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АННОТАЦИЯ 

Диссертационное исследование посвящено решению актуальной проблемы 

интеграции быстрорастущего парка электромобилей в существующую 

энергосистему. Основной вызов заключается в необходимости существенной 

модернизации сетевой инфраструктуры для удовлетворения резко возрастающего 

спроса на электроэнергию со стороны зарядных станций. В этом контексте 

зарядное устройство электромобиля рассматривается как критически важный 

новый элемент энергосистемы, выполняющий сложную функцию силового 

электронного интерфейса между аккумуляторной батареей транспортного средства 

и электрической сетью. 

Особое внимание уделяется проблеме высокомощных быстрых зарядных 

устройств, которые создают экстремальные нагрузки на сеть в пиковые периоды. В 

качестве инновационного решения предлагается концепция "энергетического 

узла", предполагающая интеграцию в зарядную станцию дополнительных 

компонентов - систем накопления энергии и локальных генераторов. Для 

реализации этой концепции разрабатывается многопортовый силовой электронный 

интерфейс, включающий специализированные порты для подключения 

аккумулятора электромобиля, электрической сети, локальной батареи-накопителя 

и местного генератора энергии. 

В работе подробно исследуются три ключевых направления. Первое 

направление посвящено многопортовым преобразователям энергии, где особое 

внимание уделяется топологии многоактивного моста. Предлагается 

инновационный подход к моделированию таких систем с использованием 

вращающейся системы координат, синхронизированной с частотой переключения 

преобразователя, что значительно упрощает системы управления. Теоретические 

выкладки подтверждаются результатами численного моделирования и 

экспериментальными данными, полученными на лабораторном прототипе 

мощностью 1 кВт. 
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Второе направление охватывает вопросы управления сетевыми инверторами, 

включая их работу в режиме двунаправленной передачи энергии. Особый акцент 

делается на особенностях работы в слабых сетях, где инверторы могут выполнять 

важные функции по стабилизации напряжения и частоты. Также рассматриваются 

методы защиты оборудования от переходных процессов. 

Третье направление посвящено альтернативным архитектурам для частично 

изолированных многопортовых систем, включая резонансные преобразователи. 

Предлагаются новые конкретные технические решения, анализируются их 

преимущества и ограничения. 

Результаты исследования имеют значительный практический потенциал для 

создания нового поколения зарядной инфраструктуры, способной минимизировать 

воздействие на энергосистему. Разработанные подходы также могут найти 

применение в системах управления энергопотреблением «умных» зданий и 

промышленных источниках бесперебойного питания. 
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ABSTRACT 

This doctoral thesis addresses the critical challenge of integrating the rapidly 

growing electric vehicle (EV) fleet into existing power grids. The core issue lies in the 

substantial infrastructure upgrades required to meet the sharply increasing electricity 

demand from charging stations. In this context, the EV charger emerges as a pivotal new 

grid component, serving as a sophisticated power electronic interface between vehicle 

batteries and the electrical network. 

The research focuses particularly on high-power fast-charging systems that create 

extreme grid loads during peak periods. As an innovative solution, the study proposes an 

"energy hub" concept that incorporates additional energy storage systems and local 

generators into charging stations. This approach requires developing a multi-port power 

electronic interface with dedicated connections for EV batteries, grid supply, local storage 

batteries, and distributed generation units. 

The work comprehensively examines three key research areas. The first 

investigates multi-port power converters, with special emphasis on the Multiple Active 

Bridge (MAB) topology. The study introduces a novel modeling approach using a 

rotational reference frame synchronized with the converter’s switching frequency, which 

significantly simplifies control systems. Theoretical findings are validated through 

simulation results and experimental data from a 1 kW MAB converter prototype tested in 

the laboratory. 

The second research area covers grid-tied inverter control systems, including 

vehicle-to-grid bidirectional power transfer capabilities for both weak and strong grids. 

Particular attention is given to weak grids where the inverters can provide crucial voltage 

and frequency control. Weak grids are those where the inverter power capability is in the 

same order of magnitude than the main generators.The study also examines protection 

methods during the connection transient of inverters. 
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The third area is dedicated to alternative architectures for partially isolated multi-

port systems, including resonant-link converters. The research proposes new specific 

technical solutions while analyzing their advantages and limitations. 

