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SUMMARY  

Over the past decade, electricity generation and consumption patterns have 

undergone a profound transformation. The rapid and large-scale adoption of renewable 

energy sources has dramatically reshaped generation dynamics and challenged the 

traditional producer-consumer model. In parallel, the emergence of new electricity usages 

ð such as electric vehicles fast charging, large-scale artificial intelligence data centers and 

the resurgence of domestic manufacturing ð has reversed a decades-long trend of 

declining peak electricity demand and disrupted traditional load profiles.  

These shifts are placing significant strain on the aging power grid infrastructure. 

The growing integration of inverter-based resources has introduced new challenges for grid 

stability due to their lack of inertia and inherent variability. Interconnection queues have 

ballooned to unprecedented levels, and long delays in energizing new projects are now 

common at all levels of the grid. In response, many new grid connections across the 

residential, commercial, and industrial sectors now seek to integrate energy storage, 

generation and loads in a single location. This evolution marks a paradigm shift toward 

distributed, flexible, and resilient energy systems. Microgrids, once considered a niche 

solution, have become central to grid modernization efforts by enabling coordinated 

integration of multiple energy sources and loads. However, their deployment remains 

constrained by the limitations of conventional power electronics and typically requires 

separate, single-function converter for each asset. This fragmented approach complicates 

coordination, protection, and control, increases system cost and footprint due to duplicated 

conversion systems and stages, and reduces overall efficiency. 



 xxiii  

To address these challenges, there is a growing need for new multiport power 

converters (MPC) capable of interfacing multiple sources and loads within a single-stage 

conversion structure. Although this has been recognized early on, most proposed MPC 

architectures in the literature remain highly specialized, rigid, and do not scale well. 

Proposed designs typically support only a few ports ð often limited to three or four ð

with fixed connection characteristics targeting very specialized applications. Most of the 

research has focused on DC-only configurations, with galvanic isolation achieved in only 

a few cases through complex magnetic designs. MPCs incorporating AC ports are rare and 

generally limited to one AC and a couple of DC connections. Overall, existing MPC 

approaches lack the flexibility, scalability, and integration capabilities required to meet the 

growing demands of modern microgrid applications. 

This dissertation introduces and extends two families of single-stage four-quadrant 

soft-switching current source converters to realize new flexible MPCs. The multiport soft-

switching solid-state transformer (MS4T) family builds upon the previously introduced 

S4T topology, extending it to an MPC structure with high-frequency isolation. The newly 

proposed multiport soft-switching current source inverter (MSSCSI) family offers a non-

isolated MPC solution that trades isolation for increased power density. Both converter 

families can support an arbitrary number of ports, with each port fully configurable for AC 

and DC connection and bidirectional power flow. The use of four-quadrant zero-voltage 

switching (ZVS) techniques ensures high and symmetrical conversion efficiency across all 

ports and operating modes and supports active modulation of every port within the 

switching cycle. Additionally, the current-source nature of the topologies simplifies 

paralleling, enabling straightforward power scaling. 
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The underlying topologies and operating principles of the MS4T and MSSCSI 

families are presented in this work, and their unique features for multiport operation are 

highlighted. Novel control techniques and modulation principles are introduced to enable 

the operation of the two converters families under the challenging multiport four-quadrant 

conditions. A new universal resonant transition control strategy is developed to ensure 

robust soft-switching and protect the semiconductors from destructive stress under large 

transients. A novel generalized modulation scheme is also proposed to eliminate 

semiconductor overvoltage stress under four-quadrant multiport conditions. Both 

techniques are validated experimentally using MS4T prototypes.  

Key design considerations of the converter families are also introduced in this 

dissertation. A detailed analysis and optimization framework is presented to select the 

Pareto-optimal resonant circuit elements and optimize performances across the multiport 

application space. The results are validated through simulation and experimental testing. 

Furthermore, the DC-link magnetics, that operate under DC bias flux conditions in both 

families, are designed using nanocrystalline materials, which are experimental 

characterized in this work under those atypical conditions. The results indicate a more 

pronounced increase in core losses under DC bias than previously reported in the literature, 

informing the design of efficient magnetic components for both the MS4T and MSSCSI.  

The MSSCSI family is based on a novel topology derived in this research that has 

not been previously reported in the literature. A prototype MSSCSI has been built to 

experimentally demonstrate and validate its fundamental operating principles under 

multiport DC-DC-DC and DC-DC-σ‰AC configurations.  



 xxv 

Finally, to support and enable the next generation of flexible, scalable and high-

performance multiport power electronics systems, a novel system architecture is proposed 

based on the MS4T and MSSCSI building blocks. Main design principles and fundamental 

control strategy are introduced and illustrated through simulation of a representative 

500kW multiport system.   
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CHAPTER 1. INTRODUCTION  

1.1 Problem Statement 

The past decade has witnessed a profound transformation in electricity generation 

and consumption patterns. Driven by plummeting levelized cost of energy (LCOE) and 

growing environmental awareness, the adoption of renewable energy sources such as PV 

and wind has increased exponentially and reached an all-time high of 25 GW deployed in 

2023 (PV capacity amounted to 18.4 GW of deployment), accounting for 73% of new 

generating capacity added to the U.S. power grid in the same year. Renewable energy 

sources, including grid-scale battery storage, are once again set to have far outpaced 

conventional generating capacity deployment in 2024, accounting for 94% of new 

deployment in the latest EIA estimates [1]. 

Over the same period, new energy usages have emerged, quickly reshaping 

traditional load patterns. That is the case of electric vehicles (EV) DC fast charging (DCFC) 

that requires large amount of DC power over short periods of time, resulting in very poor 

load factors and a challenging charging infrastructure deployment model for utilities and 

operators alike. A record 1.2 million electric vehicles were sold in the U.S. alone in 2023, 

accounting for 16.3% of light-duty vehicles (LDV) over the same period, up from 12.9% 

of total sales in 2022 [2]. Even stronger electric vehicle penetration has been reported in 

Europe and Asia. An estimated 3.3 million EV LDVs were road registered in 2023 in the 

U.S. and together consumed an estimated 7,596 GWh, five times the estimated 

consumption of 2018, and surpassing for the first time the annual electricity consumption 

by all domestic railway systems [3]. NREL estimates that the peak hourly load from EV 
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charging could reach 82 GWh/h and amount to an annual load of 400 TWh in 2036 across 

the U.S. [4]. Another transformational energy usage lies in the exponential growth of data 

center operations in the U.S. and worldwide, driven by the increase demand in cloud 

computing and digital services as well as the broad emergence of vastly more-energy 

intensive generative artificial intelligence (AI) models. In 2023 data centers accounted for 

150 TWh or 4% of the total U.S. generation, up from an estimated 80 TWh in 2020, and 

are projected to balloon to approximately 400 TWh/yr or 9.1% of the total U.S generation 

by 2030 according to a recent study by EPRI [5]. It is not unusual for new datacenters 

deployments to be built with capacities ranging from 100 MW to 1000 MW (roughly 

equivalent to the loads from 800,000 homes). This represents unprecedented new large 

point of loads to be connected to the grid in one to two years and challenges established 

utility planning models ï new transmission and generation typically take 5 to 10 years to 

deploy ï resulting in serious local and regional electric supply challenges.  

The rapid change in electricity production and usage patterns, combined with this 

renewed and extreme load growth, is bringing tremendous strain on the aging electric grid 

ï most of the U.S. power grid has been built in the 60s and 70s. The North American 

Electric Reliability Corporation (NERC) in its 2024 long term reliability assessment 

reported steeper electricity peak demand and net energy forecast growth than at any point 

in the past three decades, as shown in Figure 1.1 [6]. This continues the sharp reversal of 

forecasted growth rates observed since 2022, ending an almost two-decade long trend of 

falling or flattening load growth. In another trend highlighting the heightened tension 

imposed on the power grid, the Lawrence Berkeley National Laboratory reported the 

largest interconnection backlog to date, with nearly 2600 GW of cumulated interconnection 
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request in queue by the end of 2023, including over 900 GW of interconnection request 

added in 2023 alone. The typical wait time in the queue, from interconnection request to 

actual start of construction, more than doubled from less than 2 years for projects built in 

2000 - 2007 to 5 years for those built in 2018 ï 2023 [7]. 

Grid volatility has reached unprecedented levels due to the rising integration of 

inverter-based resources (IBRs) such as solar PV and wind, which inherently lack inertia 

and robust ride-through capabilities. This volatility is further exacerbated by the 

increasingly variable and less predictable generation and demand patterns across both time 

and geography [8]. To maintain controllability and reliability, additional flexible grid 

resources that can be dispatched on demand are needed [6]. Battery Energy Storage 

Systems (BESS) are being deployed at an unprecedented rate to provide some relief. The 

U.S. grid BESS capacity is expected to have nearly doubled in 2024 to reach roughly 30 

GW installed and representing 23% of new grid capacity added in the year. In 2023 alone 

Figure 1.1: 10-year summer and winter peak demand growth and rate trends.   
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6.4 GW of new BESS was added to the U.S. grid [1]. Out of the 2600 GW interconnection 

backlog, 1030 GW of BESS are actively seeking connection. More importantly, over half 

(53%) of all solar projects in the queue now include collocation of battery storage, referred 

to as óhybridô project in Figure 1.2 [9]. Similarly, over half of the planned BESS 

deployments are collocated with some other energy source. In other words, virtually all 

power generation projects seeking interconnection this year include battery energy storage.  

This is indicative of a trend happening throughout the entire power grid, from the 

bulk power system down to the distribution system, where new grid connections now 

require interfacing, and coordinating, more than one energy source (e.g. PV) and load (e.g. 

battery, facilities, etc.) at the same point of coupling. At the grid edge, EV charging stations 

increasingly seek to integrate on-site solar and battery storage to minimize utility upgrade 

Figure 1.2: Capacity in interconnection queues 2014 ï 2023 by resource type and 

deployment type. Hybrid includes battery storage and energy resource. 

Standalone is energy resource deployment alone.  
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and reduce energy cost  [10], [11], [12], [13]. Residential solar PV included battery storage 

in 60% of new deployment in 2024 nationwide up from 33% in 2023 according to a leading 

residential solar provider [14]. Larger industrial loads and datacenters also increasingly 

collocate with on-site or nearby generation and storage [15], [16]. The principle of 

deploying multiple energy sources and storage together with site loads has been known for 

over a decade as microgrids and has been shown to reduce cost of energy and increase 

resiliency. This is now becoming critically important as the energy system continues to 

grow. Microgrids are also gaining national interest in an effort to enhance the resiliency of 

the power grid with several large scale initiative including the Department of Energy 

(DOE) Grid Resilience and Innovation Partnership (GRIP) Program [17]. 

Power electronics is at the forefront of this unprecedented energy landscape 

transformation. Most new grid connections require power electronics conversion, and in a 

lot of deployments, the coordination and control of more than one energy source, storage 

and load is necessary. Today, this is achieved using a collection of separate power 

electronics systems, each dedicated to the connection of one asset (e.g. solar inverter for 

PV, battery inverter for BESS, EVSE for EV charging, etc.), and ultimately paralleled 

behind the same point of common coupling (PCC) to interface with the grid. The 

coordination, protection and control of this disparate set of power electronics systems is 

complex, lengthy and expensive, and significant overbuild is inevitable with the 

duplication of power conversion functions. The space required for deployment is also a 

challenge in most grid-edge applications. Figure 1.3  shows an example of a state-of-the-

art electric truck charging microgrid facility deployed by Prologis and Maersk in 2024 [18]. 
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The facility includes 9MW of DCFC, 18MWh of BESS and 2.75MW of generation, 

 claiming an estimated 440 ft x 65 ft for the microgrid power system alone.  

Most of the power electronics research over the past few decades has been focused 

on the improvement of single-function power electronics, highly specialized devices 

targeting specific applications. Through topology innovation, modulation and controls 

advancements, improvements in power semiconductors, passive components, magnetics, 

packaging, cooling techniques, and many more achievements, power electronics is now 

ubiquitous, and has reached an incredible level of performance, reliability, density, while 

continuously decreasing in cost. There is no doubt the next decades will continue to see a 

multitude of accomplishments in this exciting field. 

However there has not been significant focus on the development of flexible and 

ómultiportô power electronics designed to directly interface with, and control, multiple 

Figure 1.3: Example of state-of-the-art 2024 electric truck charging microgrid 

facility by Prologis and Maersk with 9MW DCFC, 18MWh BESS and 2.75MW of 

flex-fuel generation. Estimated 440ft x 65ft footprint for power equipment.  
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sources and loads in a single conversion structure. There now is a pressing need for such 

multiport power electronics, to simplify, accelerate and support the new multi-source 

multi-load grid deployments required by the ongoing energy transition and insatiable 

power demand. 

A few system-driven requirements can be identified for future multiport power 

electronics: 

¶ Native multiport conversion: the multiport functionality should be achieved 

with a single-stage multiport converter, not through interconnection of multiple 

single-input and single-output power converters. This is critical to maximize 

power electronics utilization and defines true multiport power electronics. 

¶ Multiport energy routing: multiple (i.e. more than three) electrical connection 

ports with fast, simple and coordinated control of bidirectional power flows 

from any port to any port, and many ports to many ports.  

¶ Flexible: no predetermined and fixed port function. All ports should be 

identical, support bidirectional power flow, and be capable of AC or DC 

operation. This is to standardize the hardware. The application-specific 

configuration should be done in software. 

¶ High and symmetrical efficiency: the conversion efficiency should be identical 

from any port to any port. High efficiency should be achieved, at comparable 

levels to that of single-function power electronics. 

¶ Modular: use modular multiport power electronics building block that can be 

containerized for rapid deployment and easily replaceable in the field. 



 8 

¶ Scalable: the power electronics should be able to parallel at scale to address 

deployment size ranging from 500 kW to 20 MW or more. High frequency 

galvanic isolation may be required in many deployment cases.  

1.2 Research Scope and Objectives 

The objective of this research is to develop new multiport converters to serve as a 

building block for multiport power electronics systems that can realize the desired 

functionality detailed above. Two single-stage four-quadrant soft-switching current source 

converters are presented to enable multiport power electronics. One based on an extension 

of the soft-switching solid-state transformer (S4T) to full multiport operation, the other 

based on a novel soft-switching current source inverter (SSCSI) trading off high-frequency 

galvanic isolation for increased power density. Both converters realize zero-voltage 

switching (ZVS) across the entire load range and under four-quadrant operation. This is 

crucial to natively support a multiport conversion structure with flexible AC/DC 

bidirectional ports, and enable all ports to be modulated in every switching cycle for fast 

and precise power flow control. 

The main objectives of this work are: 

¶ Derive and extend the fundamental topologies and switching principles for 

single-stage multiport operation. 

¶ Develop and generalize the modulation and switching control mechanisms 

under multiport four-quadrant operation, including strategies to minimize 

device stress in the single-stage current-source multiport structures. 



 9 

¶ Design, optimize and demonstrate single-stage multiport power electronics 

building blocks from the topologies presented in this work. 

¶ Introduce system-level design considerations and architecture for future 

multiport power electronics systems using the single-stage multiport power 

electronics building blocks. 

1.3 Outline of Chapters 

CHAPTER 2 provides a review of traditional architecture for microgrid deployments 

as well as prior work on multiport conversion available in the literature. Key features and 

limitations of the various approaches are discussed. This chapter also includes a review of 

soft-switching techniques in four-quadrant converters found in the art, an enabling feature 

in the proposed work, and discusses some of the challenges with the existing methods.   

CHAPTER 3 presents the two families of soft-switching current source topologies 

proposed in this work to serve as a building block in future multiport power electronics 

systems. The fundamental working principles, the extension to multiport operation, and the 

key features of both families are discussed in detail. 

CHAPTER 4 introduces a novel universal resonant transition control strategy to 

enable a robust and reliable operation of the two converter families under the demanding 

multiport four-quadrant conditions considered in this work, and to ensure universal ZVS 

soft-switching. The approach relies on new sensing circuits and control mechanisms and is 

demonstrated both in simulation and through experimental results presented in this chapter. 
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CHAPTER 5 presents a new generalized modulation scheme to eliminate the 

overvoltage stress phenomenon observed across the reverse blocking switch positions of 

the converter families, particularly under four-quadrant multiport operation. Detailed 

analysis and experimental results are provided to support the universal approach. 

CHAPTER 6 provides a complete closed-form modeling of the resonant circuit 

dynamics used in the two converter families and introduces an optimization framework to 

help select the resonant elements in the complex multiport conversion design space. 

Simulations results are presented to validate the analytical derivations, and experimental 

measurements are used to confirm the modeling work. 

CHAPTER 7 reports the new experimental findings generated in this work on the 

impact of DC flux bias in nanocrystalline cores. It is shown that DC flux bias conditions 

appear to significantly increase core losses when superimposed to an AC flux ripple, 

beyond the displacement levels reported previously in the limited literature available on 

the effect. The results are important for the design of the magnetics in the proposed 

multiport power electronics building blocks, and may find applications in other current 

source topologies.  

CHAPTER 8 presents experimental results for the novel non-isolated soft-

switching current source inverter topology family proposed in this work. The results 

detailed in this chapter provide the first experimental validation of the topology in the art. 

CHAPTER 9 introduces a multiport power electronics system architecture 

leveraging the new multiport converter building blocks proposed in this work. Key system 

design considerations, fundamental control architecture and system simulation results are 
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provided. A brief system-level comparison against the conventional microgrid deployment 

approach is also included to highlight the anticipated benefits of the new architecture 

enabled by this research. 

CHAPTER 10 presents the conclusions of this dissertation, summarizes the main 

contributions from this research and suggests a few directions for future work.  
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CHAPTER 2. LITTERATURE REVIEW AND PRIOR ART   

2.1 State of the Art in Multiport Conversion 

The need for new power electronics systems to act as flexible grid interface 

coordinating multiple AC or DC energy sources and loads has been identified over a decade 

ago. In a 2011 paper [19] a fittingly named óenergy routerô concept is introduced that offers 

an integrated device with three bidirectional interface ports: one medium-voltage 3-phase 

grid connection, one 3-phase AC port connection (up to 480V) and one DC port (400V). 

While this provided the basis for a tri-port grid interface system, an unusual concept for 

the grid of the time, the unprecedented change in the power system driven by the 

óelectrification of everythingô and decarbonization effort now require larger scale (i.e. more 

ports), flexible and standardized multiport power electronics solutions. It is also clear that 

although MV solid-state transformers (SST) capable of direct connection to the medium 

voltage distribution system (> 7.2kV AC) have been the óholyô grail of power electronics 

for many years and have attracted significant research of their own, a MV interface is not 

essential to achieve the functionality expected of multiport electronics systems and may 

instead limit the flexibility and scalability of the structure. The converse is also true, 

multiport structures integrated with the MV interface might unnecessarily add complexity 

to an otherwise elegant SST front end. Instead, it is felt that multiport electronics should 

be investigated and developed separately from the MV SST track, in alignment with the 

current research effort in the area, and as is the case in this work. 
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2.1.1 Conventional Hybrid Power System Architecture 

The most common approach to realizing a multi-source, multi-load system is to 

dedicate one power electronic system per asset (source/load) and interconnect these 

through a common bus for power exchange. This approach has been extensively used in 

hybrid solar and battery storage deployments, and is perhaps best captured in modern DC 

fast charging stations where renewable energy sources, battery storage and multiple large 

DC loads (electric vehicles) are interconnected and coordinated behind a common utility 

connection point (PCC) [11], [20]. Two main architectures are possible as shown in Figure 

2.1, depending on the interconnection bus used: AC interconnection (Type I) or DC 

interconnection (Type II). The type II architecture presents some advantages in terms of 

power transfer efficiency between the DC sources and loads, and reduces the number of 

power stages when high frequency isolation is required between DC assets. This is because 

high frequency isolation is predominantly achieved in a DC/DC conversion stage such as 

a dual active bridge (DAB) and an inversion back to AC coupled architecture would require 

an additional DC/AC stage. However, increased complexity in the protection of Type II 

and the broader commercial offering of conversion systems designed to connect to the AC 

grid (e.g. solar inverter system, AC-coupled battery energy storage system, fast charger 

system, etc.) make architecture Type I the most commonly used today.  

The limitations of this system architecture relying on multiple conventional single-

input single-output power conversion systems, one per source or load, were understood 

early on [21]. Aside from the apparent system overbuild caused by the multiplication of 

power conversion systems, leading to increased cost and large system footprint, there are 

numerous challenges in the control and fault protection of this architecture. The control   
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Figure 2.1: Hybrid power system architecture types. 
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requires fast communication between the individual conversion systems, and often a 

redesign of the control loops of the individual converters. The addition of a site-level 

master control is also necessary to ensure proper coordination. This is a particularly tedious 

task that is very specific to each deployment given the wide variety of commercial 

conversion systems used, each with different pre-defined control strategies, which adds 

significant engineering cost and time to the project and does not scale. The protection 

nearly always demands a complex switchgear with dedicated breakers per static converter 

system to meet local protection and certification standards, again adding to the deployment 

size, complexity and cost.  

