping is not

Fig. 10. SB-DCX hardware used to test load transient behavior for comparison
with the developed DC terminal model.

Fig. 11. Hardware dynamic response of the SB-DCX topology to a 3–6 A load
step at 30 V input, comparing the switched-mode model with the developed
linear circuit model.

solely governed by load impedance. Instead, longer dead times
introduce additional damping effects, which are not captured
by the developed LTI model. Consequently, a shorter dead time
(70 ns) leads to hardware behavior that more accurately reflects
the model’s assumptions, resulting in improved agreement.

To further assess the model’s generality, additional hardware
experiments were conducted at a higher input voltage of
50 V. A step-up transient from 5–10 A is shown in Fig. 15,
again demonstrating strong agreement between the model and
the measured response. This consistency across varying input
conditions highlights the robustness and predictive accuracy
of the developed model.

Finally, a step-down transient from 10–5 A at 50 V input
is presented in Fig. 16. In this case, the match between the
model and measurement is slightly less accurate, which can be
attributed to the 100 ns dead time used during operation. As
the model does not account for dead time effects, the additional
damping introduced in hardware is not captured, resulting
in minor discrepancies during the transient. Nonetheless, the
overall dynamic trends remain well-represented.

These results collectively confirm that the half-cycle aver-
aged model provides a reliable and scalable framework for
predicting the large-signal dynamics of the SB-DCX topology.
Although the model does not account for dead time—leading
to slight mismatches during step-down transients—the overall
accuracy remains high, and the dominant system behavior is
still well captured.
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Fig. 12. Hardware load transient dynamics (3–6 A step at 30 V input) compared with model predictions: (a) Tank current envelope (model – dark blue) vs.
measured tank current (light blue). (b) Output voltage without ripple (model – dark green) vs. measured output voltage (light green).

Fig. 13. Hardware load transient dynamics (6–3 A step at 30 V input with 100 ns dead time) compared with model predictions: (a) Tank current envelope
(model – dark blue) vs. measured tank current (light blue). (b) Output voltage without ripple (model – dark green) vs. measured output voltage (light green).

Fig. 14. Hardware load transient dynamics (6–3 A step at 30 V input) compared with model predictions: (a) Tank current envelope (model – dark blue) vs.
measured tank current (light blue). (b) Output voltage without ripple (model – dark green) vs. measured output voltage (light green).
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Fig. 15. Hardware load transient dynamics (5–10 A step at 50 V input with 100 ns dead time) compared with model predictions: (a) Tank current envelope
(model – dark blue) vs. measured tank current (light blue). (b) Output voltage without ripple (model – dark green) vs. measured output voltage (light green).

Fig. 16. Hardware load transient dynamics (10–5 A step at 50 V input with 100 ns dead time) compared with model predictions: (a) Tank current envelope
(model – dark blue) vs. measured tank current (light blue). (b) Output voltage without ripple (model – dark green) vs. measured output voltage (light green).

VI. CONCLUSION

This article presents a linear time-invariant (LTI) dynamic
model for the terminal characteristics of the Series Bridge-
DCX (SB-DCX) topology, which has recently gained attention
for DCX applications. By operating precisely at resonance, the
SB-DCX inherently behaves as a DC transformer (DCX). A
key advantage of this topology is that the SB acts as a vari-
able capacitor, allowing it to tolerate tuning mismatches and
ensuring robust resonant operation. This makes the topology
practically attractive for modular converter architectures. An
LTI dynamic model is essential for analyzing such systems
using standard linear techniques and frequency-domain tools.
Conventional approaches such as state-space averaging and
phasor-domain analysis are not directly applicable to this
topology.

To address this gap, an LTI model was derived using half-
cycle averaging, resulting in a terminal model with a simple
and scalable circuit-based representation. A complete time-
domain derivation is provided, detailing the modeling as-

sumptions and intermediate steps that support the final circuit
formulation. The model’s validity is demonstrated across a
wide operating range through both switched-mode simulations
and extensive hardware experiments at 30 V and 50 V input,
with load transients up to 500 W. The modeling framework
also facilitates the prediction of tank current envelopes and
averaged output voltage under large-signal disturbances. While
it does not account for dead time—and minor discrepancies
arise during step-down transients where dead-time-induced
damping is non-negligible—the model still offers accurate
insight into dominant dynamic behavior. Overall, it serves as a
practical and generalizable tool for the design and system-level
analysis of SB-DCX converters.
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[14] R. W. Erickson and D. Maksimović, Fundamentals of Power Electronics,
2nd ed. Springer, 2001.