The results of the research have significant practical potential for developing next-

generation charging infrastructure capable of minimizing grid impact. The developed 

methodologies could also find applications in smart building energy management systems 

and industrial uninterruptible power supplies. 
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INTRODUCTION 

The relevance of the research topic is due to the increased demand on the electric 

grid associated with the increased number of electric vehicles in Russia and, in general, 

in the world.  A fraction of fuel-based vehicles will be replaced by electric vehicles (EVs), 

which will draw power from the electric grid. This will have an impact on the electric 

grid consumption and it will require new infrastructure investments. In order to smooth 

this transition, electric vehicles can be partially charged by local generation and storage. 

Thus, the grid does not need to supply all the power directly from main power plants.  

To implement this idea, local photovoltaic panels and batteries can be installed at 

the point of charging and use that energy to charge the vehicle when it is needed. Thus, 

multiple sources can simultaneously charge the EV through a power converter or a set of 

power converters. These converters must manage power flow from different sources, 

including the grid, batteries, and photovoltaic panels.  

In case of using a set of two-port converters, the converters will have a common 

DC link in one of their ports and the other port will be connected to the sources or loads. 

Thus, one converter will be connected to the grid, one converter will be connected to the 

internal batteries, one converter will be connected to the photovoltaic panels (PVs) and 

another one to the vehicle to be charged. Internally, all of them must be interconnected 

via a common DC link as shown in Figure 1(a). In this way, the system will need as many 

converters as the number of connected sources or loads. This solution is valid but it 

requires the coordination of multiple devices and an excess of components. A multi-port 

converter can perform the same functions but in a single circuit which is easier to manage. 

Figure 1(b) clarifies the idea of the multi-port converter and compares it with the 

alternative solution which consists of a set of two-port converters. Multi-port converters 

are a relatively new concept in which energy is delivered to multiple points at different 

voltage and current levels. 

In addition, multi-port converters can also find other relevant applications such as 

uninterruptible power supplies (UPS), power electronic transformers (to connect different 
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grids electronically with galvanic isolation), multiple output power supplies, (for example 

in aircrafts where many voltages are needed), and hybrid energy storage systems.  

PV panels
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Grid of isolated dual active bridge converters
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battery V2G Multi-port 
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(d) 

Figure 1–Electric charger: (a) using 2-port converters and (b) using a MAB converter (c) 
partial isolation solution based on non-isolated converter (d) partial isolated resonant 

DC/AC. 
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The degree of scientific development of the problem. Researchers worldwide 

have been actively studying multi-port converters. These converters are becoming 

relevant due to their ability of multidirectional power flow and galvanic isolation [1]. In 

general, multi-port converters include converters based on transformers and other 

impedance networks, such as resonant converters [2], multi-transformer converters [3], 

complex impedance networks [4-6] and single multi-winding transformer-based 

converters [7, 8]. Converters based on transformer are attractive because of the implicit 

galvanic isolation between ports. High-frequency (kHz range) transformers allow 

galvanic isolation between ports, however, they should be carefully designed in order to 

keep parameters such as its magnetizing inductance and leakage inductances under design 

requirements [9]. 

Among multi-port converters, multiple active bridge converters or MAB converters 

are particularly of interest due to the fact that they require the minimum number of passive 

elements and a moderate number of active elements such as electronic switches (bipolar 

junction transistors, MOSFETs, IGBTs or others). A general MAB converter is shown in 

Figure 2, where each DC port is connected through a DC/AC bridge, which, in general, 

can be a half-bridge, a full-bridge, Neutral Point Clamped (NPC) DC/AC, T-type DC/AC 

and even three-phase configurations. Each solution for the bridge allows different number 

of output levels. A half-bridge allows 2 levels, a full-bridge allows 3 levels and the others 

more but require more components. Each type of bridge has its benefits and drawbacks. 

This research work is focused on MAB converters based on a single multi-port 

transformer connected to several full-bridge DC/AC stages. However, the same proposal 

can be applied to any other type of MAB converters. In Figure 2, the version of four ports 

is presented, however, the number of ports is arbitrary and depends on the application. 
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Figure 2–Example of a MAB converter: QAB (quad-active bridge) power stage 

diagram, which can be easily extended to a larger number of ports. 

 

MAB converters can be seen as an extension of dual active bridge (DAB) 

converters [10] in terms of DC/AC bridges, the transformer as the element to transfer the 

energy and the modulation techniques. DAB converters are extremely useful in systems 

which need to be isolated from the grid, so the isolation can be performed using small-

size high-frequency transformers. The main method to transfer the energy from one port 

to the other one is based on a phase shift modulation between the two ports, also known 

as single-phase-shift (SPS) [10]. The technique is commonly used for transferring power 

in electric grids, where the phase difference between ports is a function of the amount of 

transferred power. This modulation works well if the voltages at each port are similar, 

however, if the voltage at the ports are able to vary, the efficiency droops drastically due 

to the excessive reactive power involved. This happens typically for battery or 

supercapacitor charging/discharging processes, where the voltage is a function of the state 

of charge [11, 12]. 