Another issue is the inherent low utilization ratio or load factor of this architecture. 

Analyzing the ratio of the average power flow through a given power converter system 

over a period a time (e.g. 24-hour window) to the nameplate power rating of that same 

system, it is straightforward to recognize that any power converter system dedicated to the 

connection of largely variable source or load will show a low utilization ratio. As one of 

the main drivers for hybrid power systems or multi-source multi-load deployments is the 

interconnection of varying sources (e.g. solar PV) and varying loads (e.g. EV fast charger, 

battery storage system), this architecture is bound to suffer from poor utilization ratio 

overall, further highlighting its inefficiencies.   

2.1.2 Multi-converter Multiport Power Electronics 

A first natural approach at developing multiport power electronics solutions is to 

integrate all power converters for multiport functionality in a self-contained system. The 

most commonly used structure follows architecture Type II show in Figure 2.1, where the 
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required voltage source converters (DC/AC or DC/DC) are coupled together through a 

common DC bus internal to the self-contained system. If high frequency isolation is 

required on some ports, a dual active bridge structure is commonly used, in series with a 

AC/DC stage in case the isolation is to be offered on an AC port. This method was used 

early on in [22], [23] and continues to attract research interest in more recent years [24], 

[25], [26]. In [22] four single-phase bidirectional AC ports are offered in a fully integrated 

system through the connection of four separate H bridges on a common DC bus. In [23] a 

three port system with one unidirectional DC port for solar connection, one bidirectional 

DC charging port and one single phase bidirectional AC utility connection is demonstrated 

at 3.3kW. This is again achieved by sharing the DC bus of a conventional boost converter, 

an interleaved bidirectional DC converter and a single-phase H bridge inverter. In [24] the 

authors proposed and demonstrated a 30kW five port integrated system, with two 3-phase 

bidirectional AC ports, one bidirectional controlled DC port, one direct connection to the 

Figure 2.2: Five port multi -converter integrated system following hybrid  

architecture type II . 
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common DC bus and one low voltage isolated unidirectional DC load port as shown in 

Figure 2.2. In [25] a four port system is studied that provides one bidirectional DC port for 

battery storage connection, two unidirectional DC ports for solar and EV charging, and one 

single phase AC port for grid connection ï all through the DC interconnection of one buck, 

one boost, one synchronous boost and one full bridge inverter. In [26] two DC ports 

isolated from a split phase AC port are offered in a traditional back-to-back DAB and split 

phase inverter structure.  

A hybrid architecture with both AC coupled and DC coupled converters has also 

been studied as an alternative to Type II with some advantage on efficiency when 

transferring power between AC sources and loads without going through a two stage 

rectification and inversion as in the DC coupled case [27], [28].  

The majority of the work with this approach has been focused on the derivation of 

the control structure and verification of stable operation under the various power flow 

conditions [22], [23], [24], [25], [26], [27], [28]. As compared to the conventional 

deployments detailed in 2.1.1 that used separate and diverse power electronics systems, the 

integrated design of this architecture addresses some of the control challenges previously 

identified. These arrangements have now been designed to behave as a cohesive fully 

integrated multiport conversion system from their very inception, and aim to minimize the 

additional system engineering required during deployment. It can also be argued that the 

collocation of the multiple power converters in a single enclosure and the sharing of some 

of the ancillary systems (e.g. sensors, controllers, thermal management) bring some space 

and cost savings. Yet there are no topological improvements with this ósystem-in-a-boxô 

approach. The multiple converters used, one per source or load, and the multiple 
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conversion stages in the power path still result in a poor utilization factor of the overall 

structure and impact the conversion efficiency. Further, the structures considered are 

inflexible, with a preset configuration of ports offered and type (AC or DC, unidirectional 

or bidirectional, isolated or non-isolated) and are difficult to scale to larger number of 

connection ports. It is clear that the introduction of new conversion topologies with 

intrinsic multiport structure is required to further improve the performance of the next 

generation of multiport energy conversion systems. 

2.1.3 Multiport DC Converters 

A number of topologies have been presented in the literature to realize a multiport 

converter (MPC) offering several connection ports in a single conversion structure. Most 

of the focus has been and continues to be on multiport DC converters (MPDC) supporting 

more than two DC ports within a single stage topology [29], [30].  Originally proposed for 

solar farm with multiple PV string management and hybrid vehicle drivetrains, MPDCs 

have found heightened interest in solar and storage deployments [31] and multi-source DC 

fast charging [32]. MPDCs topologies have commonly been classified into three categories, 

based on the galvanic isolation offered: non-isolated, partially isolated and isolated as 

shown in Figure 2.3.  

Non-isolated MPDCs do not provide galvanic isolation between the ports and are 

the most common category found in the literature. They derive from the combination of 

basic converter switching cells such as buck, boost, buck-boost, SEPIC or more complex 

structures employing capacitive or inductive coupling to achieve higher voltage conversion 

ratios. Compared to Isolated MPDC topologies they tend to offer higher efficiencies and  
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Figure 2.3: Multiport DC converter (MPDC) classification based on isolation 

characteristic. (a) Non-isolated, (b) Partially isolated, (c) Isolated.  
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reduced switch count, yet high conversion ratios remain challenging, and galvanic isolation 

is increasingly required in modern MPC applications.  

Fully isolated MPDCs provide galvanic isolation between every port, Figure 2.3(c). 

Two categories of fully isolated topologies have been explored in the literature, either using 

a multi-winding transformer design or coupled two-winding transformers [31], [33].  

The multi-winding transformer topologies derive from the well-known DAB [34] 

first adapted to a tri-port structure (TAB) offering three DC ports with full galvanic 

isolation through a three-winding transformer, and later on extended to N isolated DC ports 

in the multi active bridge (MAB) using a N winding transformer as shown in Figure 2.4(a). 

Several control strategies of the TAB and MAB topologies were introduced in the art [35], 

[36], [37], yet the strong cross-coupling of the power flows between the ports creates 

serious controllability challenges especially as the number of ports increases. The soft-

switching operation originally offered in the DAB is also extremely difficult to achieve 

across the wide range of operating conditions. Further, the design of the multi-winding 

transformer quickly becomes a limiting factor in scaling the topology. Core saturation 

challenges are also a frequent issue in the DAB and derivative topologies. For these 

reasons, and while the TAB and MAB theoretically offer an elegant fully isolated MPDC 

structure, practical demonstrations have been limited to four DC ports and modest power 

levels. 

Another, less studied approach is to use coupled two-winding transformers to 

provide full isolation between multiple DC ports. A few concepts have been proposed 
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recently around modified TAB structures in the dual-transformer asymmetrical triple-port 

active bride (DT-ATAB) [38] shown in Figure 2.4(b), and the dual-transformer triple-port 

active bridge (DT-TAB) and its extension to N ports [39], shown in Figure 2.4(c). The 

main motivation is to minimize the power flow coupling between the ports for improved 

controllability over the TAB and MAB structures, at the cost of increased magnetics size 

Figure 2.4: Fully isolated MPDC topologies: (a) multi active bridge (MAB), (b) 

dual-transformer asymmetrical triple-port  active bride (DT-ATAB), (c) dual-

transformer triple -port active bridge (DT-TAB) .    
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and increased total core loss. In this category again, the extension to a higher number of 

ports becomes exponentially challenging and implementations in the literature have been 

limited to triport isolated MPDC to date. 

Partially isolated MPDCs provide galvanic isolation between subsets of DC ports 

but not between DC ports within the same subset. The most common structure provides 

isolation between two sets of DC ports as shown in Figure 2.3(b). Besides non isolated 

MPDCs, partially isolated MPDCs are the second most studied approach in the literature 

and have been achieved with many different topologies. Virtually all proposed structures 

build from a conventional DC/DC isolated topology such as the DAB or LLC converters 

or some centered-tap transformer structure to which additional DC ports are added on either 

side of the high frequency transformer, through supplemental switching cells or connection 

to existing switching node via interleaving inductors [29], [31]. An example of a modified 

partially isolated DAB derivative presented in [40] is shown Figure 2.5(a), with four DC 

ports and galvanic isolation between ports { 1,2}  and ports { 3,4} . In [41] a modified half-

bridge structure is proposed to realize a partially isolated four-inputs one-output structure, 

shown in  Figure 2.5(b). Existing switching nodes can also be leveraged in conventional 

isolated DC/DC topologies such as in [42] where a full-bridge LLC structure is turned into 

a triport partially isolated MPDC with the addition of a third connection port using 

interleaving inductors connecting to the phase legs, Figure 2.5(c). The main advantage of 

partially isolated MPDC is to offer a flexible grounding scheme through a number of 

independently isolated DC port sets, typically two, while offering simpler magnetics 

design, reduced semiconductor count and higher power density than fully isolated MDPCs. 

This helps explain their popularity amongst MPDCs with galvanic isolation. 
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Although MPDCs have attracted most of the research effort in multiport converters 

over the past 15 years, virtually all proposed implementations remain very specialized for 

a single and specific application. They are isolated, non-isolated, partially-isolated 

MPDCs, come in single input multiple output (SIMO), multiple input single output (MISO) 

Figure 2.5: Partially  isolated MPDC topologies: (a) DAB derivative [39], (b) half-

bridge derivative [40], (c) full bridge  LLC  derivative [41].    
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or multiple input multiple output (MIMO) configurations, offer an eclectic set of 

unidirectional and bidirectional ports, and support buck or boost functionality, again 

specific to each port.  

An example of highly specialized non isolated MPDC is introduced in [43] where 

three unidirectional DC ports and one bidirectional DC port are realized using a 

combination of buck-boost and boost switching cells for solar, storage wind and DC load 

residential microgrids. In [44] the authors introduce a bidirectional non-isolated buck-boost 

MPDC with three DC ports for hybrid battery and ultracapacitor energy storage system. A 

high-gain triport non-isolated MPDC is proposed in [45] based on boost and flyback 

derivatives to interface a fuel-cell and low-voltage battery of hybrid electric vehicle to a 

higher voltage unidirectional load port. Another recent example of specialized partially 

isolated triport MPDC is proposed in [46] to interface two low voltage battery buses at 12V 

and 48V, respectively, to an isolated higher voltage energy storage battery in EV 

applications. While most of the work reported in the literature focuses on voltage-source 

based structures with limited number of ports, some efforts were presented in [47], [48] to 

develop a scalable non-isolated MIMO MPDC with N input and M output ports, using a 

current source structure. Yet the structures introduced only support unidirectional power 

flow. In [48] a high-frequency resonant link is further introduced to offer zero voltage 

switching and achieve higher efficiency. This has been a general trend in MPDC 

development where the addition of soft-switching mechanisms become increasingly 

important to maintain good efficiency with a higher number of ports where multiple 

switching actions are required per cycle, and to limit EMI challenges [29]. A noteworthy 

attempt at realizing a flexible isolated MIMO MPDC with symmetrical and reconfigurable 
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port is introduced in [49] based on a MAB architecture. While this brings much needed 

flexibility to the very specialized architectures more commonly found in the literature, the 

magnetics design and the controls, owing to the underlying MAB architecture, become 

incredibly complex and limit scalability. 

Another clear and intrinsic limitation of MPDCs is their inability to process AC 

power flow. It is straightforward to build an MPC with AC ports by adding inversion stages 

to the DC ports of any of the MPDC structures and this has been explored at length in the 

literature, particularly when galvanic isolation is required. However, the double conversion 

stage thus realized results in lower efficiency, high semiconductor count and poor power 

density. Instead, some work has been proposed to realize single stage multiport AC 

converters (MPAC) as detailed next. 

2.1.4 Multiport AC Converters 

Multiport AC converters (MPAC) offer several AC port connections in a single 

conversion structure or a set of AC and DC ports. The latter converter is also sometimes 

referred to as single stage multiport inverter in the literature. A first simple strategy to 

realizing a non-isolated MPAC is to add phase legs to a conventional two-level voltage 

source inverter (VSI) and thus provide additional DC or AC connection ports sharing the 

same voltage DC link bus. For a unidirectional DC port, the conventional 3-quadrant 

MOSFET and antiparallel diode leg configuration can be reduced to a simple buck or boost 

leg and a connection to one of the DC poles is possible. This rudimentary structure, shown 

in Figure 2.6(a), has been investigated in early MPAC publications and continues to attract 

some research interest including around controls refinements [50].  
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Another approach is to add additional switching cells to traditional two-level 

inverter topologies in series with the DC-link [51],[52], as shown in Figure 2.6(b). This 

generally allows for the dynamic series connection of the various DC ports and creates an 

additional degree of freedom in the resulting compounded DC-link bus voltage for the 

Figure 2.6: Non-isolated MPAC topologies: (a) VSI expansion, (b) Multi DC-

source inverter [51], (c) Triport structure with passive integration of second DC 

source [52].    
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operation of the conventional VSI bridge interfacing to the AC port. However, the number 

of semiconductor devices increases quickly with the number of DC ports offered. Practical 

demonstrations thus far have been limited to two DC ports and one 3-phase AC port. 

Similar to the MPDCs detailed previously, it is also possible to connect a second 

DC source to conventional two-level voltage source inverters using paralleling inductors 

interfacing with the switching nodes of the phase legs [53]. As shown in Figure 2.6(c) a 

triport with two DC sources and one 3-phase AC port is realized without additional 

semiconductor but at the cost of reduced controllability of the conventional VSI bridge and 

strict limitations on the ratio of the two DC source voltages. 

While two-level VSI are a natural first avenue to derive non-isolated MPAC 

structures, most of the research on MPACs in recent years has developed from multilevel 

VSI topologies [54]. In [55] the authors derived a triport non-isolated MPAC with two 

bidirectional DC port and one three-phase bidirectional AC port from the conventional 

three-level neutral point clamped (NPC) and T-type NPC. The basic principle is to consider 

the conventional split DC bus as offering two distinct DC source connection points, without 

any topological modifications, as shown in Figure 2.7(a). However, the modulation and 

control strategy need to be adapted to accommodate the additional control of the two 

sources. Similarly in [56] a conventional three-level active neutral point clamped (ANPC) 

is modified to include a floating voltage source or DC port per ANPC cell. The resulting 

MPAC, shown in  Figure 2.7(b) can connect three floating bidirectional DC ports, 

identified by the authors for battery connections, a bidirectional DC port and a three-phase 

AC port. Yet the control strategy of the structure is complex and additional voltage stress 

on the semiconductors is unavoidable. Similar concepts can theoretically be applied to any 
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N-level multi-level topologies to realize a bidirectional non-isolated MPAC with N DC 

ports and a single three-phase AC port [54]. Nevertheless, the exponential complexity in 

the modulation and controls and the large number of power switches required render this 

approach unpractical beyond a few DC connection points. 

Figure 2.7: Non-isolated MPAC topologies: (a) NPC and T-NPC expansion [54], 

(b) Modified ANPC with three additional floating DC port  connections [55]. 
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MPACs can also be derived from conventional modular multilevel converter 

(MMC) and cascaded H bridge (CHB) converters where the floating capacitors can be 

replaced with independent DC sources to create a 2N DC source to 3-ph MPAC, as show 

in Figure 2.8. Although the approach has gained some traction for grid connected hybrid 

storage [57] and has been proposed for the grid connection of PV farm with independent 

string control [58], it again suffers from complex control and uses a large number of 

semiconductors, and might be best suited for very large deployment (>10 MW) as intended 

with the original topology for example in HVDC applications.  

Most of the focus in the literature on MPAC has been on non-isolated structures, 

originally targeting multistring PV inverters and hybrid drivetrains applications and more 

recently hybrid solar and storage deployments. However, new applications such as DC fast  

charging with on-site energy storage and solar now require MPAC with galvanic isolation. 

Figure 2.8: Multi -MW non-isolated MPAC based on MMC topology [56]. 
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A first immediate approach is to use an isolated MPDC structure, coupled with a 

DC/AC inversion stage on or more of the DC ports to provide one or more isolated AC 

ports. An obvious drawback of this approach is the two-conversion stage penalty for power 

flow between the DC and AC ports, the increased number of semiconductors and the 

overall reduced power density. Recognizing these limitations some work has been 

presented recently to realize isolated MPAC structures. In [59] the authors introduced an 

isolated MPAC for DC EV charging based on an interleaved flyback back derivative 

operating in quasi-resonant mode. In [60] a bidirectional isolated MPAC with a three-phase 

AC port and three DC ports is introduced based on three complex multi-winding 

transformers and requiring an evolved control strategy. An experimental prototype was 

demonstrated at 6kW. In [61] the authors introduced a MPAC with galvanic isolated 

between two DC ports, and one three-phase AC port. Using a minimal number of switches 

and two impedance networks with coupled inductors, buck-boost functionality is achieved. 

However, the structure does not scale to accommodate more ports and only provides 

unidirectional power flow from the DC ports to the AC port. Finally in [62] an isolated 

bidirectional triport is presented offering two DC ports with galvanic isolation to one 

single-phase AC port. This is achieved using a modified DAB structure with four-quadrant 

switches on the AC bridge and interleaving inductors on the switching node of the DC 

bridge to offer a second DC connection.  

While these topologies do achieve isolated MPAC functionality, they remain highly 

specialized with a rigidly constrained number and type of ports, complex isolation structure 

and do not scale beyond a few connection points.  
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This is generally true of all MPAC structures introduced to date. Virtually all well-

established voltage source inverter topologies, two-level or multilevel alike, can be, and 

have been to some extent, modified to include a second DC source and realize a single-

stage triport DC to AC structure. Multilevel structures can integrate more than two DC 

sources, at the cost of increasingly complex modulation and control strategies and growing 

number of power semiconductors. Yet none of these approaches achieve a true flexible 

multiport structure with symmetrical ports intrinsically supporting the connection of AC 

or DC sources, and very few still offer a high frequency isolation option. It would seem 

that modifying existing and well-established single-source inverter structure is yielding 

diminishing returns. Some current-source based MPAC have been proposed in the 

literature [63], including a few soft-switching examples [64], [65] demonstrating a path to 

higher number of ports. Yet true flexible four-quadrant multiport power electronics has 

remained elusive. 

2.2 Soft-switching in Four-Quadrant Converters 

One of the key features to enable high performance, flexible, and large-scale 

multiport power electronics is the use of soft-switching techniques. With soft-switching 

operation, it becomes possible to increase the number of ports modulated within a single 

switching cycle without compromising overall efficiency, as the structure operates 

virtually without switching losses. Further, the energy balance and power flow objectives 

can be controlled at the switching cycle level, and the effective switching frequency of all 

ports is kept identical to the base switching frequency, i.e. all ports are switched within 

every switching cycle. This is in sharp contrast to typical time-sharing multiplexing 

techniques employed in hard switching converters to improve conversion efficiency but 
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effectively reducing the achievable control bandwidth and increasing the lower frequency 

content at the port. While this was understood early on, and soft-switching techniques are 

employed in the most promising MPC structures today, particularly in DC/DC isolated 

MPDC conversion topologies, four-quadrant topologies capable of AC/AC conversion 

with soft-switching operation over a wide operating range are not readily available. This is 

investigated next.  

Over the last 50+ years, power electronics has always had to contend with real power 

semiconductors and real components, and the impact of their non-ideal characteristics. The 

initial attempts focused on providing mitigation techniques, such as improving the 

switching locus during device switching using snubbers, so the device could operate within 

its safe operating area and allow device losses to be transferred to outside elements [66], 

[67]. It was also clear that the switching frequency of the power converter needed to be 

increased beyond the 1-2 kHz range that was feasible at that time, so that filter size could 

be reduced and dynamic performance improved. Early efforts focused on the simplest 

applications and single quadrant unidirectional DC/DC converters, leading to the first 

resonant converter topologies. By way of example, Schwarz showed a 10 kHz resonant 

converter that operated below resonance to allow thyristor turn-off and delivered 45kW of 

DC power [68]. Steigerwald showed operation of the resonant mode DC-DC converter 

operating above resonance with gate turn-off devices, where device turn-on losses were 

eliminated and diode recovery issues were managed [69]. More structured discussion of 

the principles of quasi-resonant conversion and multi-resonant conversion helped to 

crystallize basic principles of resonant switching, identifying fundamental differences 

between zero current switching (ZCS) and zero voltage switching (ZVS) [70], [71]. 
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The focus shifted from resonant converters, where there was a significant penalty 

in terms of resonant tank and switch VA ratings, to resonant transition converters which 

clearly identified for the first time the basic principles of soft switching [72]. ZVS 

principles were applied to DC-DC converters, realizing switch and reactive component 

ratings that were comparable with the rating of converters in hard switching applications 

[73],[74]. Controllability was also finally at par with hard-switching topologies and PWM 

or other advanced modulation techniques were applicable, a net advantage over the 

frequency modulation used in pure resonant converters. Through these iterations, it became 

increasingly clear that the reason for using soft switching, in particular ZVS, was to reduce 

device switching losses so that switching frequency could be increased with no efficiency 

penalty, while also realizing smaller transformers and filters, managing diode reverse 

recovery effects and reducing dv/dt for lower EMI. On the other hand, soft-switching 

converters based on ZCS principles turned out to be harder to manage, due to the reverse 

recovery currents associated with Si diodes, and the high dv/dt that could cause high EMI 

levels. The DAB converter was the first bidirectional DC/DC converter including ZVS and 

a high frequency transformer for isolation [34], and has become an ubiquitous topology 

today successfully, scaled up to multi-megawatt levels [75].  