[15] S. Sanders and G. Verghese, “Synthesis of averaged circuit models for
switched power converters,” IEEE Transactions on Circuits and Systems,
vol. 38, no. 8, pp. 905–915, 1991.

[16] R. D. Middlebrook and S. Cuk, “A general unified approach to modelling
switching-converter power stages,” in 1976 IEEE Power Electronics
Specialists Conference, 1976, pp. 18–34.

[17] C. Rim and G. Cho, “Phasor transformation and its application to the
dc/ac analyses of frequency phase-controlled series resonant converters
(src),” IEEE Transactions on Power Electronics, vol. 5, no. 2, pp. 201–
211, 1990.

[18] D. Seltzer, L. Corradini, D. Bloomquist, R. Zane, and D. Maksimović,
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CHAPTER 7

Investigation of Sector Distortion in Unfolder Architectures

Unfolder architectures often experience grid current distortions during transitions be-

tween sectors. This chapter investigates the underlying causes of these sector distortion

phenomena and proposes a control solution in the context of a feedback-controlled DC–DC

conversion stage. Minimizing sector distortion is essential for improving the practical ap-

plicability and overall performance of any unfolding-based architecture.

A 3-ϕ unfolder switches six times in each 60 Hz grid cycle, with each subinterval re-

ferred to as a sector. Every time the unfolder transitions from one sector to another,

distortions are introduced into the grid currents, negatively impacting the total harmonic

distortion (THD), which must be kept within specified limits to comply with grid require-

ments. Multiple factors can contribute to sector distortion, as detailed in this chapter. The

most straightforward approach to mitigate these distortions is to increase high-frequency

passive damping; however, this solution is bulky and costly.

Alternatively, the DC-DC stage can be controlled to emulate a resistor at the frequency

of interest—a technique known as active damping. This method minimizes sector distor-

tion regardless of its specific source and has been shown, as part of this work [43, 44], to

significantly reduce sector distortion. However, active damping is fundamentally a reactive

measure that mitigates the symptoms rather than addressing the root cause.

If the dominant cause of sector distortion can be identified, it becomes possible to

eliminate the distortion at its source, leading to the most effective solution. This precise

approach is explored in this chapter, as detailed in the work published in [44], where the

exact mechanism causing sector distortion in feedback-controlled DC-DC conversion stages

is identified and a targeted control strategy is developed to eliminate it at its origin.

The contents of this chapter are a replication of the paper presented at the 2023 IEEE

Energy Conversion Congress and Expo (ECCE). ©2023 IEEE. Reprinted, with permission,
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from [44]. Minor edits have been made to correct typographical errors and improve clarity.
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Abstract—Compared to state-of-the-art two-stage 3-φ ac-dc
converters, unfolding-based topologies offer a more efficient and
power-dense alternative by using a single dc-dc stage connected
to an unfolding low frequency rectifier. However, the unfolding
approach tends to suffer from input current distortion during
sector transitions. These distortion impact the input power
factor (PF), input current total harmonic distortion (THD), and
input filter requirements. Existing understanding and models in
literature do not predict the higher distortion that is observed
with increasing filter capacitance or increasing ac line frequency.
This paper provides reasoning, analysis, and a control solution
to mitigate input current sector distortion in unfolding-based
topologies. The source of the distortion is identified and analyzed
as interactions between the input filter capacitors and dc-dc stage
feedback control of the input currents. The proposed control
is tested at 3-φ 50 Vac, 50 W output power. Hardware results
highlight a significant decrease in THD from 8.5% to 4.5%.

Index Terms—Unfolder, 3-φ grid-tied converters, ac-dc con-
verters, sector distortion, total harmonic distortion, power factor
correction.

I. INTRODUCTION

Modern 3-φ power converters are expected to process
power at greater efficiencies and power density. 3-φ power
converters enable the integration of high-power dc loads and
sources with the grid. The rapid adoption of electric vehicles
(EVs), the expanding infrastructure for data centers, and the
increasing generation of renewable energy are all propelling
an exponential surge in the demand for power conversion that
needs to interface with 3-φ grid. Hence, a concerted effort is
underway in the field toward deploying highly efficient, power-
dense, and reliable 3-φ power converters.