The first MAB converter was the triple active bridge (TAB) converter [13-15] 

introduced by Zhao, Kolar�������in 2004. It provides good efficiency, bidirectional power 
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flow and galvanic isolation. The TAB suffers from coupling effects between ports, 

meaning that delivering power from port 1 to port 2 might have some power delivery to 

port 3. This coupling effect should be minimized by advanced control methods in which 

the phase modulation should be accurately selected in order to keep the power flow in the 

desired direction cancelling any non-desired direction. 

For that reason, Zhao, Kolar�������have proposed a decoupling method for TAB 

which allows to control the power in each port independently based on phase shift 

modulation [12]. The method is attractive but it has some limitations: it is difficult to 

extend it to a larger number of ports and it does not include the transformer dynamics 

[14]. The phase shift modulation to control power transfer [15-16] is simple, but it has 

some drawbacks, such as recirculating currents which increase the losses particularly 

when DC voltages at the ports should vary. This structure and control method have been 

used in certain applications such as solid-state transformers [14, 17], multi-port DC/DC 

converters for medium voltage DC grids [18], aircrafts [19] and electric vehicle chargers 

[20]. 

Recently, modern techniques were proposed to extend TAB converter’s control to 

a larger number of ports and to minimize the DC current recirculation. The phase shift 

methods produce an excess of reactive power in the transformer which results in extra 

losses at low power transfer, thus a phase shift with duty cycle modulation were proposed 

in [7, 21]. There, the duty cycle is selected for increasing the efficiency [7]. However, this 

problem is non-linear and it is difficult for real-time calculations. Therefore, tables for 

selecting the proper duty cycles were obtained based on desired DC currents. However, 

as the number of ports increases, the table sizes increase dramatically, so this method is 

hard to scale for a larger number of ports. Furthermore, this method neither includes the 

voltage dependence on DC ports nor the transformer dynamics.  

Using Fourier decomposition allows to compute active and reactive power inside 

the converter (in the transformer ports) [22, 23] and this can be used to select the proper 

duty cycles. Resonant techniques were also explored in [2], however these techniques are 

too complex to extend them to a large number of ports. 
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Related to transients and dynamic performance of the MAB converter, authors from 

[7] claim that the transformer dynamics are always at a frequency close to the switching 

frequency, so they can be neglected. However, to have good efficiency and control of the 

power flow using phase shift, the reactance-resistance ratio (X/R) in each port should be 

large. As the ratio increases, the winding time-constant increases as well. Thus, the 

transformer dynamics can affect the plant and must be taken into account, otherwise the 

control bandwidth should be limited. This aspect was not explored yet, and it is one of 

the novelties of the presented work. The research work will allow the multiple active 

bridge converter to work with variable DC sources. This includes bidirectional flow in 

every port and an improvement in efficiency. 

As the MAB is a DC/DC converter so all of its ports are DC ports. Therefore, for 

connecting it to the electric AC grid an inverter must be added, the complete EV charger 

is shown in Figure 1(b). There are many inverter topologies that can do that connection 

successfully, such as voltage source inverters (VSI) [24], current sources [25] inverters, 

multi-level inverters and others [26]. For low voltage AC grids (three-phase 230V-50Hz), 

VSI are preferred due to the minimal number of components. It consists of a three-leg 

bridge of switches and a passive filter with no isolation.  

As the EV charger proposed in Figure 1(b) has an isolated multiple port converter, 

the inverter does not require additional galvanic isolation, which makes the VSI a good 

choice due to its compactness. The control technique of VSI is an actual topic because it 

allows to perform many services to the grid. VSIs can work in any mode by absorbing or 

delivering active or reactive power. So, they can be used for controlling the voltage of the 

grid at a certain grid node by injecting reactive power, or for example, they can assist the 

frequency regulation by transferring active power [27]. They can also emulate variable 

passive elements such as capacitors or inductors to improve the grid quality and they can 

work as an active filter for reducing the harmonic components in the grid [28]. For the 

case of the EV charger, due to the extensive possibilities of the inverter control methods 

and the bidirectional power flow feature of the MAB converter, the charger can deliver 

or absorb energy to/from the grid, performing grid-to-vehicle (G2V) and vehicle-to-grid 

(V2G) modes. In the absorbing mode, it is clear that it will charge the EV battery and it 
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will work as a rectifier to provide a DC voltage to the MAB converter. However, in V2G 

mode, the inverter can work as a slave by delivering power according to a reference or 

can work as a grid-forming inverter. 