Over the following decades many iterations of soft-switching topologies were 

introduced in the literature, and are now widely used in isolated and non-isolated DC/DC 

applications [76]. However, they have not been frequently applied in four-quadrant flexible 

[DC or AC]-to-[AC or DC] conversion applications. Unlike in DC/DC converters where 

the polarity of voltage was always fixed, the four-quadrant nature made the solution more 

complex. Two types of soft-switching four-quadrant converters have been proposed in the 
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literature. A) resonant link converters, where an oscillating link voltage (or current) defines 

discrete opportunities to switch the main converter devices at zero voltage or zero current. 

B) resonant transition converters, where PWM operation is maintained, while additional 

components shape the dv/dt (or di/dt) in the switches as they turn on and off, thus reducing 

switching losses and EMI. 

2.2.1 Resonant Link Converters 

The Resonant AC Link (RACL) and Resonant DC Link (RDCL) inverters were 

both proposed in 1986 and were the first four-quadrant resonant converters introduced in 

the literature [77], [78]. The RACL inverter used a high frequency LC tank to form a high 

frequency (20 kHz) AC link, to which power converters were connected, as shown in 

Figure 2.9. The power converters required bidirectional four-quadrant switches, made with 

Figure 2.9: Resonant AC-link system. 
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two series connected IGBTs forming an AC switch or two anti-parallel GTOs, and the 

devices were switched as the voltage went through the zero crossing. This resonant 

converter was very challenging to control. As the converter state was changed at the zero 

crossing, the excitation for the tank changed. Unless the tank circulating current was 

maintained very high, this caused severe perturbations in the tank voltage and caused 

excessive voltage stress on the devices. In addition, the need for AC switches resulted in 

higher conduction loss, while the difficulty of coordinating the device switching to the 

zero-crossing made achieving true ZVS very challenging. A CSI version of the RACL 

inverter was also subsequently published as the dual of the VSI version, but was not 

pursued much afterwards [79].  

The original RDCL inverter [80], shown in Figure 2.10, added a small resonant LC 

tank to a regular VSI and used the six inverter devices to achieve overall system control, 

including tank excitation and a guaranteed ZVS condition for all inverter devices over all 

load conditions. However, like in the Resonant AC link, a small LC tank came with the 

penalty of high peak voltage stress, which required a voltage clamp. The Actively Clamped 

Figure 2.10: Resonant DC-link (RDCL) in DC to three -phase AC configuration 

and representative waveforms. 
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Resonant DC Link (ACRDCL) inverter, shown in Figure 2.11, added a clamp device and 

clamp capacitor (ὅ) to constrain the DC link voltage while retaining ZVS for all devices 

under all load conditions [81]. The resonant bus capacitance (ὅ) was chosen to control the 

dv/dt to 100-300 V/‘ί, so that turn-off losses in all devices could be dramatically reduced. 

The DC link inductor ὒ was chosen to give a desired average link frequency under no load 

to full load conditions. The link voltage was not allowed to reach its natural oscillatory 

voltage of ς ὠ , but was clamped at a lower voltage, typically ρȢσ ὠ , by the clamp 

device. This forced energy into the clamp capacitor and allowed the current in the clamp 

switch transition from the diode to the IGBT. The turn-off point for the clamp IGBT was 

controlled by the clamp voltage controller, which acted to maintain the clamp capacitor 

voltage at 0.3 Vdc. Turn-off of the clamp switch also occurred under ZVS conditions. 

Resonant link converters provided a first step towards soft-switching four-quadrant 

converters. However, challenges in the controllability of the structures which had to be 

built around the natural frequency of the link, and overall penalty on the semiconductor 

ratings limited their real-world adoption. 

Figure 2.11: Actively Clamped Resonant DC-link (ACRDCL) in DC to three -phase 

configuration and representative waveforms. 
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2.2.2 Resonant Transition Converters 

The second class of soft-switching four-quadrant converters are the resonant 

transition converters, that provide derivative PWM capability and greatly improve spectral 

performance over the resonant topologies introduced previously. An early topology was 

the Resonant Pole Inverter (RPI) that proposed a simple VSI like inverter structure which 

also realized the benefits of zero voltage switching [81], [82], [83]. The basic RPI used an 

inverter pole with capacitive snubbers as shown in Figure 2.12. Using a small filter inductor 

allowed the inverter current to reverse at every switching transition through resonance of 

the LC pole so that a conducting device could be turned off under ZVS condition. While 

this gave good spectral performance that is typical of PWM inverters, it also impressed a 

2x peak current stress on the devices and required a significant voltage penalty on the 

achievable output voltage.  

Another pioneering resonant transition converter was the Auxiliary Resonant 

Commutated Pole (ARCP) inverter, shown in Figure 2.13, where ZVS turn-off was 

Figure 2.12: Three-phase resonant pole inverter (RPI) and typical waveforms. 

AC system

Resonant 

and filter 

inductors

IGBT MOSFET

DC 

Source

Gate turn-OFF RC device

DC-link 

capacitor

: resonant capacitor=

+- Vp

Pole 

voltage

Inductor 

current

Reference current

Vp



 38 

achieved for the main devices with small lossless snubber capacitors across each device 

[84]. However, given the four-quadrant operation required, there needed to be a mechanism 

to turn-off a conducting diode and to realize a controlled dv/dt transition back to the 

conducting main device. This was achieved using a small resonant inductor and an 

auxiliary bidirectional switch that was used to transfer current from the conducting diode 

to the device, so it could be turned-off under ZVS conditions. While this topology was 

targeting higher power systems, the need for six additional bidirectional switch switches 

for a three-phase inverter, and issues associated with diode reverse recovery for the 

auxiliary switches, made these challenging to implement. Further, the time associated with 

the auxiliary switch cycle represented a minimum dwell time constraint, which could 

exacerbate the issues of control range and diode reverse recovery. 

The initial work on soft-switching four-quadrant converters resulted in strong 

interest with many publications exploring variations in both resonant link and resonant 

transition inverter topologies [85],[86]. This includes recent developments of a new family 

of soft-switching AC-link four-quadrant converters derived from the RACL topology with 

Figure 2.13: Three-phase Auxiliary Resonant Commutated Pole (ARCP) inverter 

and typical resonant transition waveforms. 

AC system

Filter 

inductors

IGBT MOSFET

DC Source

Gate turn-OFF RC device

DC-link 

capacitor

=

Auxiliary 

bidirectional switch 

Resonant 

inductor

Resonant 

capacitor

+

-



 39 

a new modulation and control strategy [87]. In this current source structure, shown in 

Figure 2.14 in its isolated form, Toliyat et. al introduced a ZVS switching transition 

strategy for all power semiconductors leveraging a quasi-resonance of the ὒὅ tank of 

the four-quadrant link. While this greatly reduced the ratings of the reactive elements and 

the stress on the semiconductors, four-quadrant switches are still required to manage the 

bidirectional voltage and current of the AC link, and the control is very complex to maintain 

the stability of the AC link and limit the maximum voltage during resonance. In addition, 

the operating frequency of the link, and therefore the switching frequency of the structure, 

varies widely with the loading of the converter.  

Figure 2.14: Isolated soft-switching AC link and typical switching waveforms. 
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Amirabadi et al. introduced another family of soft-switching AC link converters 

based on further evolutions the original soft-switching four-quadrant AC link converters 

[88]. As shown in Figure 2.15, by employing a series configuration of the AC-link LC tank 

and operating the link very close to the critical conduction mode, it is possible to use three-

quadrant reverse blocking switches. The ZVS transition of all power semiconductors is still 

ensured by a quasi-resonance of the AC link, and the AC link voltage is flipped back at the 

end of switch cycle by allowing an inversion of the inductor current through the link 

capacitor. However, constant switching frequency is still not possible as the AC link 

Figure 2.15: Isolated soft-switching AC link and typical switching waveforms. 
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operating frequency varies widely with the loading level, and controls of the AC link 

remains complex particularly to limit the maximum voltage during the final resonance and 

maintain ZVS operation. 

Despite these most recent developments in soft-switching four-quadrant converters, 

including a renewed interest in soft-switching current source topologies, existing 

approaches remain too complex in controls or practical implementation to enable flexible, 

scalable four-quadrant multiport power electronics. 

2.3 Conclusions 

The conventional approach to realizing multiport power deployments is to dedicate 

one standard power electronics system per port and interconnect the multiple conversion 

systems through a common DC or AC bus for power exchange. Varied levels of integration 

of the multiple power electronics systems have been proposed in the literature to simplify 

implementation. However, the duplication of the conversion function, one per port, results 

in large system footprint, high cost, cumbersome protection schemes, and poor utilization 

factor of the power electronics. The control and coordination of the multiple discrete power 

electronics systems is complex and operates with low bandwidth. This requires oversizing 

the transient energy storage on the interconnection bus, and within the converter 

themselves, to decouple the system ports and in turn limits the dynamic performance of the 

approach. The multiple conversion stages also reduce system efficiency. 

The limitations of traditional single-input single-output power converters in 

multiport system applications are well understood and various topology derivatives have 

been introduced in the literature to realize an MPC offering multiple connection ports in a 
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single conversion structure. The initial focus, and most of the MPC work to date has been 

on multiport DC converters supporting several DC connection ports. However, nearly all 

proposed MPDC implementations are highly specialized and characterized by rigid port 

configurations with predefined functionalities ï such as unidirectional or bidirectional 

power flow, galvanic isolation or direct coupling, and fixed conversion capabilities 

including buck, boost or buck-boost. Most of the approaches have been limited to three or 

four DC ports and appear difficult to scale in power and to a larger number of ports.  

MPCs with AC connection ports have also been researched yet are less represented 

in the literature. Most of the work derives from the extension of the well-known two-level 

VSI topology to include a second DC source and realize a single-stage non-isolated triport 

DC to AC structure. Multilevel VSI structures have also been investigated and can integrate 

more than two DC sources, at the cost of increasingly complex modulation and control 

strategies and growing number of power semiconductors. Very few MPAC structures with 

high-frequency isolation have been proposed in the literature. They use complex magnetic 

or topological structures, and do not scale beyond a few connection points. 

Overall, none of the MPC approaches introduced in the literature achieve a true 

flexible multiport structure with a set of generic bidirectional ports intrinsically supporting 

the connection of AC or DC sources, and very few still offer a high frequency isolation 

option. The majority of the implementations have been limited to low power levels and 

designed to support a few ports in very specific applications. While some limited work has 

been proposed to realize MPDCs with symmetrical and reconfigurable DC ports, the 

development of truly flexible four-quadrant multiport power electronics remains largely 

unachieved. This research introduces and extends new concepts in four-quadrant soft-
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switching current source converters to realize a new breed of flexible multiport power 

electronics. By advancing the design, operational principles and control techniques of these 

new multiport converters, this work aims at enabling the next generation of flexible, 

scalable and high-performance multiport power electronics systems, as elaborated in the 

subsequent chapters of this dissertation. 
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CHAPTER 3. SOFT-SWITCHING CURRENT SOURCE 

TOPOLOGIES FOR MULTIPORT POWER ELECTRONICS  

3.1 Intro duction 

Two families of single-stage four-quadrant soft-switching current source topologies 

are introduced in this chapter to serve as a building block for multiport power electronics 

that can realize the desirable attributes and functionality discussed thus far. Both families 

achieve ZVS switching across the entire load range and under four-quadrant operation to 

enable high control bandwidth in multiport configurations, provide a symmetrical and 

flexible structure that can scale to many ports, and support bidirectional AC or DC 

conversion on any port. Further, the current source characteristic of the topologies 

simplifies the paralleling of multiple converters to scale in power. The first family is based 

on an extension of the recently proposed Soft-Switching Solid-State Transformer (S4T) 

[89] to offer an isolated multiport structure. The second family derives from the novel soft-

switching current source inverter (SSCSI) presented in this work that operates at double 

the power density of the S4T and is extended to offer a non-isolated multiport structure. 

Both are detailed next. 

3.2 Multiport Soft-Switching Solid-State Transformer (MS4T) 

3.2.1 Base S4T Topology 

The Soft-Switching Solid-State Transformer (S4T) introduced in [89] proposed a 

unique, single-stage, and self-contained soft-switching current source topology with 

attractive features including high-frequency isolation, zero-voltage switching (ZVS) across 
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 the entire load range with controlled dv/dt, flexible AC/DC input and output, voltage buck-

boost conversion capabilities, and bidirectional power flow. The main focus on the 

topology has since been on various medium voltage SST application and demonstrations  

[90], [91], [92]. Instead, this work aims at extending the topology and its unique attributes 

to support the next generation of multiport power electronics. 

A typical implementation of the S4T is shown in Figure 3.1. It consists of two 

current source inverter (CSI) bridges connected through a high-frequency transformer, and 

two resonant circuits, one on each side of the transformer, enabling the soft-switching 

conditions for all power devices. In this exemplary implementation each current source 

bridge is made of three phase-legs as is typically the case in all S4T implementations to 

date. Owing to the current source nature of the topology, each switch position requires a 

reverse blocking switch having bidirectional voltage blocking capability and allowing 

unidirectional current flow. This is realized by the series connection of two power devices: 

a controlled switch, typically a SiC MOSFET, and a SiC Schottky diode to eliminate 

reverse recovery issues. As shown in Figure 3.1, this S4T implementation can readily be 

configured to realize a partially isolated triport converter with two bidirectional DC ports 

sharing a common reference point (e.g. connecting a battery and solar PV source) on CSI 

bridge 1, and a three-phase AC port on CSI bridge 2. The topology provides full galvanic 

isolation between the two DC ports, and the three-phase AC port. Full bidirectional power 

flow is possible from any port to any port, all with a single-stage structure.  

 



 46 

 

 

Figure 3.1: Soft-switching solid-state transformer (S4T) in triport configuration .  
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3.2.2 Fundamental S4T Operating Principles 

The fundamental operating principles and switching waveforms of the S4T, as first 

introduced in [89], are summarized in this section. This fundamental understanding is 

necessary to help derive and explain the advances presented in the rest of this work. 

Without loss of generality, it is assumed in this section that the power flows from 

the solar PV into the battery and the three-phase grid in the configuration shown in Figure 

3.1. It is further assumed that ὠ ὠ , Ὅ π Ὅ , ȿὭȿ ȿὭȿȟȿὭȿ and  

π ὺ ὺ . The typical switching waveforms under these conditions are shown in 

Figure 3.2, and the associated switching states are shown in Figure 3.3 and Figure 3.4. 

In the S4T the transformer magnetizing inductance ὒ  is used as an energy storage 

element and acts as the current-source DC-link of the topology. The voltage across the 

transformer ὺ  and the magnetizing inductance (i.e. DC-link current) Ὥ are shown in 

Figure 3.2. The switching cycle consists of a series of active states (or active vectors) 

applying various voltage levels across the DC-link, ╥╪╬◄ȟ╥╪╬◄ȟ╥╪╬◄ȟ╥╪╬◄ in Figure 

3.2, and a ófreewheeling stateô, , bypassing the DC-link current with zero voltage. A 

positive voltage level results in a charging state where the DC-link current, Ὥ, increases, 

while a negative voltage level realizes a discharging state where the DC-link current 

decreases. The states are applied successively starting from the most positive voltage to the 

most negative voltage to enable the soft-switching operation. The duration of each state is 

determined via pulse width modulation techniques and to ensure volt-second balance on 

the current DC-link. The duration of the freewheeling state  is adjusted to maintain a 

constant switching period Ὕ .   
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Figure 3.3: Active switching state of the S4T under triport (DC/DC/3ʬAC) 

operation.   
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Figure 3.4: ZVS transition state, resonant state and freewheeling state in the S4T. 
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With the assumptions of this section, the first two active states are charging states, 

ὠ ὠ π, applied from bridge 1, with active state 1 corresponding the PV solar 

voltage and active state 2 applying the difference of the solar PV voltage and the battery 

voltage (i.e the battery is being charged by the solar PV source), as shown in Figure 3.3(a) 

and Figure 3.3(b), respectively. Similarly, the last two active states are discharging states, 

π ὠ ὠ , applied from bridge 2 and corresponding to line-to-line voltages ὠ  

and ὠ , as highlighted in in Figure 3.3(c) and  Figure 3.3(d).  

A ZVS transition state is inserted between any two adjacent active states to enable 

the soft-switching operation of the converter, as shown in Figure 3.2. During this ZVS 

transition state, Figure 3.4(a), the DC-link current flows through, and discharges, the 

capacitor or the two resonant circuits, with a controlled dv/dt as follows:  

Ὠὺ

Ὠὸ

Ὥ

ςὅ
 σȢρ 

Where ὅ is the resonant capacitance of a resonant tank, Ὥ is the DC-link current at the 

instant of the ZVS transition, and ὺ  is the voltage across the resonant capacitor, fixing 

the dv/dt switching rate of all the power devices of the bridge. This mechanism enables a 

ZVS soft-switching turn OFF of the switches applying the outgoing active state and a ZVS 

turn ON of the switches applying the incoming active state. Because of the unidirectionality 

of the current DC-link in this current source topology, that is Ὥ π, the dv/dt on the 

resonant capacitors per σȢρ is constrained to: 

Ὠὺ

Ὠὸ
π σȢς 
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Therefore, this ZVS mechanism can only operate to transition to an active state 

applying a lower voltage level, such that a necessary and sufficient condition for the soft-

switching operation of the S4T and its multiport variant MS4T is: 

ὠ  ὠ σȢσ 

Where ὠ  is the Ὧ  active state in the switching cycle and ὠ  is the immediately 

following  Ὧ ρ  active state. 

When a transition to a more positive voltage level is required, a resonance sequence 

is needed and inserted in the switching cycle by gating ON the auxiliary switches Ὓ thus 

initiating a resonance between the resonant inductor and the resonant capacitor of the two 

resonant circuits, as shown in Figure 3.4(b). This essentially óflipsô the resonant capacitor 

voltage to a higher voltage level so that an active state with a more positive voltage can be 

applied still under ZVS transition conditions. By ensuring that any modulation scheme 

used in the S4T and, even more critically, its multiport extension MS4T, follows condition 

σȢσ, a single resonance sequence can be used per switching cycle as shown in Figure 3.2, 

therefore improving DC-link current utilization for active states. Finally, the switching 

cycle is padded with a freewheeling state to bypass the DC-link current by turning ON any 

phase leg, one per bridge, as shown in Figure 3.4(c).  

It is important to note that while all charging active states and all discharging 

actives states are from bridge 1 and bridge 2, respectively, this is simply a result of the 

assumptions used in this section for illustrative purposes, but not a requirement. In practice 

the sequence of active vectors can be applied, alternatively, by any bridge. This is a key 

feature of the topology enabling its extension to full multiport operation as detailed next. 
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3.2.3 Extension to Multiport Soft-Switching Solid State Transformer (MS4T) 

The working principles of the baseline S4T summarized above make the topology 

ideally suited to realize a partially isolated multiport power electronics converter building 

block as proposed in this work. The high-frequency transformer and the two resonant 

circuits form a core resonant-transition isolated current source DC-link that sets the ZVS 

transition conditions for all power devices in the two CSI bridges. The number of phase-

legs per bridge can then be increased beyond the typical 3 leg configuration explored in 

prior work, to realize the novel generic partially isolated MPC shown in Figure 3.5. With 

N+1 phase-legs on bridge 1 and M+1 phase-legs on bridge 2, the proposed multiport soft-

switching solid-state transformer (MS4T) extension can offer two sets of up to N ports and 

M ports, respectively, with galvanic isolation between the two sets.  

A generalized switching cycle of the MS4T is shown in Figure 3.6. It consists of 

up to N+M active vectors, ╥╪╬◄ȟȣ ȟ╥╪╬◄▓, depending on how many ports are actively  

 

Figure 3.5: Proposed multiport S4T  (MS4T) extension to realize universal partially 

isolated MPC. 
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Figure 3.6: Generalized MS4T waveforms with energy transfer modes identified. 
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modulated in the given switching cycle. The active vectors are from either bridge, charging 

or discharging the DC-link based on the active vector polarity and are sorted in descending 

order to meet the soft-switching condition given in σȢσ. A ZVS transition state is inserted 

between any two contiguous vectors which based on the operating conditions can be from 

the same bridge or from two different bridges. As for the underlying S4T cycle, a 

freewheeling  state is added to pad the cycle and operate a constant switching frequency. 