To interface high-power dc loads with the grid, a 3-φ ac-dc
converter typically employs a two-stage architecture [1]. The
converter’s targeted functionalities are: providing a controlled
power at the required output voltage, controlling input power
factor (PF) and total harmonic distortion (THD), and maintain-
ing galvanic isolation. The two-stage architecture consists of
two cascade-connected converters - an active front-end (AFE)
rectifier followed by a dc-dc converter [1]. An AFE rectifier

This material is based upon work supported by the National Science Foun-
dation (NSF) Advancing Sustainability through Powered Infrastructure for
Roadway Electrification (ASPIRE) Center through the Engineering Research
Centers Program under Grant 1941524.

performs power factor correction (PFC). The dc-dc converter
provides isolation and tight regulation of the output voltage.
A two-stage architecture often employs a large “decoupling”
capacitor to decouple the dynamics of two power conversion
stages. This architecture simplifies hardware and controller
design but limits performance.

The unfolding-based single-stage architecture offers an
energy-efficient and power-dense alternative [2]–[4]. The basic
architecture consists of a line-switched unfolder (also referred
to as an input voltage selector) followed by a dc-dc converter.
The unfolder switches at line frequency, and hence, it exhibits
negligible switching loss (Section II details unfolder opera-
tion). The dc-dc converter fulfills all three of the primary ac-dc
converter objectives: voltage regulation, PFC, and isolation (if
required). Owing to a single high-frequency power processing
stage, unfolding-based ac-dc architectures have the potential
to achieve higher efficiency and power density when compared
to two-stage architectures [2].

Adversely, unfolding-based 3-φ ac-dc converters suffer from
input current distortions at sector transitions [5]. This results
in a degraded performance - higher THD and, in turn, a lower
input PF. This problem is attributed to non-ideal behavior
during the sector transitions. The non-idealities can be due to:
body diode conduction associated with high-frequency voltage
ripple across input filter capacitors and/or finite unfolder
commutation time [5]–[8]. The solutions include: modulation
of the unfolder, passive damping, or a modified unfolder
topology. These solutions tend to diminish the benefits of
the unfolder architecture. These challenges are documented
for open-loop or feed-forward PFC current control [5], [8].
However, feedback control of input currents in combina-
tion with the reactive current drawn by the filter capacitors
leads to additional distortion during sector changes. This
mechanism leads to even higher distortion with increasing
filter capacitance, low loads, and at high ac input frequency.
A synchronous frame controller [9] or a model predictive
control [11] does help alleviate the problem however, the
implementation and computation complexity can be avoided.
Modeling and eliminating this additional source of sector
distortion is the primary focus of this paper.

This paper provides analysis and control solutions to es-
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sentially eliminate sector distortion owing to capacitive filter
currents and input current feedback control and additionally
minimize sector distortion from the remaining mechanisms.
Section II details the working of a 3-φ unfolding-based ac-
dc converter - the architecture, unfolder operation, and dc-dc
control implementation. Section III explains sector distortion
- from all the various sources. Section IV proposes a simple
yet effective solution to minimize sector distortion from all
the different sources without disturbing the line frequency
operation of the unfolder (i.e., the proposed solution minimizes
the problem while preserving the inherent advantages of the
unfolder). The control solution is based on a combination
of active damping and current reference correction terms.
Detailed hardware implementation and experimental results (at
3-φ 208 Vac, 300W output power) are provided in Section V
and demonstrate a significant reduction in harmonic distortion
with a decrease in THD from 8.5% to 4.5%.

II. UNFOLDING-BASED 3-φ AC-DC CONVERTER
ARCHITECTURE AND CONTROLS

A. Architecture
An unfolding-based single-stage 3-φ ac-dc converter archi-

tecture consists of a line-switched unfolder followed by a
dc-dc power processing stage. A block diagram is shown in
Fig. 1(a). The dc-dc converter shapes the input currents and
controls the output power.

The unfolder is a combination of line-frequency operated
switches - operated to obtain the time-varying dc voltages
(Vpo and Von) from 3-φ ac voltages as shown in Fig. 1(b).
The unfolder switches at the start of every “sector”, to change
the connection between the 3-φ ac input and the input ports of
the dc-dc converter (the input ports are also referred to as the
“soft” dc-links). An ac input cycle is divided into six sectors

that signify the different unfolder switching configurations.
Refer [2], [4] for the exact unfolder switching.

An unfolding-based architecture has a single controlled
power-processing stage (the downstream dc-dc converter) and
doesn’t require intermediate bulk energy storage. The unfolder
facilitates a direct connection between the ac input and the
downstream dc-dc stage. This direct connection changes every
sector. It doesn’t control power and hence, doesn’t have any
switching frequency-dependent energy buffering (therefore, no
associated dynamics). To summarize, the advantage of an
unfolder is - two time-varying dc voltages are obtained from a
3-φ ac input without the need for energy storage (no dynamics
and minimal losses). Hence, the unfolding-based architecture
has the potential to be more power-dense and efficient than a
two-stage architecture.