Grid-forming inverters are one of the current topics in inverter control. Inverters 

can control the grid by regulating the voltage delivering the necessary power to the loads. 

However, if the consumption is higher than the inverter power capacity, more than one 

inverter should be connected and they need to share the load. For this purpose, several 

modern techniques have been developed, particularly the droop control method, a 

decentralized approach that enables load sharing among inverters. While droop control 

facilitates power sharing, transient conditions can lead to power oscillations and voltage 

and current spikes [29]. 

For mitigating such oscillations, this research work includes the modeling of the 

paralleling inverter problem and from that guidelines for a proper control were extracted. 

In addition, to limit high currents during transients, new protections have been proposed 

which includes virtual impedance, phase limiters and power filters. 

The solution of a MAB converter with an inverter is not the only alternative to 

Figure 1(a). This depends on the characteristics of each DC ports in terms of isolation. 

Partial isolated systems can be an alternative to Figure 1(a) and (b). This research work 

also suggests new topologies of EV chargers: in Figure 1(c), a combination of a non-

isolated multiple port converter and inverter with an isolation transformer, and, in Figure 

1(d), a resonant DC/AC converter which has one isolated DC port. Resonant converters 

have been studied for several years. They are attractive due to their high efficiency but 

their control becomes complicated for variable loads. Most common resonant converters 

are series, parallel and series-parallel or LLC converters [30]. Usually these converters 

work in only one power flow direction but they can be extended to bidirectional 

applications with some modifications. The author has introduced novel techniques for 

obtaining a bidirectional series resonant converter for energy storage applications in [31-

37]. Based on that, in this research work a series resonant inverter with one isolated and 

one non-isolated DC ports is proposed as a compact solution for EV charger. 
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The goal of the study is to model, simulate and implement a system based on power 

electronic converters capable of sharing energy between its multiple ports with high 

efficiency and ease of implementation. Most ports are “DC type” such as DC sources 

(batteries, supercapacitors, fuel cells, photovoltaic panels) or loads and at least one port 

is an “AC type” due to the grid connection possibility. The system or object should be 

able to manage a large number of ports with bidirectional power flow; thus, a control 

algorithm must be designed. 

For achieving this goal, it requires to address the following research problems: 

-� To identify the main issues by studying the existing control methods.  

-� To make a mathematical model of a multiple active bridge converter. 

-� To propose a control method that can consider variable voltage DC sources in the 

converter’s DC ports.  

-� To implement the control method for conducting experiments. 

-� To evaluate the method by means of computer simulation of mathematical models 

and real experiments. 

-� To compare the different proposed techniques and highlight their benefits and 

drawbacks. 

-� To make a mathematical model of a grid-connected inverter. 

-� To propose a new control method for parallel inverters in the grid for sharing power 

with smooth transients. 

-� To suggest an alternative to the MAB converter with the inverter considering 

partial isolation using non-isolated converters  

-� To suggest an alternative to the MAB converter with the inverter considering 

partial isolation using resonant techniques for having at least one isolated AC port. 

The scientific novelties which are also the main results submitted for the 

defense are: 

1.� A new mathematical model for describing the multiple active bridge converter 

based on a rotational frame synchronized with the main operational frequency. 

2.� A decoupling control method that allows the use of any number of ports in a 

multiple active bridge converter and allows to transfer energy from any port to any other 
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port without sending power to any third port. The proposed decoupling method allows to 

control the active power between ports and also the amount of reactive power in each 

transformer’s winding. 

3.� Efficiency improvements for multiple active bridge converters. The control method 

considers the effect of the voltage change in the DC ports which are compensated 

internally by the modulation technique. Thus, efficiency is higher in comparison with 

other control methods (single phase shift method) in the condition of non-equal voltage 

at the DC ports. Also, a new specific modulation called “dual duty” was proposed and 

implemented in order to reduce even more the conduction losses and increase efficiency 

for delivering power among ports.  

4.� As a grid-connected inverter is also required to integrate the proposed DC/DC 

converter to grid applications, modeling of grid inverters in weak and strong grids was 

developed. Based on this modeling, improvements in connection transients of grid-

forming inverters by means of introduction of phase limiters, controllable virtual 

impedance and power filters were achieved. 