Once the most negative vector in the cycle has been applied, a resonance is triggered to 

reset the resonant circuit capacitor voltages and apply the next most positive vector. 

The fundamental property of the MS4T which enables universal MPC operation is 

the ZVS soft-switching behavior of all devices under four-quadrant conversion. With the 

soft-switching approach, any device can switch with virtually no switching loss, and it is 

possible to modulate any number of ports, up to all the available ports, during every 

switching cycle, without noticeable degradation of the conversion efficiency. This enables 

better controllability of the structure where the energy balancing across all the ports is 

achieved at the switching cycle level, and offers better control bandwidth for higher quality 

waveforms. In addition, the conversion efficiency is practically identical from any port to 

any port, and the structure can be scaled to accommodate a large number of ports in a single 

stage topology. Achieving similar attributes using a hard-switched approach presents 

significant challenges, as the increased number of switching vectors inevitably reduces 

conversion efficiency. As a result, practical hard-switched MPC implementations are 

typically limited to a small number of ports and often require time-multiplexed modulation 

schemes, which exhibit poor harmonic performance.  
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Although the MS4T extension is fairly intuitive from a topology standpoint, there 

are numerous ramifications on the design, modulation, control, resonant transitions, and 

semiconductors stress, because of the increased number of switching states brought by the 

additional power switches. This must be investigated to enable proper operation of the 

MS4T and will be detailed in the rest of this work. 

An immediate constraint of the MS4T is the sequential operation of the bridge as 

highlighted in Figure 3.6. Because of the use of the transformer magnetizing inductance as 

energy storage element, exactly and only one CSI bridge can apply an active vector and 

transfer energy with a port at any given time. Therefore, the topology operates in a shunt 

current DC-link configuration, and there is a 0.5pu penalty on the DC-link current 

utilization which must be shared sequentially between the charging and discharging 

vectors. This is a direct consequence of galvanic isolation. A new family of soft-switching 

current source inverter is introduced in this work where the galvanic isolation is eliminated 

to double the DC-link current utilization and the power density of the topology. This is 

detailed next. 

3.3 Multiport Soft-Switching Current Source Inverter (MSSCSI) 

3.3.1 Fundamental SSCSI Topology 

The new family of multiport soft-switching current source inverters (MSSCSI) 

introduced in this work adapts and extends the ZVS transition mechanism of the S4T to 

the conventional CSI configuration with series DC-link inductor. This realizes a flexible 

four-quadrant non-isolated multiport power electronics building block for the numerous 

multiport applications that do not require galvanic isolation and yields a 2x improvement 



 56 

in power density over the MS4T. The fundamental soft-switching current source inverter 

(SSCSI) topology, originally introduced in this research for bidirectional motor drive 

applications, is shown in Figure 3.7. This base configuration will be studied first in the 

following to facilitate the derivation of the operating principles of the new family of power 

converters. The extension to full multiport MSSCSI structure will be subsequently 

presented once the fundamental operation of the base structure is understood. 

The SSCSI consists of two standard CSI bridges connected through a series DC-

link inductor. Once again, the CSI phase-legs require two 3-quadrant reverse blocking 

switches, typically realized by the series connection of a SiC MOSFET and a SiC Schottky 

diode. It should be noted that the two CSI bridges are connected with opposite polarity, 

unlike in the S4T. The soft-switching operation of the converter is enabled by a single 

resonant circuit connected across the DC-link inductor. This minimal resonant circuit, also 

used in the S4T, relies on a resonant capacitor ὅ, a resonant inductor ὒ and an ancillary 

Figure 3.7: Novel soft-switching current source inverter (SSCSI) shown in  

bidirectional motor drive configuration.  
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switch Ὓ, all rated to handle only a fraction of the processed power, and sets the zero-

voltage switching (ZVS) conditions for all the power devices throughout the switching 

cycle, and across the entire load range.  

While sharing a common resonant circuit structure with the S4T, the SSCSI 

operating principles are inherently different and are discussed in detail below. 

3.3.2 SSCSI Operating Principles 

3.3.2.1 Switching Cycle 

A typical switching cycle of the SSCSI in the bidirectional inverter configuration 

of Figure 3.7 is shown in Figure 3.8. The converter operation can be categorized into three 

main phases across the switching cycle: Active, Freewheeling and Resonance. 

During the Active phase the two CSI bridges apply a sequence of voltage levels to 

the DC-link, thereafter referred to as óactive vectorsô, corresponding to one of the available 

line-to-line (or phase-leg to phase-leg) voltages, or a freewheeling state. With the 

conventions used in Figure 3.7, the possible active vectors for Bridge 1, ὺ , and Bridge 

2, ὺ , are: 

ὺ ὠ ȟὠ ȟπ  σȢτ 

ὺ ὠ ȟὠ ȟὠ ȟὠ ȟὠȟὠȟπ σȢυ 

where, ὠ  is the DC voltage of the DC source, ὠ ȟὠ ȟὠ  are the three-phase 

motor line-to-line AC voltages, and 0 is the zero-voltage vector applied by turning ON a 
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full phase-leg of the bridge to freewheel the DC-link current. The resulting voltage, ὺ , 

across the DC-link inductor and the resonant capacitor is then: 

ὺ ὺ  ὺ  σȢφ 

Unlike the S4T and MS4T where the shunt transformer magnetizing inductance is 

used as a storage element to transfer energy sequentially between the ports, both bridges 

of the SSCSI operate simultaneously, leading to a higher utilization factor of the DC-link 

Figure 3.8: Typical switching cycle of the SSCSI in DC-3ʬAC configuration. 
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current and the semiconductors. This is the key benefit of this new converter family, 

achieved by trading off the galvanic isolation. From σȢφ, it follows that the possible 

voltage levels across the DC-link inductor and resonant capacitor during the active phase 

are from the voltage sum of the active vector pairs given by the Cartesian product of sets 

σȢτ and σȢυ. In this configuration, ὺ  can assume 21 distinct voltage levels. Over one 

switching cycle, the selection, ordering and application time of the active vectors from each 

bridge are determined by the modulation strategy. Thus, the number of voltage levels on 

ὺ  and their polarity during the active phase are arbitrary and depend on the converter 

switching states through the switching cycle. At the most, in this exemplary SSCSI 

configuration, three voltage levels are observed on ὺ  over a switching cycle, identified 

as ὠ , ὠ  and ὠ  in Figure 3.8. To illustrate the switching states of the SSCSI it is 

further assumed for the rest of this section that:  

ừ
Ử
Ừ

Ử
ứ
ὠ ὠ ὠ ὠ π ὠ ὠ

ÍÁØȿὭȿȟȿὭȿȟȿὭȿ ȿὭȿ
Ὥ π
Ὥ π
Ὥ π
Ὅ π

σȢχ 

With these conditions the SSCSI transfers power from the DC source to the three-

phase motor and operates in buck mode. The switching cycle of  Figure 3.8 is fully 

constrained under these assumptions and the resulting active state vectors are: 

ὠ ὠ ὠ π
ὠ ὠ ὠ π
ὠ ὠ π

σȢψ 
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 Figure 3.9 shows the corresponding switching state for the three active vectors. 

During active state 1 and active state 2,  Figure 3.9(a) and Figure 3.9 (b), respectively, there 

is a direct power transfer from the DC source to the three-phase motor. This is again the 

key advantage of the new SSCSI topology and the extended MSSCSI family over the S4T 

and MS4T, in that both CSI bridges can be active at the same time, each exchanging energy 

with a port. It is evident that this direct power transfer mode maximizes the DC-link current 

utilization and theoretically doubles the power transfer capability of the structure compared 

to the base S4T, with the same semiconductor device ratings. Active state 3 in Figure 3.9(c) 

completes the active phase of the cycle with CSI bridge 1 bypassing the DC-link current 

and CSI bridge 2 maintaining the same switching state as in the previous active state 2 to 

meet the reference current of phases a and b. This is to be expected in the buck operation 

of the SSCSI from the DC source to the AC load under this specific switching cycle.  

The DC-link current controller enforces the volt-second balance across the inductor 

and resonant capacitor so that in steady state the following constraint holds true: 

ὺ π σȢω 

where ὺ  is the average of ὺ  over one switching period. 

In the form described thus far, the principle of operation of the SSCSI during the 

Active phase is analogous to that of a standard pulse-width modulated CSI [93]. However, 

additional considerations are required to enable the soft-switching operation as will be 

detailed in section  3.3.2.2. 

 



 61 

 

Figure 3.9: Active switching state of the SSCSI under DC-3ʬAC operation, boost 

mode. 

(a) Active State 1: ○║►ȟ○║► ╥▀╬ȟ╥╬╪ȟ  ○╛▀╬  
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To ensure a constant switching frequency operation, the switching cycle is padded 

with a Freewheeling phase, where the DC-link current is bypassed by selecting a zero-

voltage vector for both bridges. This is achieved by turning ON one phase-leg per bridge, 

as shown in Figure 3.10(a). It is apparent that no energy transfer is possible during the 

Freewheeling phase. Therefore, its duration should be minimized to reduce the converter 

conduction losses and increase the DC-link utilization. In conventional CSI, the switching 

frequency is typically kept low to balance the conduction and switching losses and operate 

at acceptable efficiency levels. This in turn requires large DC-link inductor and leads to 

poor dynamic performance. As a result, the DC-link current level is typically kept constant 

or controlled well above the load requirement to maintain good converter response under 

load variations. In the SSCSI, however, higher switching frequency operation is possible, 

owing to the soft-switching feature virtually eliminating the switching losses, and the DC-

link current level can be changed dynamically within a few switching cycles to adjust to 

the converter loading level and minimize the freewheeling time. This leads to significant 

efficiency gains. 

The last converter operation mode is the Resonance phase. In this mode, while all 

the main power switches are OFF, the ancillary switch Ὓ is gated ON, under zero-current 

switching (ZCS) condition, to initiate a resonance between the resonant capacitor ὅ and 

the resonant inductor ὒ, as shown in Figure 3.10(b). At the following zero-crossing of the 

resonant current flowing through switch Ὓ, the series diode will turn OFF naturally leading 

to a ZCS turn OFF of the switch. As a first-order approximation, this instant corresponds 

to half the resonant period of the ὒὅ tank, and the voltage across the resonant capacitor 

is the opposite of the initial voltage at the beginning of the resonance phase. Thus, this  
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Figure 3.10: Freewheeling state, resonant state and ZVS transition state of the 

SSCSI. 

(a) Freewheeling State: ○║►ȟ○║► ȟ ȟ  ○╛▀╬  
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mode of operation provides a simple mechanism to flip the resonant capacitor voltage, and 

can be triggered at will throughout the switching cycle to enable the soft-switching 

operation as detailed in section 3.3.2.2. As for the Freewheeling phase, there is no energy 

exchange with the sources and loads during the Resonance phase and the total resonance 

duration should therefore be kept to a minimum. This is possible through an appropriate 

selection of the resonant elements ὒ and ὅ, while considering the voltage and current 

stress levels during this phase. This will be analyzed in detail in CHAPTER 6 of this work. 

In typical applications, the total resonance phase duration is kept well under 10 % of the 

switching period.  

It should again be noted that while the DC to 3-phase AC operation of the SSCSI 

with the specific conditions of σȢχ were chosen to constrain the cycle and help build an 

understanding of the operating principle of the structure, the same derivations can be 

conducted for other operating modes and the working principles presented here apply 

globally to the full four-quadrant and buck-boost operation of the base SSCSI topology. 

The same assumptions are used for consistency and simplicity in the next section detailing 

the soft-switching mechanism, with the understanding that the derivations hold true for all 

implementation variants and apply to any operating conditions. 

3.3.2.2 Soft-Switching Mechanism 

The novel SSCSI topology and the extended MSSCSI family are resonant transition 

converters in that the soft-switching operation is enabled by the resonant circuit during the 

switching transitions between the active vectors. In contrast to the conventional PWM CSI, 

where careful coordination of the gating sequence is required to ensure a continuous path 
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for the DC-link current to flow through the bridges, the resonant capacitor in the SSCSI of 

Figure 3.7 provides an additional circulation path shown in Figure 3.10(c). This additional 

path is used in the óZVS transition stateô of the converter, and inserted between any two 

adjacent active vectors, as shown in Figure 3.8. 

Without loss of generality, take the example of the ZVS transition state between 

active state 1 and active state 2 Figure 3.8, shown in Figure 3.9(a) and Figure 3.9 (b), under 

assumptions σȢχ and σȢψ.  Under these conditions Bridge 2 switches from ὺ ὠ  

to ὺ ὠ , while Bridge 1 applies ὺ ὠ . The converter switching states during 

the ZVS transition are restated in Figure 3.11, with additional nomenclature introduced for 

use in the following derivations.  

From active state 1, Figure 3.11(a), the ZVS transition state is initiated by gating 

OFF switch Ὓ  and gating ON switch Ὓ  with switch Ὓ  kept ON as shown in Figure 

3.11(b). Applying Kirchhoffôs voltage law to the switching loop, the voltages across the 

two switch positions of interest are: 

ὠ ὺ ὺ ὠ

ὠ ὺ ὺ ὠ
 σȢρπ 

where ὠ  and ὠ  are the voltages across switch position Ὓ  and Ὓ , 

respectively, ὠ  and ὠ  are the line-to-line voltages of the motor, and ὺ  is the active 

vector applied by Bridge 1. Note that ὺ ὠ  in this case, but the switching state of 

CSI bridge 1 can be completely arbitrary and has no bearing on the ZVS transition 

mechanism taking place on bridge 2, as seen in the following derivations. This is a key 

concept of the topology allowing the two bridges to operate completely independently. 

φ 
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Figure 3.11: SSCSI ZVS mechanism and converter state. 
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From σȢρπ with the initial condition ὠ ὸ π ὠ ὸ π π at 

beginning of ZVS transition state from the previous switching state (Ὓ  is ON at ὸ π  

in Figure 3.11(a)), the voltage across switch position Ὓ  can be rewritten as:   

ὠ ὸ π ὠ ὠ ὠ  σȢρρ 

 Further, remembering assumptions σȢχ, ὠ π and therefore  ὠ π at the 

beginning of the ZVS transition state. This means that the series diode in switch position 

Ὓ  is reverse biased and gating ON Ὓ  does not effectively turn ON the switch position. 

Thus, as soon as Ὓ  turns OFF, the DC-link current Ὥ  is forced to flow through the 

resonant capacitor ὅ, as shown in Figure 3.11(b), discharging it such that: 

Ὠὺ

Ὠὸ

Ὠὺ

Ὠὸ

Ὥ

ὅ
 σȢρς 

where ὺ  is the resonant capacitor voltage.  

From σȢρπ and σȢρς, and recognizing that the dynamics of the load and source 

voltages can be neglected at the time scale of the ZVS transition state (i.e. 

π, it follows that the rate of change of the voltage across the two switches of 

interest is: 

Ὠὠ

Ὠὸ

Ὠὠ

Ὠὸ

Ὥ

ὅ
 σȢρσ 

Thus, during the ZVS transition state, the ὨὺȾὨὸ across the two switch positions 

involved in the commutation process is controlled and can be set to any target value by 
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appropriately selecting ὅ following σȢρσ. Once the resonant capacitor is discharged to 

the incoming combined active vector voltage level, active state 2 in this case, the voltage 

across the DC-link inductor becomes:  

ὺ ὺ ὠ ὠ  σȢρτ 

The voltages across the two switch positions of interest at this instant can then be 

derived from σȢρπ and σȢρτ as follows: 

ὠ ὠ ὠ ὠ π

ὠ π
 σȢρυ 

Therefore the series diode in switch Ὓ  becomes forward biased and the switch 

position starts conducting (note that π per σȢρσ), leading to the subsequent 

converter switching state, active state 2 with  ὺ ȟὺ ὠ ȟὠ   as shown in  

Figure 3.11(c). This completes the ZVS state transition and the commutation between the 

two active vectors has occurred with a ZVS turn OFF of the outgoing switch, Ὓ  in this 

example, and a ZVS turn ON of the incoming switch, Ὓ  in this case. The switching 

waveforms and gating sequence during the ZVS transition state of this example are 

summarized in Figure 3.12. 

The above derivations are based on assumption σȢχ holding true as it pertains to 

σȢρρ, that is that ὠ ὠ π. This can be generalized into a necessary and sufficient 

condition to enable the soft-switching mechanism of the SSCSI as follows:  

ὺ ὺ   σȢρφ 
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where ὺ  is the voltage level of the incoming active vector to be applied by the 

bridge, and ὺ is the voltage level of the active vector from which the bridge is 

switching. 

Condition σȢρφ is a constraint unique to the SSCSI and extended MSSCSI family 

and needs to be enforced on a bridge basis by appropriately sequencing the active vectors 

throughout the switching cycle.  

Figure 3.12: Switching waveforms and gating sequence during the ZVS transition 

state. ▌╢╬▬ ,  ▌╢╫▬ and ▌╢╪▪ are the gate signals of ╢╬▬ , ╢╫▬ and ╢╪▪ , respectively. 
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This is implemented using a modified Space Vector Modulation (SVM) scheme. 

Over a switching cycle, once all the active vectors selected for a bridge have been applied, 

condition σȢρφ cannot be verified and a Resonance phase is required to flip the resonant 

capacitor voltage, and thus the DC-link voltage ὺ , to a voltage greater than the next 

incoming combined active vector voltage level. The Resonance phase is introduced by 

gating ON the ancillary switch as explained in section 3.3.2.1, and is followed by a ZVS 

transition state where ὺ  decreases to the incoming voltage level. In cases where the 

initial resonant capacitor voltage before the resonance phase is not large enough to ensure 

that the DC-link voltage at the end of the resonance is larger than the incoming voltage 

level, an additional ZVS transition state can be inserted before gating ON the ancillary 

switch to further discharge the resonant capacitor, as shown in Figure 3.8. This flexibility 

decouples the ZVS operation of the SSCSI from the input and output voltages and enables 

the soft-switching operation across the entire load range and under four-quadrant operation. 

This is a key feature of the MSSCSI family and together with the MS4T family will be 

used in the novel resonant control strategy detailed in CHAPTER 4. To maximize the DC-

link utilization, both bridges are applying their respective active vector sequence 

simultaneously. Thus, in the most general case, the instants where condition σȢρφ cannot 

be met for Bridge 1 and Bridge 2 are not synchronized, and two resonance phases are 

required per switching cycle, one per bridge, as shown in  Figure 3.8.  

This concludes the derivations of the fundamental operating principles of this new 

class of non-isolated four-quadrant soft-switching current source inverters. Simulation 

results of the base SSCSI topology in a motor drive configuration are presented next to 

demonstrate the approach. 
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3.3.3 Demonstration of the SSCSI Operation  

In this section, a 25 kVA SSCSI converter in the motor drive configuration shown 

in Figure 3.7 is simulated with the parameters given in Table 3.1. A V/f control is 

implemented to generate the set of AC output voltages with a frequency range of 0-500 Hz 

as the voltage magnitude is increased to the nominal value of 480 Vrms. The input DC 

source is taken to be at constant 500 Vdc. These simulation conditions are purposefully 

chosen to demonstrate the full buck-boost operating range of the structure and confirm the 

operating principles derived previously. The conventions of Figure 3.7 are used in the 

following. 

The DC-link current level is kept constant at its nominal value of 60 A. The input 

voltage, ὠ , and DC source current, Ibat, as well as the output bridge line-to-line voltages, 

ὠ ȟὠ ȟὠ , line currents, ὍȟὍȟὍ, and resulting apparent power, Ὓ , are shown in Figure 

3.13. The DC-link current, Ὥ , and voltage, ὺ , are also shown. The results validate the 

proper operation of the SSCSI under V/f control, with a stable and controlled DC-link 

current, soft-started from 0 A, while the magnitude and frequency of the output voltages  

Table 3.1: Parameters of the simulated 25 kVA SSCSI drivetrain  configuration. 

Parameter Value Parameter Value 

Rated power 25 kVA ὒ  350 ‘Ὄ 

Nominal DC source voltage  500 Vdc ὅ Ǫ ὅ  ςψ ‘Ὂ 

Nominal output voltage 480 Vrms LL ὒ  ςςπ ‘Ὄ 

Nominal DC-link current 60 A ὅ ρππ ὲὊ 

Switching frequency 15 kHz ὒ ςȢψ ‘Ὄ 
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Figure 3.13: 25 kVA SSCSI drivetrain simulation waveforms under V/f control 

showing stable buck and boost operation of the structure. 
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increase from 0pu to 1pu in 130 ms. The ramp-up time has been selected arbitrarily in this 

simulation to demonstrate the dynamic capabilities of the converter and would need to be 

coordinated with motor and application dynamics, with the understanding that shorter 

converter ramp-up times are possible but might not be appropriate for the system. The input 

current increases proportionally to the output power to keep the DC-link current regulated 

to the nominal value, and no inrush current is observable at start-up.  