The downstream dc-dc stage handles all the power control
objectives. The dc-dc input ports can be modeled as two
current sources (Idcp and Idcn ) - one each across the two soft
dc-links. Ignoring the dc-link capacitors, Idcp and Idcn needs to
be controlled as shown in Fig. 1(b).

B. DC-DC controls implementation

As seen from Fig. 1(a), the two input ports of the dc-dc
converter are controlled to behave as two independent current
sources. The shape of the dc-dc converter currents is controlled
for PFC and the magnitude is controlled to regulate output
power. Hence, all that’s needed is: to control the shape and
the magnitude of the currents Idcp and Idcn to fulfill all the
dc-dc control objectives.

More fundamentally, it can be inferred that at least two
independent dc-dc currents or electrical quantities are to be
controlled to fulfill the converter’s targeted functionalities. It
is mathematically proven ( [12], Section IV-A pg. 187) that



control of any one unfolder current and maintaining a constant
output power can be sufficient for PFC.

It is important to note that the control design is specific
to the dc-dc topology. To keep the sector distortion analysis
generalized, we discuss a sector distortion control solution
(Section IV) assuming independent control over dc-dc currents
- Idcp and Idcn . The control block diagram is highlighted in
Fig. 2.

Fig. 2. Control block diagram for output power regulation and PFC.
The current reference generator uses the grid angle information and power
regulation loop output to generate the dc-dc current reference. It is assumed
that Idcp and Idcn can each be controlled by independent control handles

III. SECTOR TRANSITION DISTORTION

The current distortion in the 3-φ ac input currents during
sector transition in an unfolding-based architecture is referred
to as the sector transition distortion. Multiple factors, de-
pending on the control scheme and the constraints related to
the hardware implementation lead to sector distortion. Most
explanations in the literature are in the context of open-loop or
feedforward-based input current control [5], [8]. DC-DC stage
feedback input current control - often implemented to coun-
teract modeling inaccuracies - leads to additional distortion.
The analysis and a model to predict the additional distortion
are provided here.

A. Different factors contributing to sector distortion

Sector transition distortion mechanisms can be categorized
as non-idealities induced due to: practical hardware constraints
or input current control schemes.

Non-idealities in hardware implementation are often at-
tributed as the dominating factor of sector distortion. These
non-idealities include: finite switching time for the unfolder
switches [7], [8] and/or the body diode conduction of the
downstream dc-dc or the unfolder [5], [6]. The finite switching
time of the unfolder switches leads to overlapping of the
switch commutation trajectories. This shorts the dc-dc filter
capacitors resulting in sector distortion. Additionally, high-
frequency ripple across the filter capacitor leads to undesired
conduction of the dc-dc or the unfolder body diode - near

sector transition. This builds energy in the input inductors
resulting in distortion. This distortion mechanism predicts a
higher filter capacitance (lower voltage ripple), which means
a shorter duration of body diode conduction, results in lower
distortion.

Open-loop or feed-forward input current control is often
used for the downstream dc-dc converter. However, a low-
fidelity model can lead to poor THD performance, and an ac-
curate model [10] leads to substantial computational complex-
ity. Alternatively, feedback control is used to correct model
inaccuracies but leads to a different distortion mechanism. This
mechanism predicts that a higher filter capacitance results in
higher distortion. This mechanism dominates at light loads and
at higher ac input frequencies.
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B. Sector distortion mechanism due to feedback control of
input currents

The interactions between the dc-dc filter capacitors and the
dc-dc stage feedback control of input currents cause additional
sector distortion. An increase in the input ac frequency and the
dc-dc filter capacitance results in higher distortion (in contrast
with other distortion mechanisms).

Grid Angle (wt)

C
u

rr
en

t 
(N

o
rm

al
iz

ed
)

5π/6 

Ip,dc – with feedback

Ip,dc – ideal

Sector 3 Sector 4

0

1

id

td

π/2 

Fig. 4. Idcp during transition from sector 3 to sector 4. A finite control
bandwidth results in an imperfect tracking of the reference current. The
difference in the desired and the actual currents (dashed area) creates a current
imbalance in the system after transition.

Ideally, to obtain a unity input power factor, dc-dc currents
Idcp and Idcn are to be controlled as shown in Fig. 1(b). These
ideal dc-dc currents assume negligible currents drawn by the



input filter capacitors. The input filter capacitors are used to
shunt the high-frequency dc-dc current ripple. They can be
added in delta or star configuration - to act as a balanced
load to the grid. Hence, in a given sector, the filter capacitors
and the controlled dc-dc current sources combine to act as a
balanced resistive load. However, during sector transitions, an
imbalance is created that results in distortion.