As identified in Figure 3.13, this simulation study also confirms the operation of 

the base SSCSI topology in both buck and boost voltage conversion modes, with the output 

voltages magnitude increasing seamlessly above the DC source voltage. Additionally, the 

SSCSI generates high quality waveforms, with an output voltage and current total harmonic 

distortion (THD) at rated power and frequency of 5 % and 2 %, respectively, and an input 

DC current THD of 5.5 %, in this illustrative simulation. As expected, the DC-link current 

ripple increases as the output power delivered reaches the nominal value, yet remains under 

the design target of 60 % peak-to-peak at full power. This is achieved with a small DC-link 

inductor of συπ ‘Ὄ, representing a little under 1 J of stored energy at the 25 kVA operating 

point, more than an order of magnitude lower than the energy stored in the DC-bus of an 

equivalently rated VSI-based drivetrain [94]. A similar observation is also true for the input 

and output filters, with a combined capacitance of ρρς ‘Ὂ for a total filter energy a little 

over 10 J. 

As shown in Figure 3.13, the DC-link voltage, ὺ , is perfectly controlled within 

a ψυπ ὠ band throughout the simulation while the output rises to the rated line-to-line 

voltage of 480 Vrms, from an initial value of 0 V. Thus the DC-link voltage stress is kept 

low and constant, at 1.25 pu in this study, across the entire voltage and load range. In 
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addition, to confirm the soft-switching operation under different converter operating 

conditions, the DC-link current and voltage are observed over one switching cycle at the 

three instants identified in Figure 3.13. The line-to-line output voltage, ὠ , output 

apparent power Ὓ , and the conversion mode are summarized in Table 3.2 for the three 

observations, and the resulting waveforms are shown in Figure 3.14.  

In the three cases, the switching pattern follows the operating principles of section 

3.3.2, with the Active phase, the two Resonance phases and the Freewheeling phase clearly 

identified in the figure. Observation 1, Figure 3.14 (a), and observation 2, Figure 3.14(b), 

both take place under buck conversion mode and the switching cycle structure is identical. 

As the output power increases from 1 kVA to 10 kVA, the duration of the active phase 

increases and the freewheeling phase becomes shorter, as expected in this simulation study 

with constant DC-link current. Most importantly, while the output voltage increases by 

more than a factor of three, from 90 Vrms to 300 Vrms, the voltage stress on ὺ  during 

the Resonance phases remains constant, and the soft-switching operation is maintained 

with a ὨὺȾὨὸ rate of πȢφ ὯὠȾ‘ί during the ZVS transition states.  

Table 3.2: Operating conditions of the DC-Link switching waveforms observations. 

Observation ╥▫◊◄  ╢▫◊◄  Conversion mode 

1 90 Vrms 1 kVA Buck 

2 300 Vrms 10 kVA Buck 

3 480 Vrms 25 kVA Boost 
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Figure 3.14: SSCSI DC-link current, ░▀╬, and DC-link voltage, ○╛▀╬, over a 

switching period. 

(a) Observation 1.         (b) Observation 2. 

(c) Observation 3. 
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The DC-link waveforms for observation 3 at rated output voltage and power, 480 

Vrms and 25 kVA, respectively, are shown in Figure 3.14(c). In this case, the SSCSI 

operates in boost conversion mode and the sequencing of ὠ , ὠ  and ὠ  is different 

from Figure 3.14 (a-b). Despite these radically different operating conditions, the voltage 

stress on ὺ  during the Resonance phase is unchanged and the soft-switching operation 

is once again achieved. 

These three observations can be generalized and demonstrate the unique ability of 

the SSCSI to leverage the flexibility in the Resonance phase and the resonance switch 

control to guarantee the ZVS operation of all power devices, under all loading and voltage 

conditions. This is crucial for applications where wide output voltage and loading ranges 

are expected, as is the case in multiport power electronics. Together with the intrinsic buck-

boost conversion capability, this has been very challenging to achieve, or impractical, with 

other soft-switching topologies. The SSCSI topology is therefore ideally positioned to 

realize a non-isolated single-stage four-quadrant multiport power electronics building 

block as detailed next. 

3.3.4 Split-SSCSI Variant for Multiport Applications 

3.3.4.1 Topology Derivation and Switching Cycle 

The fundamental SSCSI topology introduced thus far relies on a single resonant 

circuit connected across the DC-link inductor to enable the ZVS soft-switching operation 

of the underlying CSI structure. This laid the foundation for the new class of four-quadrant 
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soft-switching current source inverters and realized a simple and compact topology that 

can be used for triport applications (e.g. two DC sources on one bridge, three-phase AC 

source on the other bridge) or motor drive applications, the original target. However, 

scaling the SSCSI to full multiport operation is more effectively achieved through a 

modified structure, the split-SSCSI topology shown in Figure 3.15. This simple adjustment 

enables fully decoupled and independent operation of the two CSI bridges, significantly 

simplifying multiport control, as will become evident throughout the remainder of this 

work. Structurally, the split-SSCSI uses two resonant circuits, one in parallel with each 

with each CSI bridge. The DC-link is constructed with two DC-link inductors, one on either 

side of the link to provide equal impedance in the common mode path. Note again the 

opposite orientation of the second CSI bridge and second resonant circuit as compared to 

the S4T.  

The split-SSCSI shares the same power transfer principles as the single tank SSCSI 

configuration, with both CSI bridges operating simultaneously. Figure 3.16 shows the 

typical switching cycle of the split-SSCSI in the configuration of Figure 3.15, in the case 

where the power flows from the solar PV and battery to the three-phase AC grid. Further 

Figure 3.15: Split-SSCSI topology in a triport DC-DC-3ʬAC configuration. 
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assume in this example that ὠ ὠ , ὠ ὠ π, ÍÁØȿὭȿȟȿὭȿȟȿὭȿ ȿὭȿ and 

Ὥ π.  The split-SSCSI operation is better understood considering each soft-switching 

CSI bridge individually, and the resulting voltage profile they each apply on the DC-link, 

ὺ  and ὺ  in Figure 3.16.  

Figure 3.16: Typical switching cycle of the split-SSCSI in a triport DC-DC-3ʬAC 

configuration. 
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Each bridge switching cycle follows the same operating phase types as in the single-

tank SSCSI, with the Active, Freewheeling and Resonance phases clearly identified. 

During their respective Active phase, each bridge applies a sequence of active vectors 

further categorized based on their polarity as either charging (if ὺ π) or discharging 

(if ὺ π. With the assumptions used in this example, within a switching cycle, CSI 

bridge 1 applies two charging vectors ὠ ȟὠ ὠ ȟὠ  and CSI bridge 2 

applies two discharging vectors ὠ ȟὠ ὠȟὠ . When all active vectors for 

a given bridge have been applied, the bridge enters a freewheeling phase and bypasses the 

DC-link current with zero vector ὺ π. This is achieved by turning on both switch 

positions of any phase leg in the bridge. The resulting converter and bridge switching states 

for the typical switching cycle shown in Figure 3.16 can readily be derived from the 

detailed analysis of the base SSCSI topology in section 3.3.2 and will not be analyzed again 

in this section. The dc-link current Ὥ  results from the combination of bridge 1 and bridge 

2 active vectors and freewheeling vectors, such that at any given point in time, neglecting 

the parasitics:  

Ὥ ὸ
ρ

ςὒ
ὺ ὸ ὺ ὸ Ὠὸ σȢρχ 

The rate of change of Ὥ  is therefore not directly linked to the polarity of a given 

bridge active vector, as seen in Figure 3.16 and there is great flexibility in the control 

strategy that can be applied to this topology to regulate the DC-link current. This additional 

degree of freedom can be leveraged in multiport applications for improved controllability.  
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The key advantage of the split-SSCSI structure is the complete decoupling of the 

operation of the two bridges. Unlike the single-tank SSCSI where the bridges are still 

coupled through the Resonance phase and ZVS transition state, since these involve the 

same and only resonant circuit regardless of which bridge initiated the state change, the 

dedicated resonant circuit per bridge in the split-SSCSI allow any given bridge to perform 

a state change using its respective resonant circuit without any impact on the state of the 

opposite bridge. This is detailed next.  

3.3.4.2 Split-SSCSI Soft-Switching Mechanism 

The soft-switching operation of the split-SSCSI is ensured locally, at the CSI bridge 

level using the dedicated resonant circuit. Throughout the switching cycle, when a bridge 

needs to switch from one active vector to the next, a ZVS transition state can be inserted 

during the bridge commutation to achieve full ZVS switching of all power semiconductors 

in the bridge. Take the example of CSI bridge 2 transition from active vector 1 ὠ  to 

active vector 2 ὠ  while CSI bridge 1 continuously apply its first active vector 1 ὠ , 

Figure 3.16. The resulting switching states before, during, and after the ZVS transition are 

shown in Figure 3.17, along with the corresponding switching waveforms for CSI bridge 

2 undergoing the transition, shown in Figure 3.18.  

From active state ὠ  on bridge 2, Figure 3.17(a), the ZVS transition is initiated 

by gating OFF Ὓ  and gating ON  Ὓ  while Ὓ  is kept ON. Since Ὓ  is turned off the 

the dc-link current is immediately forced to flow through the resonant capacitor of the 

resonant tank of bridge 2, Figure 3.17(b).  
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Figure 3.17: split-SSCSI ZVS transition mechanism and switching states during a 

commutation on bridge 2. 

(a) Before bridge 2 ZVS transition. ○║► ╥╪╬◄ȟ ○║► ╥╪╬◄ ╥╬╪  

(b)   

(b) During bridge 2 ZVS transition. ○║► ╥╪╬◄.                                              

Resonant capacitor controls dv/dt across bridge 2. 

(c) After  bridge 2 ZVS transition. ○║► ╥╪╬◄ȟ ○║► ╥╪╬◄ ╥╪╫  
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Figure 3.18: Switching waveforms and gating sequence during the ZVS transition 

state of Figure 3.17. ▌╢╬▪ ,  ▌╢╫▪ and ▌╢╪▬ are the gate signals of ╢╬▪ , ╢╫▪ and ╢╪▬, 

respectively. 
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It follows that: 

 
ὠ ὠ ὺ

ὠ ὠ ὺ
 σȢρψ 

  It is immediately apparent that σȢρχ, unlike σȢρπ for the single tank SSCSI, 

only depends on variables from bridge 2. Further, as shown in Figure 3.17(b), the operation 

of bridge 1 is unchanged during the ZVS transition of bridge 2. This is because the resonant 

capacitor of bridge 2 provides a path for the DC link current to circulate and still exchange 

power with the PV source through bridge 1. This is again unlike the single tank SSCSI 

where the ZVS transition state, Figure 3.11(b), divert the full dc-link current away from 

both CSI bridges. Thus, the two resonant circuit structure of the split-SSCSI fully 

decouples both bridges during the ZVS transition state, and in this example bridge 2 can 

undergo a full ZVS transition completely transparently for bridge 1. 

Applying the initial condition on the resonant capacitor voltage of bridge 2 

ὺ ὸ ὠ  and recognizing the necessary continuity of voltage across the capacitor, 

one can verify from σȢρψ that the series diode of switch position Ὓ  is reverse biased 

and therefore the ZVS transition state remains in effect until the natural turn on of this 

diode. Further analyzing the switching loop, it is straightforward to show that the voltage 

change rate across the switching devices in bridge is control by the resonant capacitor such 

that: 

Ὠὠ

Ὠὸ

Ὠὠ

Ὠὸ

Ὥ

ὅ
 σȢρω 
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which is the exact analog of  σȢρσ for the split SSCSI, and confirms the ZVS operation 

of the bridge for the split-SSCSI structure.  

 From σȢρψ the ZVS transition on bridge 2 ends when the resonant capacitor is 

discharged to ὺ ὠ , that is Ὓ  is forward biased and bridge 2 exerts the second 

active vector ὠ , Figure 3.17(c). The resulting switch positions voltage, gating pattern 

and bridge voltages are shown Figure 3.18 throughout the transition. 

Analyzing the ZVS transition of bridge 2, it can easily be verified that the necessary 

and sufficient soft-switching condition σȢρφ derived previously for the SSCSI topology 

still applies to the split-SSCSI variant, on a bridge basis. This condition will therefore be 

implemented in the modulation of all variants in the converter family in the rest of this 

work. When σȢρφ cannot be met, that is when the most negative active vector of a given 

a bridge has been applied in its entirety, a resonance phase is necessary to reset the bridge 

resonant capacitor voltage. This can be triggered by gating ON the corresponding resonant 

switch. Under normal modulation of the split-SSCSI, each bridge will undergo a resonance 

phase exactly once per switching cycle, with each resonant circuit being activated once, 

independently. This can be observed in the typical switching cycle of Figure 3.16. For 

bridge 2, a resonance phase is required after ὠ  and can be triggered by gating ON Ὓ  

while bridge 1 is in a freewheeling state, as shown in Figure 3.19(a). Similarly, a resonance 

phase is inserted on bridge 1 to transition from the freewheeling phase into the first active 

vector ὠ , while bridge 2 applies ὠ , as seen in Figure 3.19(b). This is achieved by 

gating ON Ὓ  of resonant circuit connected to bridge 1.  
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In both instances, the operation of the opposite bridge is once again undisturbed 

since the resonant circuit of the bridge undergoing a resonance phase provides a circulation 

path for the DC-link current to flow normally through the opposite bridge, irrespective of 

its switching state. This confirms that the split-SSSCI is uniquely able to completely 

decouple the operation of the two CSI bridges throughout the entire switching cycle, where 

resonant transitions can take place asynchronously as needed, and still offer a direct power 

transfer path between the two bridges for maximum efficiency and power density. Each 

bridge completes its respective switching cycle, based on the current references to be 

Figure 3.19: Resonance phase in the split-SSCSI. 

(a) Bridge 2 resonance phase exiting ╥╪╬◄ while ○║►   

(b) Bridge 1 resonance phase exiting freewheeling state while ○║► ╥╪╬◄ ╥╬╪. 
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generated by each phase-leg, independently of the opposite bridge. This makes for an ideal 

structure that can be extended to support flexible soft-switching multiport operation in non-

isolated applications as presented next. 

3.3.5 Extension to Multiport Soft-Switching Current Source Inverter (MSSCSI) 

The split-SSCSI topology can readily be extended to support non-isolated four-

quadrant multiport power electronics applications. The two split inductors and the two 

resonant circuits form the core resonant transition current DC-link enabling the ZVS soft-

switching operation of all power devices in either CSI bridge. The number of phase-legs 

per bridge can be increased as needed to realize the proposed family of Multiport Soft-

Switching Current Source Inverters (MSSCSI), illustrated in Figure 3.20, and introduced 

in this work as a flexible four-quadrant, non-isolated MPC building block.  

With ὔ ρ legs on bridge 1 and ὓ ρ legs on bridge 2, the MSSCSI supports two 

sets of ὔ ports and ὓ ports, respectively. Power can be exchanged bidirectionally from 

any port to any port, and in any combination, as shown in Figure 3.21.  The direct power 

path mode between the ὔ ports and ὓ ports, where both bridges apply an active vector 

simultaneously, enables double the power transfer capabilities and is unique to the MSSCSI 

family. Ports within the same CSI bridge can still exchange power bidirectionally, in any 

combination, through the indirect power path, but at half the power, as in the MS4T family. 

It is important to note that thanks to the full ZVS soft-switching operation of the MSSCSI 

family, the conversion efficiency is identical from any port to any port, and is virtually 

independent of the number of ports and the resulting number of switching transitions per 

switching cycle.  
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a  

Figure 3.20: Proposed multiport soft-switching current source inverter (MSSCSI) 

to realize universal non-isolated MPC. 
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A generic switching cycle of the MSSCSI family is shown in Figure 3.22. As 

detailed previously, each bridge operates completely independently, and applies a series of 

active vectors throughout the switching cycle. With N ports on bridge 1 and M ports on 

bridge 2, the switching cycle includes up to N active vectors on bridge 1 

╥╪╬◄ȟȣȟ╥╪╬◄╝, and up to M active vectors on bridge 2 ╥╪╬◄ȟȣȟ╥╪╬◄╝. This is 

shown in the bridge 1 and bridge 2 link voltages ὺ  and ὺ , respectively, in  

Figure 3.22. Any of these active vectors can apply a positive voltage (óchargingô) or a 

negative voltage (ódischargingô) onto the DC-link, depending on the power flow direction 

for the corresponding port. For any given switching cycle, a bridge may only apply 

charging or discharging vectors based on the instantaneous operating conditions.  

ZVS transition states are inserted between any two adjacent active vectors at the 

bridge level, and exactly one resonance phase per bridge per switching cycle is required to 

óresetô the resonant circuit of each bridge and maintain soft-switching operation. It is to be 

understood that the ZVS transition states and resonance phase typically represent well 

below 5% of the switching period in the MSSCSI and MS4T family and have been enlarged 

for illustration purposes in all switching waveforms presented in this chapter. Proper design 

of the resonant circuit is of paramount importance to achieve this and will be detailed 

subsequently in this work.  Finally, the DC-link current results from the combination of 

ὺ  and ὺ  throughout the switching cycle and has been omitted here for clarity.  
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Figure 3.22: Generalized MSSCSI switching cycle with main operating phases 

identified. 
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3.4 Conclusion and Contributions 

This chapter has introduced two families of power converters to realize flexible 

multiport power electronics. Both families offer four-quadrant soft-switching operation in 

a simple single-stage structure, while preserving full pulse-width modulation or SVM-like 

control. This has not been typically achieved in the prior art. These converter families have 

been extended to support an arbitrary number of connection ports, while the ZVS soft-

switching technique ensures a high and symmetrical conversion efficiency from any port 

to any port. Each port can be actively modulated during the switching cycle with negligible 

impact on efficiency, promising excellent control bandwidth and cycle-by-cycle energy 

balancing. The ports are fully flexible and configurable, supporting both AC or DC 

connections and bidirectional power flow. Finally, the current source nature of the 

topologies simplifies paralleling, and further positions the proposed converters as modular 

building blocks for the next generation of scalable multiport power electronics systems. 

The proposed multiport S4T (MS4T) derives from the original S4T topology and 

realizes a partially isolated MPC building block for applications where galvanic isolation 

is required. Although the S4T topology has already been introduced in the literature, most 

of the focus has been on its application to medium voltage solid-state transformers. In 

contrast, the extended MS4T presented in this research has not been previously studied. 

The inclusion of additional power switches in the structure, combined with the requirement 

for four-quadrant operation over a wide voltage range, introduces significant implications 

on the topology, affecting its design, modulation strategy, control structure, resonant 

transitions, and semiconductors stress. These aspects will be examined throughout this 

work.  
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The proposed multiport soft-switching current source inverter (MSSCSI), and the 

base SSCSI topology, are part of a new family of topologies not previously reported in the 

literature. This new family of converters adapts and extends the ZVS transition mechanism 

of the S4T to underlying CSI structures. Specifically, the MSSCSI topology introduced in 

this work realizes a non-isolated MPC building block and offers a new direct power flow 

path doubling the rating and power density of the MS4T using the same component ratings. 

The structure and operating principles of the MSSCSI have been derived in detail in this 

chapter. The rest of this work will introduce additional design considerations, control 

techniques and experimental validation to use the MSSCSI in multiport power electronics 

systems. 

The main contributions detailed in this chapter include:  

¶ Introduction of two new soft-switching single-stage four-quadrant topologies, 

the base SSCSI and split-SSCSI with double the DC-link current utilization of 

the original S4T topology. Detailed explanation of the structure, operating 

principle and ZVS transition mechanism have been provided. Fundamental 

operation has been validated in simulation study. 

¶ Extension of the split-SSCSI to the MSSCSI for non-isolated multiport 

applications. 

¶ Extension of the S4T family to the novel multiport S4T (MS4T) structure for 

isolated multiport applications. 
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CHAPTER 4. UNIVERSAL  RESONANT TRANSITION 

CONTROL  IN MULTIPORT FOUR-QUADRANT  OPERATION  

4.1 Introduction  

The multiport soft-switching solid-state transformer (MS4T) and the multiport soft-

switching current source inverter (MSSCSI) proposed in this work are two resonant 

transition converter families, which realize soft-switching operation in addition to 

maintaining full pulse-width modulation control capabilities. While the latest modulation 

techniques can be adapted and leveraged to control the main power devices, the very fast 

dynamics underlying the resonant transitions and resonance sequence require special 

attention.  

Both the MS4T, Figure 4.1, and the MSSCSI, Figure 4.2, rely on the same minimal 

resonant circuit structure to set the zero-voltage switching conditions for all main power 

devices. Although the actual working principles of the two converter families are 

fundamentally different as detailed in CHAPTER 3, the gating of the auxiliary switch Ὓ 

provides an additional degree of freedom in the control of the resonance sequence in both 

structures. With appropriate gating of the auxiliary switch Ὓ of each resonant circuit, it is 

possible to ensure soft-switching operation regardless of the converter loading level, and 

for the entire four-quadrant operating range of the multiport structure. However, due to the 

very fast dynamics of the resonant circuit, with natural frequencies well above 500 kHz in 

typical designs and ZVS transition periods in the sub-microsecond range, the accurate and 

precise control of the auxiliary switch and the proper timing of the resonance  
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sequence are difficult and costly to achieve with the available sensed quantities (i.e. port 

voltages, DC-link current), and traditional sensor technologies. Open loop or semi closed-

loop control strategies are a first natural approach, whereby the required Ὓ gating and 

timing information are either preset or estimated from the converter operating state at the 

expense of complex and often non-real time computations. This leads to unacceptable 

device voltage stress during converter transients or faults and can disrupt soft-switching 

operation under normal operating conditions. The issue is particularly pronounced for 

Figure 4.1: Multiport soft-switching solid-state transformer (MS4T). 
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Figure 4.2: Multiport soft-switching current source inverter (MSSCSI). 
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multiport applications where wide variations in switching patterns are to be expected due 

to the many ports operating at different voltages, currents and frequencies. 

To address these challenges, this chapter presents a universal resonant transition 

control strategy together with two novel sensing circuits that integrate with the resonant 

tank and provide the necessary signals for the control mechanisms. Collectively, these new 

techniques enable safe, robust and reliable soft-switching operation of the MS4T and 

MSSCSI in multiport, four-quadrant applications. Although the development of these 

techniques was initially motivated by the stringent requirements of the MS4T and MSSCSI 

multiport applications, the resulting control strategy is broadly applicable across all 

variants of the two converter families, and any use cases. 

4.2 Sensing Circuits  and Resonant Module 

4.2.1 ZVS Transitions and Resonance Sequence in the MS4T and MSSCSI 

The ZVS transitions and resonance sequence are the two key elements of the 

switching cycles of both the MS4T and MSSCSI, as together they enable the unique four-

quadrant soft-switching operation in the two converter families. Figure 4.3 reproduces the 

generalized switching waveforms of the MS4T and MSSCSI, previously introduced in 

CHAPTER 3, to facilitate the analysis presented in this section. Recall from the derivations 

that in both the converter families and under normal operating conditions, a ZVS transition 

state naturally occurs between any two active vectors applied to the DC-link. During these 

ZVS transition states, in the MS4T, the DC-link current flows through, and discharges, the 

capacitors ὅ of the two resonant circuits, with a controlled dv/dt as given in σȢρ thereby  
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Figure 4.3: Generalized switching cycle of the MS4T and MSSCSI. 
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ensuring ZVS switching of the two devices changing state. Similarly, in the MSSCSI, the 

DC-link current flows through the resonant capacitor in parallel with the bridge triggering 

a resonant switching transition, causing the capacitor to discharge and controlling the dv/dt 

across the switching power devices as in σȢρω. In addition, as illustrated in Figure 4.3, a 

complete resonance sequence in the MS4T and MSSCSI begins by, and ends with, a ZVS 

transition state where at least one resonant capacitor is being discharged by the DC-link 

current. A complete resonance sequence is necessary to óresetô the soft-switching operation 

for the next switching cycle as detailed previously.  

From this discussion, it is apparent that the discharge of the resonant capacitor in 

the resonant circuit is of critical significance in both the MS4T and MSSCSI. Notably, the 

discharge of ὅ provides a physical quantity that can be precisely, robustly, and cost-

effectively measured to accurately position the ZVS transition states in the switching cycle, 

and therefore sense and control the main sub-cycle dynamic elements of the operation of 

the converter. This measurement is implemented in the proposed sensing circuits and 

utilized by the universal resonant transition control strategy as detailed next. 

4.2.2 Resonant Module for MS4T and MSSCSI 

Two novel sensing circuits are introduced in this work to precisely monitor the state 

of the resonant capacitor. The two sensing circuits, identified as circuit A and circuit B in 

the following, are integrated with the resonant tank used this far to realize a óresonant 

moduleô, as shown in Figure 4.4. This forms a self-contained building block that provides 

the critical timing information required during the ZVS transitions and resonance sequence 

for a closed-loop control of these periods. The number of resonant modules required to 
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enable the soft-switching operation in the two converter families depends on the converter 

configuration and the application. For the MS4T and MSSCSI, two resonant modules are 

necessary, one on either side of the resonant transition current DC-link. For instance, an 

MS4T implementation with two such resonant modules is depicted Figure 4.5. Irrespective 

of the final number of resonant modules used, the module structure remains unchanged and 

enables the universal resonant transition control strategy in all converter variants across the 

two converter families. 

Within a resonant module, circuit A, monitors the discharge of the resonant 

capacitor by identifying the phases throughout the switching cycle where: 

Ὠὺ

Ὠὸ
π τȢρ 

Figure 4.4: Proposed resonant module integrating two novel sensing circuits and 

the resonant circuit . 

Resonant 

Circuit

Lr

Circuit A Circuit B

To DC-link

To DC-link

Dlm

(Dlk)

Discharge

monitoring 

signal

Threshold 

detection 

signal

Gate 
Driver

Control 

signal

Resonant module

+

-

ὺὅὶ 



 98 

As detailed above, sensing the instants where τȢρ holds true enables accurate 

positioning of the ZVS transitions within a switching cycle and allows for the precise 

measurement of the duration of these transitions. This timing information is key to the 

resonant transition control mechanisms proposed in this work.  

The second sensing circuit within a resonant module, óCircuit Bô, detects the instant 

where the resonant capacitor voltage crosses a predetermined threshold ὠ , such that: 

ὺ ὠ  τȢς 

Precisely locating the instant where ὺ  is less than a given threshold voltage during 

the switching cycle generates another key timing information used for the control of the 

resonant switch Ὓ as detailed in the following. 

It should be noted that neither sensing circuits attempts to measure the actual ὺ  

signal as the fast dynamics of the resonant tank circuit would be very challenging to capture 

accurately, with the necessary bandwidth and isolation level. Instead, circuit A and circuit 

Figure 4.5: MS4T implementation using two proposed resonant modules with 

integrated sensing. 
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B extract the critical timing information required with minimum propagation delay, high-

voltage isolation, high noise-immunity, and at a fraction of the cost of available sensing 

technologies. This is achieved with simple circuit constructions as detailed next. 

4.2.3 Circuit A Implementation and Experimental Validation 

To monitor the discharge of the resonant capacitor, circuit A forms a capacitive 

current divider with the resonant circuit capacitor ὅ by means of an additional sensing 

capacitor ὅ  as shown in Figure 4.6. The current flowing through the sensing branch is 

then: 

Ὅ
ὅ

ὅ ὅ
 Ὅ  τȢσ 

Where Ὅ  is the total resonant current flowing through the capacitor divider, and 

Ὅ  is the current flowing through the sensing branch. 

The sensing capacitor ὅ  is chosen so that Ὅ ḺὍ , that is ὅ  is a few 

orders of magnitude smaller than ὅ, and the addition of circuit A does not interfere with 

the resonant circuit and the operation of the converter. An optocoupler is connected in 

series with the sense capacitor through a sense resistor Ὑ  and an anti-parallel Zener 

diode Ὀ for protection as shown in Figure 4.6. An additional bias resistor Ὑ  is added for 

increased noise immunity. Ὑ ȟὈ and Ὑ  are selected based on the optocoupler 

threshold current and voltage, maximum operating current and voltage, and target 

minimum resonant current range to be sensed, Ὅ ͺ .  
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When Ὅ Ὅ ͺ π, meaning that ὅ is being discharged and τȢρ holds 

true, Ὅ π, and a portion of this sensing current flows through Ὑ  and the diode 

of the optocoupler, activating the phototransistor. The rest of the sensing current is 

bypassed by the Zener diode to protect the optocoupler. Similarly, when Ὅ π, 

indicating that ὅ is being charged, Ὅ π, and the Zener diode bypasses the entirety 

of the sensing current, leaving the phototransistor open. The resulting phototransistor 

switching provides a low-cost solution to generate an isolated signal with minimum 

propagation delay, typically < 100 ns with 5 kV isolation, precisely timing the ZVS 

transitions governed by the resonant module throughout the converter switching cycle.    

To confirm the working principles of circuit A, two resonant modules have been 

validated experimentally in a 25 kVA MS4T, in the configuration shown in Figure 4.5, 

with three ports per bridge, under three-phase AC/AC operation. The main switching cycle 

waveforms, and the two discharge signals generated by circuit A on the first bridge and 

second bridge are shown in Figure 4.7.  

Figure 4.6: Circuit A hardware implementation.  
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Figure 4.7: Experimental validation of proposed circuit A in 25 kVA MS4T 

prototype, with one module per bridge. (a) Discharge monitoring signal over 

complete switching cycle, (b) propagation delay measurement. 
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The two discharge monitoring sensing circuits selectively and precisely positioned  

the ZVS transitions in both bridges, as evidenced by signals ὛὩὲίέὶ  and ὛὩὲίέὶ , 

active high during the negative dv/dt slopes on the resonant capacitor voltage in bridge 1, 

ὠ , and on the resonant capacitor voltage in bridge 2, ὠ , respectively. The total 

propagation delay between the beginning of a ZVS transition and ὛὩὲίέὶ  active high is 

further measured to be 110 ns as shown in Figure 4.7. This includes additional propagation 

delay through the FPGA I/Os used to observe the signal as well as scope delay, and is for 

a lower resonant current that the nominal design value (50A vs 100A) thus confirming the 

low-propagation delay of the approach. 

4.2.4 Circuit B Implementation and Experimental Validation 

To monitor the instant where the resonant capacitor voltage ὺ  crosses a 

predetermined threshold ὠ , circuit B connects across the resonant capacitor and forms a 

capacitive voltage divider to scale down the sensing stage voltage to a manageable range, 

typically under 100V. The rest of the sensing circuit, shown in Figure 4.8, uses a concept 

similar to circuit A, where an optocoupler sensing circuit detects a current flow through 

the sensing stage when:  

ὠ
ὅ

ὅ ὅ
ὺ ὠ τȢτ 

With ὠ  the Zener voltage of the bidirectional or back-to-back Zener diodes 

selected to detect the predetermined and fixed threshold voltage ὠ : 

ὠ
ὅ

ὅ ὅ
ὠ π τȢυ 
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From τȢτ and τȢυ, practical implementations of óCircuit Bô are focused on 

detecting the instant where: 

ὺ ὠ π τȢφ 

as is required in the sub-cycle resonant transition control mechanisms proposed in this 

work. 

Akin to óCircuit Aô, the implementation of óCircuit Bô then uses the phototransistor 

switching to generate an isolated signal with minimal propagation delay, typically < 100 

ns, and 5 kV isolation precisely identifying the instant where τȢφ is met. Circuit B is 

validated experimentally in the same 25 kVA MS4T test setup used to demonstrate circuit 

A. The key converter waveforms over a few switching cycles, and the threshold detection 

Figure 4.8: Circuit B hardware implementation. 
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signal produced by circuit B on bridge 1 are shown in Figure 4.9. The circuit accurately 

measures the instants where the capacitor voltage ὠ  falls below a fixed threshold 

voltage ὠ ςςυὠ in this example, as evidenced by ὛὩὲίέὶ  (DATA 3 on scope) 

active high. 

The timing information generated by circuit A and circuit B in the proposed 

resonant module are used in new resonant switching transition control mechanisms detailed 

next. 

4.3 Universal Resonant Transition Control  

The following sections detail the universal resonant transition control mechanisms 

proposed in this work. Generalized switching sequences are used to illustrate the control 

mechanisms, where ὺ and Ὥ are the bridge voltage or transformer voltage, and the DC-

Figure 4.9: Experimental validation of proposed circuit B in 25 kVA MS4T 

prototype. 
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link current or the magnetizing current, in the MSSCSI and MS4T, respectively. 

Furthermore, when a more specific example is necessary to clearly illustrate a concept, it 

is to be understood that the same principles apply to any implementation in the two 

converter families. 

4.3.1 End of Resonance Sequence Monitoring 

As shown in Figure 4.10, a complete resonance sequence in the MS4T and MSSCSI 

converter ends with a ZVS transition phase to the next incoming active state, ὠ  in the 

generalized switching sequence. This implies that the switches corresponding to the active 

state must be gated ON at any instant during this final ZVS transition state, identified as 

the óGate ON Windowô in Figure 4.10, for the soft-switching action to occur. More 

specifically, if the turn ON of the switches takes place before or after this window, a hard-

switching transition will occur, resulting in switching losses and high dv/dt, as highlighted 

in Figure 4.10. The exact resonance sequence duration and the final ZVS transition state 

positioning within the resonance sequence both depend on many parameters including the 

state of the converter, the outgoing and incoming active vector voltage level, the non-

idealities in resonant components, and cannot be known precisely. A traditional control 

implementation is to use an opportunistic approach where a fixed resonance sequence 

duration is assumed to attempt to artificially position the gating ON of the switches within 

the allowable window. Another approach is to estimate the resonance sequence duration 

and the óGate ON Windowô positioning, at the cost of complex computations, often too 

intensive to be implemented in real-time, and yielding fuzzy estimates. While both 

approaches give acceptable performance under steady-state conditions for applications 
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with fixed operating voltages, a soft-switching transition under transient modes and for 

wide voltage variations or multiport deployments is not guaranteed. 

Instead, this work proposes a new óend of resonance monitoringô control 

mechanism using the sensing signal from circuit A in the resonant module of interest to 

accurately locate the final ZVS transition phase within the resonance sequence, as shown 

in Figure 4.10. By implementing a rudimentary state machine in the controller, depicted in 

Figure 4.11, a rising edge on the circuit A signal after the beginning of the resonance phase 

can be used to detect the gate ON window and trigger a state change to óEnd Resonanceô 

Figure 4.10: Generalized resonance sequence structure of the MS4T and MSSCSI 

with incoming active state ZVS gate ON window identified by circuit A . 
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where the appropriate power devices for the incoming active state are gated ON. This 

provides a simple, reliable, closed-loop mechanism to systematically position the incoming 

active state switching within the allowable soft-switching window, under both steady-state 

and transient conditions, for all converter implementations. The new control mechanism 

applies to any applications including ones with wide input and output voltage excursions 

and implementations with large number of input and outputs like the MS4T and MSSCSI.  

4.3.2 ZVS Transition Time Correction 

As for any resonant or quasi-resonant converters, the turn ON instant of the main 

power switches in the MS4T and MSSCSI family is not precisely known. Without loss of 

generality, take the example of a MS4T switching cycle in a DC-DC-3ʬAC configuration, 

shown in Figure 4.12. As can be observed in the figure, while the converter control triggers 

a switching state change at the end of an active state to the next one, following some higher-

level modulation scheme, the actual application time of the new state is reduced by the 

ZVS transition time between the two states. Considering active state 2, ὠ , the óvirtualô 

Figure 4.11: End of resonance monitoring state machine. 
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application time, Ὕ , corresponding to the application time targeted by the controller, 

the ZVS transition time, ὸ ȟ and the actual application time, Ὕ , are such that: 

Ὕ Ὕ ὸ  τȢχ 

The total duration of these ZVS transitions is kept low compared to the cycle 

duration through appropriate design, typically under 5% at rated load. Yet these transitions 

increasingly amount to a non-negligible portion of the active states as the converter loading 

level decreases, leading to an increased THD on the inputs and outputs, especially under 

light loading conditions. As discussed previously, the duration of each of the ZVS 

transitions is unknown and can vary widely within a switching cycle, so that standard 

Figure 4.12: Effect of ZVS transition states on active state application time and 

proposed correction mechanism using circuit A . 
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closed-loop control on the target control quantities of the ports (e.g. V, I) may not provide 

the bandwidth needed to compensate for the resulting vector application time variability 

and associated THD impact. 

To address this inherent limitation, this work introduces a new óZVS transition time 

correctionô mechanism, where the sensing signal from circuit A of the relevant resonant 

module is used to precisely measure, and account for, the duration of the ZVS transitions 

between active states throughout the switching cycle. Taking again the example of active 

state 2 in Figure 4.12 the discharge signal from circuit A gives the value of ὸ  so that 

the converter control sets the virtual duration of state 2, Ὕ ͺ, to be equal to the target 

Figure 4.13: ZVS transition time correction mechanism state machine. 
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actual application time, Ὕ , augmented by the ZVS transition state duration ὸ . This 

is easily implemented in the controller with the simplified state machine depicted in Figure 

4.13, by holding the vector application timer value while circuit A indicates an ongoing 

ZVS transition at the beginning of the active vector period. This in turn greatly improves 

the linearity of the higher-level modulation strategy, across the entire loading range.  

4.3.3 Precharge Control Mechanism 

A generic resonance sequence, with arbitrary voltage levels before and after the 

sequence, is shown in Figure 4.14. In both the MS4T and MSSCSI converter families, the 

resonance sequence is needed when a bridge transitions to an active vector with a more 

positive voltage level to ensure ZVS operation. This is achieved, at the resonant circuit 

level, by turning OFF all the power devices of the bridge and gating ON the ancillary switch 

of the resonant circuit, to trigger a resonance between the resonant elements ὅ and ὒ. As 

detailed in section 4.3.1 and shown in Figure 4.14, a complete resonance sequence ends 

with a ZVS transition state where the switches of the incoming active vector are gated ON 

using the óEnd of resonance sequenceô control mechanism to ensure a ZVS turn ON.  

As shown in Figure 4.14, depending on the active voltage level before and after the 

resonance sequence, ὠ  and ὠ , respectively, an additional ZVS transition 

state can be flexibly inserted at the begin of the resonance sequence, by appropriately 

delaying the turn-ON of the ancillary switch of the resonant circuit, Ὓ, by a variable delay 

ὸ . This additional óZVS transition stateô induces a further precharge of the resonant 

capacitor, if needed, by allowing it to reach a more negative voltage level to ensure a 
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complete resonance sequence with a final ZVS transition to the incoming voltage level. 

This is the key mechanism to enable the soft-switching operation across the entire power, 

voltage and current ranges. In essence, if the outgoing and incoming voltage levels are such 

that ὠ ὠ , the turn ON of the ancillary switch is delayed. On the other 

hand, if  ὠ ὠ , no delay is necessary.  

The control of the ancillary switch Ὓ is thus critical to the proper soft-switching 

operation and has proven challenging in practical implementations. The use of a fixed ὸ  

delay to gate the ancillary switch leads to variable, and often unacceptable, device voltage 

stress. This is because ὠ  continuously varies with the converter operating 

Figure 4.14: Generic resonance sequence structure of the MS4T and MSSCSI 

with arbitrary outgoing and incoming voltage levels, and proposed precharge 

control mechanism. 
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conditions and setting a constant capacitor precharge with a fixed ὸ  delay results in a 

variable maximum negative and positive voltage stress across the resonant capacitor and 

the power switches. With such an approach, it is also very challenging to guarantee soft-

switching operation, especially for applications with a wide operating voltage range 

especially in multiport power electronics applications. Finally, a fixed ὸ  delay often 

generates large overvoltage across the power devices under abnormal or fault conditions, 

leading to converter failure.  

Another approach is to estimate the required delay ὸ  as a function of ὠ  

and ὠ  through computations. However, the resonant tank is a high order circuit and 

the ὸ  delay time required depends non-linearly on a number of parameters and quantities 

including the tank passive elements values, ὠ , ὠ  and the DC-link current 

level, amongst other factors as detailed in CHAPTER 6. The computations involved are 

complex and often not possible in real-time, and the sensing bandwidth on the variable 

quantities required in the calculation is limited, leading to limited dynamic performances 

and large overvoltage during converter transients. An alternate implementation with offline 

computations and a lookup table approach where pre-computed ὸ  delay values are used 

is possible but still suffers from limited measurement bandwidth on the fast-varying 

quantities used as input to the table, thus again leading to overvoltage in case of converter 

transients.  

To overcome these challenges, a novel óprecharge control mechanismô is proposed. 

In this new mechanism, the sensing signal from circuit B is used to detect a negative 

threshold level on the resonant capacitor voltage and realize a precise control of the 
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resonant sequence and accurate gating of the corresponding ancillary switch Ὓ. 

Importantly, the proposed control mechanism does not rely on tracking the full voltage 

excursion of the resonant capacitor during the resonance sequence, typically displaying 

dynamics well above 10MHz that are very challenging to capture accurately with high 

isolation. Instead, only the detection of the instant when the resonant capacitor voltage 

crosses a target threshold voltage level is meaningful and required in this control 

mechanism. This is a key reason for the robustness of the approach, confirmed 

experimentally in section 4.5. 