The current drawn by the filter capacitors and the finite dc-
dc feedback current control bandwidth causes imbalance after
a sector transition - resulting in sector distortion. Consider
a finite filter capacitance that draws a 10% (of real current)
reactive current. Idcp and Idcn for a unity power factor, is
shown in Fig. 3. These have significant steps after the sector
transition - proportional to the filter capacitor current. This
step change worsens (comparatively) at light loads. Finite
control bandwidth (<< switching frequency) means, feedback
controlled Idcp and Idcn cannot track ideal dc-dc currents
perfectly. This creates an imbalance in the system after the
sector transition as highlighted in Fig. 4. This results in sector
transition distortion.

To solve the problem, it is imperative to model and
physically understand the distortion mechanism. Consider an
equivalent circuit before and after the transition as shown in
Fig. 5. The filter capacitors are star-connected - for modeling
convenience. The dc-dc input emulates ideal currents (Fig. 3)
(for a unity input power factor) before the sector transition.
This results in a balanced-resistive loading to the grid. After
the sector transition, the non-ideal tracking of the dc-dc current
(Idcp in this sector) is modeled as a balanced system in
combination with a current pulse that represents an imbalance
- in an already balanced system. The effect of the imbalance
on the input currents can be studied using superposition (the
equivalent model is linear and time-invariant in a given sector).
The model can be simplified into a single-phase equivalent
circuit as shown in Fig. 6. Id is the current step amplitude
as given by (1) and td is approximated to be a function of
τ . Where τ is the time constant for a step response of the
dc-dc stage feedback-controlled current. The step response is
approximated to be a first-order response for a linear time-
invariant (LTI) system. τ can be expressed as the feedback
controller’s bandwidth as given in (3).

Id = 2Iasin(φ) (1)

φ = tan−1(
Q

P
), Q = 9wCfilter(Vph,rms)

2 (2)

τ =
1

2πfbw
(3)

Here, Ia is the phase current amplitude, ω is the ac input
angular frequency, P is the real power processed, and Q is the
reactive power. It is important to note that the reactive power
Q is assumed to be only due to the input capacitive filters.
The reactive power consumed by the grid filter inductance is
negligible.

Physically, the imperfect tracking of Idcp and Idcn forces the
state of the energy storage elements to change suddenly -
leading to push-back manifesting itself as sector distortion.
With dc-dc stage feedback control, reactive currents are sup-
plied by the dc-dc converter. During the transition, the dc-
dc converter doesn’t accurately track the step change in ideal
dc-dc currents (for unity input pf). An energy imbalance is
created that forces the energy storage elements to react. This
imbalance (as shown in Fig. 6) can be modeled as a triangular
current pulse. This pulse excites the resonant frequency of the
input filter creating an LC oscillation. This oscillation can be
damped - using passive elements or active control. However,
damping is reactive mitigation.

As mathematically modeled by (2), the sector distortion
current is a function of the filter capacitance, input frequency,
and input voltage. An increase in the ac input frequency
increases the capacitive current draw resulting in an increase in
the ideal dc-dc current step and hence, higher sector distortion.
Applications that have higher input frequency would have
significant distortion solely from the dc-dc stage feedback
current control-induced distortion mechanism. Moreover, at
light loads, the step change in current is more pronounced
- leading to higher distortion. All these factors necessitate a
control solution to minimize the impact.

IV. CONTROL SOLUTION

The control solution proposes to eliminate the capacitive
current-dependent distortion by ensuring that the dc-dc cur-
rents track the ideal dc-dc current reference (Fig. 3). This
is done using a current reference correction term. Active
damping in combination with the reference correction term
minimizes distortion from all the other mechanisms.

Sector distortion (independent of the source) can be damped
- either by physical energy-storage enabled passive damping or
by a controlled current source that emulates a passive resistor
(active damping). The dc-dc stage already emulates the current
sources for PFC. Hence, extending the dc-dc to employ active
damping is often a preferred solution [6], [8], [13].

However, the elimination of the prominent cause of distor-
tion facilitates superior converter performance. With feedback
input current control, the capacitive current-dependent sector
distortion dominates. Especially, at light loads. To eliminate
this distortion and maintain ideal balanced conditions - the ca-
pacitor current demand must be met from the dc-dc converter.
The proposed control solution works on this very principle.