 Figure 4.14 is used again to illustrate the approach. The negative threshold voltage 

level detected by circuit B, ὠ , is set to a fixed value guaranteeing a soft-switching turn-

ON of the incoming active vector, considering the highest ὠ  voltage of the 

application. This is possible by appropriately selecting the Zener diode voltage per τȢυ. 

Once the resonance sequence is initiated, the signal generated by circuit B  

when ὺ ὠ  can be used by the controller to gate ON the resonant switch Ὓ of the 

corresponding resonant module, initiating the ὒὅ resonance. Thus, irrespective of the 

outgoing vector voltage ὠ , a variable ὸ  delay will be naturally inserted to 

consistently precharge the capacitor to the target voltage ὠ  before triggering the 

resonance, as shown in Figure 4.14. This ensures a consistent and complete resonance 

sequence, with controlled voltage stress under all converter operating conditions and even 

under large transients and faults. Critically, the ZVS transition state that determines the  

precharge of the resonant module capacitor is now dynamically inserted as needed every 

switching cycle through this closed-loop control mechanism, using direct timing 

information sensed by circuit B.  
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Figure 4.15: Universal resonant transition control state machine (simplified 

implementation).  
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The generalized switching sequence of Figure 4.14 encompasses all cycle 

transitions covered by the control mechanisms presented in this chapter, which combined, 

form the novel universal resonant transition control. A simplified state machine 

summarizing the universal resonant transition control applied to the resonance switching 

sequence of  Figure 4.14 is shown in Figure 4.15. Each of the sub-cycle control mechanisms 

are identified in the sequence, including the implementation of the óprecharge control 

mechanismô introduced in this section.  

With this approach, the complete resonance sequence, key to the MS4T and 

MSSCSI operation, is fully controlled in a closed-loop manner under all operating 

conditions, including large transients and faults, and the safe, reliable and precise soft-

switching operation of the converter is guaranteed. 

4.4 Simulation Validation of the Universal Switching Transition Control  

To validate the resonant module, sensing circuits, and universal switching transition 

control mechanisms presented in this chapter, a complete simulation study of a 25 kVA 

MS4T using two resonant modules as shown in Figure 4.5 is presented in this section.  

In this simulation the MS4T operates in three-phase AC/AC conversion mode and 

the conventions of  Figure 4.5 are used in the following. The DC-link current is soft-started 

to the reference value of 110 A, while the three-phase output voltage is ramped up to the 

nominal 480 Vrms line-to-line. The three-phase input voltage, not shown here, is set to 480 

Vrms, 60Hz. The DC-link current, output voltages, DC-link voltages on both bridges and 

the resonant capacitor voltages are shown in Figure 4.16, with the universal resonant 

transition control enabled. 
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The same waveforms are again shown in Figure 4.17, without the universal 

resonant transition control, and using a fixed ὸ χππὲί, chosen to achieve soft-

switching with reasonable voltage stress under nominal input and output voltage 

conditions. With the control enabled, Figure 4.16, the soft-switching operation of the 

MS4T is confirmed at startup, under varying DC-link current, and while the output voltage 

varies widely,. This is in sharp contrast to the waveforms of  Figure 4.17, where the control 

Figure 4.16: Simulation results of 25 kVA MS4T in AC/AC mode using two 

resonant modules with  resonant transition controls enabled. 
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is disabled, and hard switching actions are observed throughout the converter startup, and 

while the output voltage increases to the nominal value. This is highlighted in Figure 4.17 

where bridge 1 and bridge 2 DC-link voltages ὠ  and ὠ , respectively, are consistently 

higher than the resonant capacitor voltage on the same bridge, ὠ  and ὠ , respectively. 

This demonstrates the effectiveness of the proposed circuits and universal resonant 

transition control method to ensure a safe and soft-switching operation of the converter, 

Figure 4.17: Simulation results of 25 kVA MS4T in AC/AC using two resonant 

modules without  resonant transition controls. 
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irrespective of the converter state, loading, DC-link current level and input or output 

voltage levels.  

More importantly, at t=80ms, the output of the converter is shorted and released at 

t=90ms to induce a large transient on the output voltage. With the control enabled,  

Figure 4.16, the soft-switching operation is retained while ὠ  undergoes the large 

transients, and the voltage stress on the power switches is controlled within a  ρπππὠ 

band. On the other hand, with the universal resonant transition control disabled,  

Figure 4.17, the soft-switching action is lost during the fault, and large voltage stresses, 

greater than 1400 V peak, are observed on the resonant capacitors because of transient 

power flow inversion and the fixed ὸ χππὲί yielding excessive resonant capacitor 

precharge. This confirms the effectiveness of the resonant module, the two sensing circuits 

and the universal resonant transition control, including under large transients and fault 

conditions. To further validate the novel approach, experimental results are presented in 

the next section. 

4.5 Experimental Demonstration of the Precharge Control Mechanism  

The most critical component of the universal switching transition control 

introduced in this work is the precharge control mechanism. As detailed previously, an 

accurate precharge of the resonant capacitor is necessary not only to ensure proper soft-

switching operation of the converters, but more importantly it is critical to eliminate 

destructive voltage stress levels across the semiconductors under wide range of converter 

operating conditions, large transients or converter faults. Multiport operation of the MS4T 

and MSSCSI is simply not possible without the precharge control mechanism. To 
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demonstrate this critical component experimentally, a prototype MS4T has been designed, 

built and tested in the experimental setup shown in Figure 4.18. The electrical schematic 

of the MS4T prototype is detailed in Figure 4.19.  

The prototype consists of two interleaved converters, with 7 legs on the primary 

side (CSI bridge 1 and CSI bridge 3 in Figure 4.19) and 4 legs on the secondary side (CSI 

bridge 2 and CSI bridge 4 in Figure 4.19). This configuration was chosen to build a flexible 

demonstration platform of the MS4T multiport structure, with a design rated power of 

80kVA. Each bridge is built using a resonant module structure as detailed previously and 

includes two circuit B sensors. For this series of tests, the MS4T prototype is configured 

in a simple DC/DC circulating power mode where the DC output is looped back to the DC 

input through filtering inductors as shown in Figure 4.19. A DC power supply is connected 

to the primary side and controls the circulating link voltage. Under this circulating power 

configuration, the power supply rating can be greatly reduced as it only is required to source 

the power losses of the setup, while the converter can be loaded at a higher level through 

the circulating power path. The quantities observed in the rest of this section are annotated 

in  Figure 4.19. 

The MS4T prototype transient response under startup conditions is shown in  

Figure 4.20. At 400Vdc circulating link voltage (IN/OUT), the DC-link current of both 

interleaved converters, measured on the bridge currents Ὥ  and Ὥ , is ramped up to 50A 

DC in 10ms. It should be noted that Rogowski coils are used to measure the bridge current 

so the DC component cannot be captured, and the DC-link current value must be measured 

from the observed peak AC component in the individual bridges. 
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Figure 4.18: Experimental setup with 7/4 legs MS4T prototype in DC/DC 

circulation mode.  

Figure 4.19: Electrical schematic of the 7/4 legs MS4T prototype in DC/DC 

circulation mode with two circuit B  per bridge and two interleaved converters.  
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Simultaneously, the load DC current, Ὅ , is soft started from 0A to 10A in 100ms. 

The DC-link voltage ὺ  and ὺ  as well the resonant capacitor voltages ὺ  and ὺ  

are observed throughout the converter ramp up. Digital lines D0 to D7 are used to capture 

the outputs of the multiple circuit B sensors used in the prototype: : ╥◄▐║►ͅ, ╥◄▐║►ͅ, 

╥◄▐║►ͅȟ ╥◄▐║►ͅ, ╥◄▐║►ͅ, ╥◄▐║►ͅ, ╥◄▐║►ͅ, ╥◄▐║►ͅ. A high output indicates that the 

sensing circuit detected that the corresponding bridge capacitor voltage crossed the 

negative threshold voltage ὠ . In this MS4T prototype, all sensors are designed to detect 

the same threshold voltage ὠ ψωπὠ. Digital channels D8 and D9 monitor the 

converters precharge timeout, for converter 1 (bridge 1 + bridge 2) and converter 2  

Figure 4.20: Precharge control mechanism demonstration under MS4T start up to 

50A DC-link current and under load increase to 10A circulating current at 

400Vdc. C1: ○║►, C2: ○╒►, C3: ░║► (Rogowski), C4: ░║► (Rogowski), C5: ░╛►, 

C7: ○║►, C8: ○╒►, D0: ╥◄▐║►ͅ, D1: ╥◄▐║►ͅ, D2: ╥◄▐║►ͅ, D3: ╥◄▐║►ͅ, D4: 

╥◄▐║►ͅ, D5: ╥◄▐║►ͅ, D6: ╥◄▐║►ͅ, D7: ╥◄▐║►ͅ, D8: Conv1_precharge, D9: 

Conv2_precharge. 

1 2 3

Precharge control mechnanism enabledFixed precharge time

Resonant capacitor and bridge voltages maintained 

within +/- 980V with closed loop precharge control 

mechanism

Resonant capacitor and bridge voltages 

increase with DC-link current ramp up 

under fixed precharge time

DC-link current ramp up to 50A
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(bridge 3 + bridge 4), respectively. A pulse on either of these digital lines signifies that a 

fixed precharge time, ὸ
ͺ

ρς‘ί in this MS4T prototype, has been applied to the 

corresponding converter to control the resonant switches rather than the closed-loop 

precharge control mechanism. 

As highlighted in Figure 4.20, the precharge control mechanism is bypassed for the 

first 3.3ms after initial start up to allow for the DC-link current build up. This is clearly 

visible in the figure with D0 to D7 not indicating any threshold detection and D8, D9 

displaying some precharge timeout activity. During this phase, the peak resonant capacitors 

voltages and the bridge voltages during the resonance sequence are not actively controlled, 

but result from the fixed precharge delay, ὸ
ͺ

ρς‘ί, and the increasing DC-link 

current being ramped up to the reference of 50A. This leads to the ramp on the DC-link 

and resonant capacitor voltages observed during this phase in Figure 4.20.  

In contrast, as soon as the precharge control mechanism is enabled, the peak 

resonant capacitor voltages and the peak DC-link voltages are actively controlled within a 

narrow  ωψπὠ envelop. This is visible and highlighted in Figure 4.20 where channels D0 

to D7 show a continuous train of pulses from the circuit B sensors detecting the target 

threshold voltage and in turn initiating the resonance phase. Notably, the precharge control 

mechanism precisely regulates the peak voltage stresses within this operating band, even 

as the DC-link current ramps up from approximately 15A to its steady-state value of 50A, 

and the load current is gradually soft-started to the nominal target value of 20A.  

Three switching cycles observations are presented next, at the instants indicated in 

Figure 4.20, to further validate the operation of the precharge control mechanism.  
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The first observation is taken while the precharge control mechanism is bypassed 

and shown in Figure 4.21. At this operating point, the DC-link current has reached around 

10A and the load current reference is still below the minimum modulation threshold and is 

ignored by the pulse skipping logic. This means that there is no negative vector in this 

switching cycle. Therefore, the resonant capacitors in either converter are precharged from 

the freewheeling vector, using the fixed Ὓ turn on delay, or precharge time,  

ὸ
ͺ

ρς‘ί in this experiment. This is shown in the figure where the timer on D8 

triggers the turn on of Ὓ  and Ὓ  as seen from the resonant current pulse observed on Ὥ , 

and with the timer on D9 triggering the turn on of Ὓ  and Ὓ  as seen on ὺ . Under the 

Figure 4.21: Switching cycle observation 1 with fixed precharge time at 10A DC-

link current and no load. C1: ○║►, C2: ○╒►, C3: ░║► (Rogowski), C4: ░║► 

(Rogowski), C5: ░╛►, C6: ○╢►ȟ C7: ○║►, C8: ○╒►, D0: ╥◄▐║►ͅ, D1: ╥◄▐║►ͅ, D2: 

╥◄▐║►ͅ, D3: ╥◄▐║►ͅ, D4: ╥◄▐║►ͅ, D5: ╥◄▐║►ͅ, D6: ╥◄▐║►ͅ, D7: ╥◄▐║►ͅ, D8: 

Conv1_precharge, D9: Conv2_precharge. 

Fixed precharge time 

Br1/Br2

Fixed precharge time

Br3/Br4

Sr1/Sr2 turned ON

Resulting capacitor voltage 

within +/-700V at this 

operating point (open loop)

ὸὨὛὶ_ὪὭὼὩὨ
= 12‘ί 

Sr3/Sr4 turned ON
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operating conditions of this observation, the fixed precharge delay results in a maximum 

resonant capacitor voltage of  χππὠ. However, it is evident that keeping this fixed 

precharge time as the DC-link current continues increasing would quickly lead to 

unsustainable voltage stress levels and catastrophic failures.  

The second observation, Figure 4.22, is made shortly thereafter while the DC-link 

current is still being ramped up to its steady-state value and measured at about 30A. The 

negative vector is still skipped in this observation. However, the precharge control 

mechanism is now in full effect, and the resonant switches are directly turned on by the 

detection of the negative threshold on the resonant capacitors of the respective converters. 

Figure 4.22: Switching cycle observation 2 with precharge control mechanism 

enabled, 30A DC-link current and no load. C1: ○║►, C2: ○╒►, C3: 

░║► (Rogowski), C4: ░║► (Rogowski), C5: ░╛►, C6: ○╢►ȟ C7: ○║►, C8: ○╒►, D0: 

╥◄▐║►ͅ, D1: ╥◄▐║►ͅ, D2: ╥◄▐║►ͅ, D3: ╥◄▐║►ͅ, D4: ╥◄▐║►ͅ, D5: ╥◄▐║►ͅ, D6: 

╥◄▐║►ͅ, D7: ╥◄▐║►ͅ, D8: Conv1_precharge, D9: Conv2_precharge. 

Br1/Br2 Precharge 

control triggered
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VCr threshold
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voltage controlled 

within +/- 950V

No negative vector
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This is highlighted in the figure where the circuit B threshold detection pulses triggers the 

corresponding resonance phase. Under these operating conditions, the voltages of the 

resonant capacitors, and the DC-link voltage during the resonance phase, are controlled 

within a  ωυπὠ band. It should be noted that although the circuit B threshold detection 

design value is ὠ ψωπὠ in this prototype, the total delay to the corresponding 

resonant switch effectively turning on, including propagation delay, debouncing logic 

delay and gate driver delay, is measured to be around 200ns experimentally. This explains 

the marginally larger maximum negative voltage levels observed experimentally. Yet very 

accurate control is still achieved through this control mechanism. The resulting turn on 

delay dynamically inserted by the precharge control mechanism is measured to  

ὸ φȢτ ‘ί for these operating conditions, starting from the freewheeling state. This is 

roughly half the preset constant precharge value used with the control mechanism bypassed 

in observation 1 which would have led to catastrophic voltage levels (estimated > 1800V) 

for this operating point.   

A third observation is made during this experiment and reported in Figure 4.23. For 

this observation, the DC-link current has reached the steady state value of 50A and the load 

current has increased to about 10A. There is now a negative vector in this switching cycle, 

measured at -400V as visible in the figure. Despite these dramatically different operating 

conditions, the precharge control mechanism operates properly and controls the peak 

resonant capacitor and DC-link voltages within a  ωψπὠ band. This is a noteworthy result 

as the voltages are consistently kept within 30V, or 3% difference, of the precharge control 

achieved under observation 2, while the DC-link current has almost doubled. Even more 
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critically, the turn on delay, or precharge ZVS state, now takes place following a negative 

vector at -400V. This is vastly different from observation 2 where the precharge took place 

from a freewheeling vector, that is essentially 0V. The significantly different operating 

conditions are confirmed by the resulting turned on delay intrinsically inserted by the 

precharge control mechanism, measured at ὸ ςȢψ ‘ί in this case, as compared to 

ὸ φȢτ ‘ί for observation 2.  

To complete this experimental validation, the MS4T prototype is operated at 100A 

DC-link current and 20A loading current and the resulting switching waveforms are 

presented in Figure 4.24. Once again, the precharge control mechanism ensures a reliable 

Figure 4.23: Switching cycle observation 3 with precharge control mechanism 

enabled, 50A DC-link current and 10A load (circulating path). C1: ○║►, C2: ○╒►, 

C3: ░║► (Rogowski), C4: ░║► (Rogowski), C5: ░╛►, C6: ○╢►ȟ C7: ○║►, C8: ○╒►, 

D0: ╥◄▐║►ͅ, D1: ╥◄▐║►ͅ, D2: ╥◄▐║►ͅ, D3: ╥◄▐║►ͅ, D4: ╥◄▐║►ͅ, D5: ╥◄▐║►ͅ, 

D6: ╥◄▐║►ͅ, D7: ╥◄▐║►ͅ, D8: Conv1_precharge, D9: Conv2_precharge. 

Br1/Br2 Precharge 

control triggered

Br3/Br4 Precharge 

control triggered

Sr turned ON

VCr threshold

Resonant capacitor 

voltage controlled 

within +/- 980V

Negative vector

2.8µs
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and consistent precharge of the resonant capacitors under these new operating conditions. 

The resulting precharge time inserted by the control mechanism is measured at about 

ὸ ρȢτ ‘ί, half of the value measured under observation 3. This is consistent with an 

operating point at double the DC-link current, and starting from the same negative vector 

voltage level at -400V. In this case the resonant capacitor and DC-link voltage is kept 

within a  ρπππὠ band.  

The measurements taken with the precharge control mechanism enabled and for the 

different operating conditions are summarized in Table 4.1. This confirms the effectiveness 

of the precharge control mechanism to not only achieve ZVS soft-switching under vastly 

different operating conditions, but also to maintain the peak resonant capacitor voltages 

Figure 4.24: Switching cycle observation 4 with precharge control mechanism 

enabled, 100A DC-link current and 20A load (circulating path). C1: ○║►, C2: 

○╒►, C3: ░║► (Rogowski), C4: ░║► (Rogowski), C5: ░╛►ȟ C7: ○║►, C8: ○╒►, D0: 

╥◄▐║►ͅ, D1: ╥◄▐║►ͅ, D2: ╥◄▐║►ͅ, D3: ╥◄▐║►ͅ, D4: ╥◄▐║►ͅ, D5: ╥◄▐║►ͅ, D6: 

╥◄▐║►ͅ, D7: ╥◄▐║►ͅ, D8: Conv1_precharge, D9: Conv2_precharge. 
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control triggered
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control triggered

Sr turned ON

VCr threshold

Resonant capacitor 

voltage controlled 

within +/- 1100V

Negative vector
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and DC-link voltages within a narrow and acceptable band. As seen in Table 4.1, between 

observations 2 and 4, the maximum voltage envelop increased by ~15% while the DC-link 

current more than tripled and a -400V negative vector was introduced in the switching 

cycle. The minimal increase in the voltage stress band is due to the unavoidable 

propagation and logic delays which results in a small fixed offset duration in the precharge 

time ὸ  which cannot be eliminated by the precharge control mechanism. However, this 

delay can be accounted for in the selection of the threshold detection level ὠ   used in the 

control, so that the maximum stress levels under worst-case scenario remain acceptable 

and while guarantying the soft-switching operation across the entire operating range. 

Finally, the wide variations in the dynamic ὸ  inherently set by the precharge control 

mechanism across the observations further demonstrate that a fixed precharge time cannot 

be used. In addition, the resulting precharge time depends non-linearly on a number of 

operating parameters, as seen in the table, and cannot be estimated easily.  

Table 4.1: Precharge control mechanism experimental observations. 

Observation 2 3 4 

DC-link current  30A 50A 100A 

░■▫╪▀ 0A (no load) 10A 20A 

Resulting ◄▀╢► φȢτ ‘ί ςȢψ ‘ί ρȢτ ‘ί 

Voltage control band  ωυπὠ  ωψπὠ  ρρππὠ 

ZVS Yes Yes Yes 
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This concludes the experimental validation of the precharge control mechanism, a 

critical element of the proposed universal resonant transition control strategy, and further 

illustrates its importance in ensuring a reliable, safe and soft-switching operation of the 

MS4T and MSSCSI converter families in multiport applications. 

4.6 Conclusion and Contributions 

This chapter introduced a universal resonant transition control strategy for the 

MS4T and MSSCSI converter families, aimed at enabling safe, robust, and reliable soft-

switching operation in the demanding multiport four-quadrant applications targeted. The 

proposed approach relies on a self-contained resonant module structure that integrates the 

resonant circuit and two novel sensing circuits. These sensing circuits are designed to 

extract minimal and critical information on the state of the resonant capacitor, while 

offering high-voltage isolation (>5kV), low propagation delay (<100ns) and significantly 

reduced cost compared to conventional sensing methods. The sensing signals generated by 

the resonant module are utilized in new sub-switching-cycle resonant transition control 

mechanisms, offering fast, simple and robust closed-loop control of the semiconductor 

gating patterns during the key converter state transitions throughout the switching cycle. 

The techniques developed are independent of the higher-level modulation scheme 

used to control the converter, and although initially  motivated by the MS4T and MSSCSI 

multiport applications, the proposed universal resonant transition control strategy is 

broadly applicable across all variants of these two converter families and use cases. The 

sensing circuits have been experimentally validated, and the effectiveness of the  

control mechanisms has been demonstrated through both simulation and hardware 
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implementation. Overall, the universal resonant transition control is expected to 

significantly enhance the robustness of the two converter families under all operating 

conditions and transients, including faults, by minimizing device voltage stress, and 

ensuring consistent soft-switching operation of the power electronics across the broad 

application space. 

The main contributions presented in this chapter are as follows:  

¶ Introduction and experimental validation of a resonant module structure with 

two new sensing circuits designed to monitor critical timing information on the 

state of the resonant capacitor.  

¶ Development of new sub-switching-cycle resonant transition control 

techniques to provide fast, simple and robust closed-loop control of the 

semiconductor gating during the key state transitions of the converters. 

¶ Development, simulation and hardware demonstration of a universal resonant 

transition control framework to ensure safe, robust soft-switching operation of 

the MS4T and MSSCSI converters under all operating conditions, including 

large transients and faults. 
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CHAPTER 5. GENERALIZED  ENHANCED MODULATION 

STRATEGY TO ELIMINATE DEVICE  OVERVOL TAGE STRESS 

IN MULTIPORT APPLICATIONS  

5.1 Introduction  

The multiport soft-switching solid-state transformer (MS4T) and the multiport soft-

switching current source inverter (MSSCSI) require careful control of the power devices 

to ensure correct conversion functionality, avoid spurious switching states, and enable ZVS 

operation. This is achieved by augmenting existing modulation schemes with special active 

vector sorting algorithms to enable the soft-switching operation. In the MS4T, additional 

challenges arise from the interaction of the bidirectional voltage-blocking characteristic of 

the switch positions, the devicesô stray capacitances, and the sequential operation of the 

bridges due to the high-frequency galvanic isolation. Previous work [95] has identified the 

impact of device parasitics on the voltage sharing between the series connection of the two 

power devices within the switch position.  

The work detailed in this chapter focuses on the more severe effect of device stray 

capacitance on the voltage sharing between the two switch positions within a phase leg of 

the MS4T and the associated overvoltage stress phenomenon where the voltage magnitude 

across a switch position is higher than the total leg voltage. This overvoltage stress 

phenomenon also generates spurious high dv/dt switching transitions, increasing EMI, 

transformer winding stress and common-mode voltage. This is particularly pronounced in 

the MS4T with the increased number of phases legs required for multiport applications that 
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are now feasible. A new generalized enhanced modulation strategy (GEMS) is proposed in 

this chapter to eliminate the additional voltage stress on the switches and to enable a true 

ZVS operation of all the power devices in the MS4T, under all conditions. This simple 

GEMS modulation scheme supports full four-quadrant operation and applies broadly to all 

converter variants within the family. The transformer winding stress and the common-

mode voltage are also reduced with the new modulation strategy. To facilitate the 

derivations, the rest of this chapter takes the example of an MS4T constructed with 3 phase 

legs on either bridge, and operating in a generic AC-AC conversion mode, as shown in 

Figure 5.1. However, the analysis, derivations, and fundamental principles of the GEMS 

scheme directly apply to any number of phases legs and all operational implementations, 

and conversion modes, of the MS4T. It should also be noted that the GEMS scheme can 

readily be adapted to the MSSCSI topology where a similar unequal voltage sharing 

between the switch positions is observed under certain operating conditions. 

The rest of the chapter is organized as follows. The fundamental modulation 

principles of the MS4T, necessary to the understanding of the concepts and techniques 

Figure 5.1: Three-phase, 6-leg implementation of the MS4T. 
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detailed in this chapter, will be summarized first. The impact of device parasitic 

capacitance on the voltage sharing between the switch positions and the resulting 

overvoltage stress will then be analyzed. Finally, the proposed GEMS modulation scheme 

will be presented. Experimental results are provided throughout the derivations to 

demonstrate the effectiveness of the proposed method. 

5.2 Fundamental Principles of MS4T Modulation 

5.2.1 Switching Cycle Construction 

A typical switching cycle of the MS4T configuration in Figure 5.1 is shown in 

Figure 5.2. Recall from the derivations in CHAPTER 3 that the MS4T operates by applying 

a series of active vectors, from either bridge, onto the isolated current DC-link to charge 

and discharge the magnetizing inductance of the transformer, and transfer energy between 

the bridges with galvanic isolation. The active vectors, corresponding to one of the leg-to-

leg voltages of either bridge, are sorted based on the resulting voltage level applied on the 

DC-link and are sequenced in descending voltage order to enable the soft-switching 

operation. A ZVS transition state is inserted between two contiguous vectors which, based 

on the operating conditions, can be from the same bridge or from two different bridges. 

The number of active vectors per switching cycle depends on the number of ports 

supported by the MS4T implementation, and the conversion mode. The AC/AC conversion 

mode considered in this chapter is the most general operating mode with every switch 

position subjected to a bidirectional voltage stress and following an identical modulation 

pattern throughout the AC line cycle. This general operating mode is chosen in the rest of 

this chapter for greater generalization. Under these conditions, four active vectors are used 
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in the switching cycle, ὠ ȟὠ ȟὠ  and ὠ  as identified in Figure 5.2. The charging 

vectors ὠ ȟὠ  are applied by bridge 1, while the discharging vectors are applied by 

bridge 2. Finally, and as previously detailed in CHAPTER 3, exactly one bridge is active 

at any given time during the active vector states, while both bridges are used to freewheel 

the current during the zero vector state.  

This sequential operation of the bridges is inherent to the MS4T working principles 

and is the root cause of the device overvoltage stress, observed experimentally without 

additional modifications in the basic modulation scheme, as will be detailed next. 

 

ὠὒὒ1 
ὠὒὒ2 

0

ὠὒὒ3 

ὠὒὒ4 

Tcycle

Ὥά 

ὺὒά 

Discharging

Charging

Freewheeling

Resonance

ZVS Transition State

ὠὒὒ1 

Figure 5.2: MS4T switching cycle in three-phase AC/AC 6-leg configuration. 
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5.2.2 Basics of MS4T Modulation 

Two switching cells can be identified within an MS4T bridge, a ópositiveô switching 

cell, Ὓ, and a ónegativeô switching cell, Ὓ, interfacing the current DC-link with one port 

at a time during an active vector. In the configuration shown in Figure 5.1, considering 

Bridge 1, the positive and negative switching cells are composed of switch positions 

Ὓρ ȟὛρ ȟὛρ  and Ὓρ ȟὛρ ȟὛρ  ȟ respectively. Within a switching cell, exactly 

one switch position must be active at a time during the charging, discharging and 

freewheeling states of the converter. To apply the required active vectors two switch 

positions within the active bridge, one per switching cell, are turned ON. The two switch 

positions activated belong to different legs in order to apply the target non-zero voltage 

level from the available leg-to-leg voltages and connect to the target port. During the 

freewheeling state, both activated switch positions belong to the same bridge leg to bypass 

the DC-link current. Both bridges are used during the freewheeling state to minimize 

conduction loss.  

As the bridge applies the sequence of vectors determined by the higher-level 

converter control, it is necessary to ensure a continuity of the switching states and to limit 

the switching action between contiguous switching states to one switching cell, with 

exactly one switch position turning ON and one switch position turning OFF. This avoids 

spurious switching states and results in one switch position within the bridge being kept 

ON during all switching states of the bridge. This switch is referred to as the ópivotô switch 

in the following. Within a bridge, the ópivotô switch is easily identified by the current 

modulator as the switch belonging to the leg of the bridge with the highest current 
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reference, and satisfying the polarity of the current reference. Without loss of generality, 

take the example of bridge 1 in Figure 5.1 being the charging bridge, and assume that: 

ȿὭᶻȿ ÍÁØȿὭᶻȿȟȿὭᶻȿ 

Ὥᶻ π 

ὠ ὠ π 

where ὭᶻȟὭᶻȟὭᶻ are the current reference for a, b and c, respectively, and ὠ , ὠ  

are two of the line-to-line voltages. 
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Figure 5.3: Bridge 1 switching states and corresponding gating sequence with switch 

position ╢╫▪ serving as pivot switch. 
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In this case, the two active vectors of Bridge 1 are ὠ ὠ  and ὠ ὠ , 

and switch Ὓρ  is the pivot switch. The three switching states of Bridge 1 under these 

assumptions, during the charging and freewheeling phases, are summarized in Figure 5.3, 

along with the corresponding gating sequence. 

5.3 Impact of Device Stray Capacitance on the Operation of the MS4T 

5.3.1 Overvoltage Stress Phenomenon 

In the MS4T, one and only one bridge is active at a time during the active vector 

states. One intuitive modulation strategy is then to control only the switches from the active 

bridge applying a sequence of active vectors, and to gate OFF all the switches from the 

inactive bridge during this same period. This conventional modulation scheme is used to 

control the 25kVA, 3-phase, 480V MS4T prototype in the configuration of Figure 5.1, and 

shown in Figure 5.4. The converter operates in an AC/AC conversion mode, with bridge 1 

Figure 5.4: 25kVA, three-phase AC-AC, 6-leg MS4T prototype. 



 138 

and bridge 2 acting as the charging and discharging bridge, respectively. The waveforms 

of interest over a switching cycle, following the conventions detailed in Figure 5.1, and the 

switching pattern of both bridges are shown in Figure 5.5.  

In this conventional modulation scheme, when a bridge is active and applies its 

series of active vectors, one switch position per switching cell is turned ON as detailed 

previously. This applies the selected voltage across the transformer winding connected to 

the active bridge, and in turn determines the voltage across all the switch positions of the 

bridge following Kirchoffôs voltage law. At the same time, the inactive, opposite bridge is 

left floating, with all its switches turned OFF, as shown in Figure 5.5. Only the differential 

voltage across the floating bridgeôs winding, ὠ , is fixed by the operation of the active 

bridge, through the transformer. This determines the voltage across the inactive bridgeôs 

legs but does not directly fix the voltage sharing between the positive and negative  

Figure 5.5: Switching cycle waveforms and voltage across switch position ╢╫▪ 

under conventional modulation scheme. A negative overvoltage stress and a high 

dv/dt turn ON are visible for this operating point. 
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reverse-blocking switch positions of the legs. Additional voltage stress and spurious high 

dv/dt switching can result from unequal voltage sharing between the two switch positions 

within a leg.  

Figure 5.5 also shows the voltage pattern across one of the switch positions of the 

charging bridge, Ὓρ  in this case, through the switching cycle. When bridge 1 is active 

during the charging phase, ὠ  is fully resolved: equal to zero when the switch is ON, or 

to one of the leg-to-leg voltages of the bridge when the switch is OFF. In this case, Ὓρ  is 

ON for the first active vector and turns OFF for the second active vector with a controlled 

ZVS transition as highlighted in Figure 5.5. During the discharging phase, bridge 1 is OFF 

and left floating under this conventional modulation scheme. The differential voltage 

across the bridgeôs winding, ὠ , follows the voltage applied by the discharging bridge, 

ὠ , coupled through the transformer and sets the voltage across the legs in the bridge. 

With all the switch positions gated OFF, the voltage variations across switch position Ὓρ  

during the rest of the switching cycle are set by the capacitive voltage divider formed by 

the stray capacitances of Ὓρ  and Ὓρ , ὅρ  and ὅρ , as shown in Figure 5.6. In the 

following and for simplification purposes, it is assumed that ὅρ ὅρ , so that: 

ὠ‏
ɿὠ

ς
 υȢρ 

where ‏ὠ  is the voltage variation across switch position Ὓρ  in response to a voltage 

variation ‏ὠ  on the phase leg and the bridgeôs transformer winding voltage. It should 

be noted that the assumption ὅρ ὅρ , although generally accurate in practical 

implementations, yields conservative results in the voltage stress derivation. Uneven 
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sharing within the phase leg under υȢρ would lead to additional stress because of this 

mechanism. 

The full voltage across switch position Ὓρ  throughout the rest of the switching 

cycle can then be determined taking into account the initial voltage of the parasitic 

capacitance of the switch, ὠ  π, at the beginning of the discharging phase, when all 

switches of the charging bridge, bridge 1 in this case, are turned OFF. This initial voltage 

depends on the switching pattern of the bridge during the charging phase and can be of any 

polarity because of the voltage bidirectionality of the switches. The subsequent variations 

on ὠ  during the discharging phase and the resonance phase determine the most negative 

and most positive voltages blocked by switch position Ὓρ  through the rest of the 

switching cycle. Assuming a symmetrical positive and negative peak voltage on ὠ , equal 

to the maximum voltage during the resonance, ὠ , the following equations can be derived 

from υȢρ: 

ὠὲ ὠ  π
ὠ

ς
 υȢς 

Figure 5.6: Equivalent circuit for voltage sharing analysis within bridge 1 leg b. 

+

-

+

-

+
-
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ὠὴ ὠ  π
ὠ

ς
  υȢσ 

where ὠὲ and ὠὴ  are the most negative voltage and most positive voltage 

blocked by Ὓρ , and ὠ  is the peak voltage of ὠ  over a switching cycle, observed 

during the resonance, as defined in Figure 5.2. 

 A negative overvoltage stress is observed across Ὓρ  if the maximum 

negative voltage across the switch position is larger than the peak negative voltage blocked 

by the leg: 

ὠὲ ὠ  υȢτ 

  From υȢς this happens when  ὠ  π π. This is the case 

shown in Figure 5.5, with ὠ  π π at the beginning of the discharging phase, leading 

to an additional negative voltage stress on Ὓρ  observed at the beginning of the resonance 

phase, with ὠ ὠ π.  

Similarly, a positive overvoltage stress is observed across Ὓρ  if the maximum 

positive voltage across the switch position is larger than the peak positive voltage blocked 

by the leg, at the end of the resonance phase: 

ὠὴ ὠ  υȢυ 

From υȢσ this is true when ὠ  π π. This is possible depending on 

the last switching state of the bridge in the charging phase. 
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A negative overvoltage stress on a switch position also induces a spurious high 

dv/dt turn ON of the device at the beginning of the next charging phase. This is inevitable 

as the resonance phase is designed to increase the switch voltage by ὠ , which is not 

enough to reach a positive value as is apparent from υȢτ, and thus fails to reverse bias 

the series diode in the switch position as is required for the ZVS operation. This is 

confirmed in Figure 5.5 with a spurious high dv/dt turn ON observed on Ὓρ  after the 

negative overvoltage stress.  

It should be noted that the conditions for a spurious high dv/dt turn ON only occur 

following a negative overvoltage stress. Because of the modulation process, the opposite 

switch turning ON, the pivot switch, cannot also simultaneously experience a negative 

overvoltage stress and spurious high dv/dt turn ON. This in turn suggests that the high dv/dt 

turn ON of the switch undergoing a negative overvoltage stress does not lead to a hard-

switching turn ON of the entire active vector position. Thus the high dv/dt turn ON is 

analogous to a fortuitous ZCS event, and is not expected to induce significant switching 

loss, other than the energy lost in the discharge of the parasitic output capacitance ὅ  of 

the active switch. However, the high dv/dt switching action induces additional EMI, 

common-mode voltage and transformer winding stress.  

The analysis has been focused thus far on the charging bridge and is significantly 

different for the discharging bridge. Owing to the structure of the MS4T switching cycle, 

the discharging bridge, or the last bridge to apply a negative active vector in the more 

general case, is active right before the resonance sequence, so that the initial voltage of the 

parasitic capacitances of the switch positions within the bridge at the beginning of the 

resonance sequence are bound by the maximum leg-to-leg voltages of the discharging 
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bridge. This eliminates the additional voltage stress, both negative and positive, on all 

switch positions of the discharging bridge. However, spurious high dv/dt turn ON are still 

observed. This is confirmed in Figure 5.7 showing the voltage across Ὓς , mirror of Ὓρ  

on the discharging bridge, for a switching cycle where Ὓς  is also ON for the first active 

vector of the discharging bridge. No additional voltage stress can be observed on ὠ , yet 

a high dv/dt transition is expected on a switch position within the same switching cell, as 

shown by the high positive dv/dt highlighted in the figure. 

5.3.2 General Formulation and Extension to all Switch Positions 

In the AC/AC conversion mode chosen as the most general case for the derivations 

in this chapter, every switch position of the bridge will assume every possible switching 

Figure 5.7: Switching cycle waveforms and voltage across switch position ╢╫▪ 

under conventional modulation scheme. 
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ZVS turn OFF

Active Vector 1

Active Vector 4
No additional voltage 

stress on S2bn

Charging bridge (Bridge 1) switching state

Discharging bridge (Bridge 2) switching state

2 switches ON (S1xp  & S1xn)*

2 switches ON (S2xp  & S2xn)

All switches OFF

All switches OFF

Active 
Vector 2

Active 
Vector 3

2 switches ON (S2xp  & S2xn)*

*During non-zero active vectors, the two switches ON are from different legs (see II. B). 

All switches OFF

Initial voltage

ZVS turn ON
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pattern throughout the AC line cycle. The above analysis can thus be extended to all switch 

positions, on a bridge basis. Expressions υȢς and υȢσ can be extended to express the 

most negative and most positive voltage blocked by any switch position within the charging 

bridge as follows: 

ὠὲ ὠ  π
ὠ

ς
 υȢφ 

ὠὴ ὠ  π
ὠ

ς
 υȢχ  

where ὠὲ  and ὠὴ  are the most negative and most positive voltage blocked 

by a given switch position in the charging bridge, over a switching cycle, and  ὠ  π is 

the initial voltage of the parasitic capacitance of the switch position at the beginning of the 

negative vector sequence. 

 The switch position initial voltage ὠ  π is fixed by the last switching 

state of the charging bridge and is bound by the maximum leg-to-leg voltage of the bridge 

in the application considered. From υȢφ and υȢχ, and using the definitions presented in 

υȢτ and υȢυ, a generalized expression of the maximum switch overvoltage level, of 

either polarity, due to this mechanism is then: 

ὠ ÍÁØὠὲ ὠ ȟὠὴ ὠ ȿὠ ȿ
ὠ

ς
 υȢψ 

where ὠ  is the maximum switch overvoltage stress level and ὠ  is the maximum 

leg-to-leg voltage of the bridge. 
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 Furthermore, recognizing that in typical MS4T applications, the peak 

resonance voltage ὠ  is kept 10-20% above the maximum leg-to-leg voltage  ὠ  of the 

converter, the maximum overvoltage stress level on a per unit basis is within: 

ρȢτ ὴό ὠ ρȢφ ὴό υȢω 

Thus, the mechanism detailed in this work can result in as much as 40-60% 

overvoltage, or 1.4pu to 1.6pu voltage stress, on all switch positions of the bridge. This 

overvoltage is of either polarity and therefore results in significant additional voltage stress 

on both the series diode under positive overvoltage, and the series SiC MOSFET under 

negative overvoltage, within each switch position.  

To confirm the above analysis, the voltage across switch positions Ὓρ  and Ὓς  

are also observed experimentally over multiple line cycles and shown in Figure 5.8. As 

expected, both positive and negative overvoltage stress are observed on ὠ , with as 

much as 40% overvoltage stress across the switch position for this operating point, within 

the theoretical range developed in υȢω. Similar voltage waveforms and device 

overvoltage stress are observed for every switch position in the charging bridge, owing to 

the AC-AC conversion mode used in this experiment. In addition, ὠ does not showcase 

any additional voltage stress throughout the line cycle, as expected, and this is true for all 

switch positions in the discharging bridge. 

The notion of ópivotô switch introduced in 5.2.2 is critical in determining the initial 

voltage conditions across all switch positions during the last active vector applied by the 

bridge, and thus dictates the overvoltage stress seen by the devices for the rest of the cycle.  



 146 

 

Figure 5.8: Voltage across switch position ╢╫▪ (╥╢╫▪) in charging bridge and 

╢╫▪ (╥╢╫▪ in discharging bridge over multiple line cycles and under 

conventional modulation strategy, with switching pattern cases identified for ╢╫▪.   

IV

III II

I I

II

Negative voltage stress

(~ 40% overvoltage stress)

Positive voltage stress

(~ 40% overvoltage stress)

Table 5.1: Switching pattern classification based on pivot switch identification. 

Switching 

pattern 

Switch position relation to 

pivot switch 
╥╢╧  

Overvoltage 

type 

Case I 
Switch is in same switching 

cell as pivot switch 
> 0 

Positive 

overvoltage 

Case II 

Switch is in opposite switching 

cell and different leg than pivot 

switch 

< 0 
Negative 

overvoltage 

Case III Switch is pivot switch 0 No overvoltage 

Case IV 

Switch is in pivot switch leg, in 

opposite switching cell 

(complementary of pivot 

switch) 

0 No overvoltage 

 








































































































































































































































