The sector distortion control changes the input current
reference - Irefp and Irefn - during sector change. The current
reference and the change in the current reference are high-
lighted in Fig. 7. With an unchanged current reference, the
feedback current controller needs to react to a step change
in currents Idcp and Idcn , which is reflected on the sensed
currents Ip,sense and In,sense (shown in Fig. 1(a)). With a
finite bandwidth, the dc-dc stage feedback controller cannot
immediately respond to the step requirement of dc-dc currents.
To overcome this limitation, the proposed control provides the
step change information to the compensator by changing the
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current reference ahead of time. Hence, instead of reacting,
preempting the step change and responding accordingly. The
math for the change in the current reference uses the math-
ematical model developed in section III. Where, Ictrl is the
same as Ia and tctrl is τ .
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is used to modify the current reference to minimize the impact of sector
distortion.

This current reference change is a feed-forward correction
term that maintains near-perfect step tracking as required by
the ideal unfolder currents - Ip and In - for a unity input power

factor. Additionally, the current reference change is used in
combination with active damping to minimize distortion from
all the other sources (control diagram - Fig. 8). The control
solutions are validated through hardware shown in Fig. 9.

Fig. 8. Control block diagram highlighting the addition of sector distortion
control and active damping to minimize distortion from all the sources.

DC-DC Stage

Unfolder

Fig. 9. 2 kW hardware setup to test and validate the proposed control solution.
3-φ line frequency-switched unfolder and dc-dc converter connected to the 3-
port output of the unfolder - for PFC, power regulation, and isolation.

V. HARDWARE IMPLEMENTATION AND RESULTS

A 3-φ 480 Vac - 600 Vdc, 2kW prototype is developed
that uses a triple active bridge topology [4] for the dc-dc



stage. A digital controller is used to implement the proposed
controls. Loop delay ( [12]), sensing, and communication
delay need to be managed to ensure expected performance
improvement. Power analyzer (Yokogawa WT1806E) results
highlight a significant decrease in input current THD.

A. Managing delays in sensing and control loop

The sensing and the communication delay impact the grid
angle information as generated by the Phase-locked loop
(PLL). Therefore, the current references Irefp and Irefn are not
synchronized with the actual ac voltages. However, if the delay
is known, it can be accounted for by appropriately shifting the
PLL-generated angle θ.
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Fig. 10. Irefp feed-forward term for sector distortion control - accounting
for loop delay.

Similarly, loop delay significantly affects the proposed con-
trol’s performance. This is because the change in the current
reference needs to be enabled exactly near the sector transition.
The solution is to account for the delay by shifting (in time)
the feedforward term as shown in Fig. 10. The soft-dc link
voltages Vpo and Von are sensed and are used as substitutes
for tctrl to activate the feedforward term. Alternatively, the
PLL-based grid angle can also be used.

B. Hardware results

The sector distortion mechanism due to the dc-dc stage
feedback-current control is significant at light load operation.
Hence, the hardware results are at 3-φ 50 Vac input voltage
(line-line), 50 W output power. Fig. 11 shows the hardware
results with the conventional approach - actively damping the
oscillation by controlling the DC-DC near the sector transition.
This approach is independent of the source of the sector distor-
tion as it reacts to the symptom of the problem. Results for the
proposed controls are shown in Fig. 12. The sector transition
distortion is significantly lower and the improved performance
is highlighted by the THD reduction from 8.5% to 4.5%. The
additional improvement highlights the preemptive approach of
the proposed controls.

VI. CONCLUSION

This paper explains and models the source of sector transi-
tion distortion in unfolding-based topologies - specific to the
interactions between the capacitive filter currents and the dc-dc

-100

-50

0

50

100

-0.02

0

50

100

-0.5

0

0.5

-100

-50

0

50

100

-0.02

0

50

100

-0.5

0

0.5

Active damping  triggered here 

-0.02 -0.015 -0.01 -0.005 0.005 0.01 0.015 0.020

Fig. 11. Experimental results highlight increased damping near sector
transition in input current Ia - after triggering active damping. Measurements
show THD reduction from 8.5% to 7%.
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Fig. 12. Experimental results highlight a significant reduction in the input
current (Ia) distortion - after triggering the proposed controls. The reduction
in distortion is much higher compared to active damping controls only

stage feedback control of the input currents. A control solution
is proposed that preempts the sector distortion. The control
solution preserves the advantages of the unfolder and is easy
to implement - without any hardware modification. Moreover,
the full control solution minimizes any distortion pertaining
to sector transitions. Hardware results highlight a significant
reduction in distortion, which is corroborated by a 47% THD
reduction.
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CHAPTER 8

Conclusion and Future Work

This dissertation proposes a novel three-phase unfolding-based, direct medium-voltage

(MV)-connected architecture for interfacing high-power loads—such as DC fast charging

stations (DCFCs)—with the three-phase (3-ϕ) AC grid. The objective is to enhance the

performance and reliability of power conversion systems that are central to the operation

of DCFCs. The complete proposed architecture is validated through megawatt-scale simu-

lations and a lab-scale hardware prototype.

Furthermore, this work addresses several fundamental challenges critical to the via-

bility of the proposed architecture. These include the design of various converters within

the system, comprehensive steady-state and dynamic modeling of the DC-DC converters,

and the development of control strategies to minimize sector distortion and improve the to-

tal harmonic distortion (THD) performance of unfolding-based architectures. Collectively,

these contributions not only enable the realization of the proposed architecture but also

offer insights applicable to a broader range of power electronics systems beyond this specific

application.

In addition, this dissertation outlines the future work required to make the proposed

architecture ready for pilot deployment in real-world environments.

Improvement in MV-connected unfolding-based architectures with hybrid

distribution

Unfolding-based quasi-single-stage architectures have been shown to offer superior per-

formance metrics compared to traditional multi-stage approaches. Hybrid distribution,

which incorporates both AC and DC buses, enables improved hardware utilization. Cur-

rent state-of-the-art systems employ a modular unfolding-based 3-ϕ AC-DC converter to

generate a DC bus, along with an additional DC-AC converter to supply an AC bus. How-

ever, the modular structure typically relies on a centralized controller for power sharing,
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which reduces system reliability and increases the design complexity of the DC-DC stage.

In addition, the AC-AC power conversion path involves two cascaded stages, resulting in

additional losses and complexity. This work addresses and improves upon these limitations.

The proposed architecture introduces a novel unfolding-based system with a hybrid

output to maximize the utilization of MV-connected hardware. It includes a modular DC-

DC stage, referred to as the DCX stage. Each module within the DCX stage operates

in a passive DC transformer (DCX) mode, enabling natural voltage sharing across series-

connected modules and supporting fully decentralized power-sharing control. Furthermore,

the AC-AC power conversion is accomplished using a single high-frequency stage, signifi-

cantly improving both system efficiency and simplicity.

Experimental hardware validates the feasibility of the proposed architecture, demon-

strating key advantages such as hybrid distribution capability, natural voltage sharing, and

improved AC-AC conversion performance. The DCX stage achieved efficiencies exceeding

97%, with overall three-phase AC-AC conversion efficiency reaching 96.5%. These results

represent a significant improvement over conventional multi-stage implementations. The

hardware implementations and results for the complete architecture are intended for publi-

cation in a peer-reviewed journal and are currently under internal review. Furthermore, a

patent application is currently in progress for the proposed architecture.

Additionally, a major contribution of this dissertation is the development of a topology

and control framework for the energy storage integration converter within the proposed

architecture. This includes the appropriate selection and operation of the converter topology

to enable reactive power control while interfacing with the time-varying voltage output of

the unfolder. The proposed approach has been validated through hardware experiments,

demonstrating effective reactive power control. The framework supports both reactive power

regulation and seamless battery integration, thereby enhancing grid compatibility for high-

power, intermittent loads such as DC fast chargers.

DCX Stage Design, Modeling and Hardware Validation
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The design and topology selection of the DCX stage, within the context of unfolding-

based architectures, revealed several key challenges that necessitate the use of topologies

capable of operating near or precisely at resonance. Through detailed analysis and founda-

tional modeling, topologies such as the Series-Bridge DCX (SB-DCX) and the dead-time-

controlled Dual Active Bridge with Series Resonant Converter (DAB-SRC) were identified

as practically viable candidates for integration with the unfolder.

This dissertation develops and presents modeling tools that enable the effective appli-

cation of these topologies in unfolder-based systems and in broader scenarios where DCX

operation is beneficial. For the SB-DCX topology, design and hardware validation were

carried out using a 10 kW prototype integrated with an unfolder, achieving efficiencies up

to 97%. Steady-state models based on state-plane analysis have been developed to support

the topology design under the unique requirements of unfolder operation. The results are

intended for publication in a peer-reviewed journal and are currently undergoing internal

review. Furthermore, appropriate design considerations for scaling the modules to higher

power levels are presented in Chapter 4.

For the DAB-SRC topology, it was identified that a minimum dead time is required

to ensure stable DCX operation with an unfolder while maintaining tolerance to practical

mistuning. Mathematical models were developed to predict this minimum dead time re-

quirement, enabling its robust operation not only in unfolding-based systems but also in

other applications that demand DCX functionality. These results have been published in a

peer-reviewed conference proceeding [41].

Dynamic Modeling of the SB-DCX Topology

The SB-DCX topology has recently gained attention for DCX applications; however,

its dynamic modeling has not been thoroughly explored. Dynamic models are essential

for designing the converter and analyzing the stability of the complete system. This work

investigates several approaches to dynamic modeling of the SB-DCX and proposes the use

of half-cycle-averaged modeling. This method yields convenient, scalable, and linear time-

invariant (LTI) dynamic models suitable for system-level analysis.
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Such models have been largely absent in the existing literature. This dissertation

presents intuitive and systematic techniques to derive half-cycle-averaged dynamic mod-

els that capture the large-signal behavior of the SB-DCX topology. The proposed model is

validated through both simulations and hardware experiments. These results, which demon-

strate the accuracy and applicability of the modeling approach, have been published in a

peer-reviewed conference [42]. The developed models significantly improve the converter

design process and enable comprehensive system-level stability analysis.

Controls to Minimize Sector Distortion

Unfolder-based architectures are susceptible to grid current distortions caused by switch-

ing events that occur six times per grid cycle—referred to as sector distortions. This dis-

sertation develops and validates control strategies specifically aimed at minimizing such

distortions, resulting in significant reductions in total harmonic distortion (THD).

Active damping is employed to mitigate distortion regardless of its origin, leading to an

approximate 50% reduction in THD for a 20 kW system. These results have been published

in a peer-reviewed conference [43]. Furthermore, the various causes of sector distortion

are systematically analyzed, and a predictive control mechanism is designed to anticipate

and suppress distortion before it occurs. The effectiveness of the proposed control method

has been demonstrated in another peer-reviewed conference [44], confirming its applicability

across a wide range of unfolding-based architectures and addressing one of the key drawbacks

of such systems.

8.1 Future Work

Future research efforts are required to build upon this dissertation and enable the

development of a complete multi-megawatt system suitable for pilot deployment of the

proposed architecture. Key aspects to address include:

8.1.1 System-level Design and Stability Study for Optimized Performance and

Reliability

A comprehensive system-level design procedure for multi-megawatt power processing
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capacities needs to be developed. This includes sizing the energy-storage interfacing con-

verter and determining the optimal sizing of each DC-DC module interfacing with the EVs.

Furthermore, conducting detailed system-level stability analyses (using the proposed SB-

DCX dynamic model) of the complete architecture is essential, encompassing interactions

with the grid, multiple charging modules, and the DCX stage under varying operating

conditions.

8.1.2 DCX Module Failure Analysis for Enhanced System Robustness

A key limitation of the proposed converter architecture is its response to the failure of

one or more DCX modules in the DCX stage. In the current design, the failure of a single

DCX module can cause the 3-ϕ output bus voltage to rise above the intended level. Since

the DCX stage is unregulated, this overvoltage could necessitate shutting down the AC

bus if no secondary mechanism exists to control the output voltage. A detailed analysis of

such failure scenarios is needed to develop strategies that allow continued operation despite

module failures, thereby improving overall system robustness.

8.1.3 DCX Stage Design Optimization to Improve Performance

Optimizing the design of the DCX stage at multi-megawatt power levels for enhanced

power density, efficiency, and cost-effectiveness, with consideration of advanced magnetic

and thermal management strategies. This includes determining the optimal number of DCX

modules in the ISOP configuration, accounting for factors such as switching device tech-

nology, series-bridge losses, transformer size and losses, and grid-filter sizing. Additionally,

incorporating transformer-level paralleling into the analysis could further improve perfor-

mance and design flexibility. Finally, performing a comprehensive failure-mode analysis of

the DCX stage will help establish system-level operating strategies and control procedures

to maintain functionality in the event of a DCX module failure.
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8.1.4 Bidirectional DCX Topology Study to Enable Bidirectional Power Trans-

fer

Future work will focus on validating DCX topologies capable of supporting bidirec-

tional power flow. While the current implementation of the SB-DCX topology operates

unidirectionally, enabling bidirectional operation requires bidirectional switches and appro-

priate control strategies. To achieve bidirectional capability with improved efficiency and

reduced complexity, alternative solutions that avoid the need for bidirectional switches in

the SB should be explored. One promising approach is the use of the DAB-SRC topology

with dead-time control, which offers potential for bidirectional operation when combined

with an unfolder; however, hardware validation remains necessary to confirm performance

under mistuning conditions. Additionally, implementing an SB capacitor, as illustrated in

Fig. 8.1, could further reduce the number of required switches in the SB, providing a simpler

and more cost-effective solution.
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Fig. 8.1: Modified Series Bridge to enable bidirectional operation without increase switch
count
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