5.� The controller of the inverter should tolerate changes in the grid, thus, an adaptive 

controller was proposed which controls the output current of the inverter and compensated 

the possible harmonics. 

6.� As an alternative to the MAB converter with inverter, when complete isolation is 

not needed (only one of the ports needs to be isolated), the design, modeling, simulation 

and testing of two new more compact solutions were performed: a non-isolated high-gain 

DC/DC/DC converter with reduced number of components, and a multiple port power 

converter with one isolated DC port and other AC and DC ports (DC//DC/AC) avoiding 

the inverter. 

The theoretical and practical significance of the research. The main conclusions 

of the dissertation research can be used for developing real fast electric vehicle chargers 

with the possibility to reduce the peak power consumption of the grid.  The results of the 

research work include new models and control algorithms for multi-port systems which 

allow the connection of multiple AC or DC sources in a system where the power flow can 

be totally controlled. Many applications can benefit from these new methods. The 
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research work proposes a circuit that improves fast EV chargers with local generation and 

storage for reducing the grid peak power demand. This has a direct practical application 

and can be implemented massively in the electric grid. For that reason, a patent was 

published in 2024. 

Furthermore, the same system can also be used for other multiple port systems such 

as uninterruptible power supplies (UPS), electronic transformers, hybrid energy storage 

systems, interconnection with multiple voltage grids such as in aircrafts and other 

vehicles, smart houses and others. 

The methodology is based on analyzing multi-port systems, particularly multiple 

active bridge (MAB) DC/DC converters. The research is based on other traditional 

converter analysis such as dual active bridge (DAB) converter and triple active bridge 

(TAB) converters proposed by Prof. Kolar and Prof. Zhao The research involved 

modeling, control techniques, electronic circuit design, and coding. The research was 

validated through numerical simulations and laboratory experiments, including prototype 

development and testing with using high-quality measurement instruments and 

bidirectional power sources to emulate the different elements of the system and its 

applications. 

The validity and reliability of the results and conclusions were confirmed by 

numerical simulation and experimental validation with accurate electronic instruments 

such as digital oscilloscopes, current and differential voltage probes, laboratory power 

supplies, impedance analyzers, and prototypes developed in the laboratories of Skolkovo 

Institute of Science and Technology. The reproducibility of the results was confirmed by 

repeating experiments three times and comparing them with numerical simulations. The 

statements and conclusions formulated in the dissertation have been approved by the 

committees of experts in international scientific conferences. The credibility is also 

confirmed by the publications of research results in peer-reviewed scientific journals.   

The personal contribution of the author includes three main parts: inverters, 

multi-port DC/DC converters, and resonant converters. In terms of inverters, the 

proposition of new control techniques for inverters related to power sharing, protection 

and transients, particularly advanced droop control methods, virtual impedance, phase 
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limiter and low-bandwidth communication for achieving power sharing and soft 

transients. For that, the modeling of inverters and implementation of the techniques in 

simulations and real inverters were performed. In multi-port DC/DC converters, the 

author has proposed a new modeling of the converter based on a rotational frame 

synchronized with the main operational frequency, usually called dq-frame or dq-

reference frame and due to that a novel control algorithm. The author modeled, simulated, 

and experimentally validated the system. Finally, in resonant converters, the author also 

proposed new ideas to reduce the size of converters in terms of number of switches. For 

that, intensive modeling and simulation was performed and finally validated through 

experiments. 

Approbation of the work. 27 papers reflecting the main provisions of the study 

were published on the research topic, including 13 proceedings in international 

conferences with a total volume of 5 printers sheet, 14 publications in journals and 

collections of scientific papers with a total volume of 11 printers sheet. In addition, 1 

patent in the Russian Federation was granted due to the invention in 2024. The list of 

papers is in the Section “Publications of the Author” at the end of the dissertation.  

The research results were presented at international conferences in: IEEE 

PowerTech (Belgrade, Serbia, 2023), IEEE Applied Power Electronics Conference 

(APEC, Orlando, USA, 2023), IEEE Annual Conference of Industrial Electronics Society 

(IECON , Brussels, Belgium, 2022), IEEE International Conference on Renewable 

Energy Research and Applications (ICRERA , Istanbul, Turkey, 2022), IEEE Industry 

Applications Society Annual Meeting (Vancouver, Canada, 2021), IEEE PES General 

Meeting Washington, DC, USA),  IEEE PowerTech (Milan, Italy, 2019), IEEE 

International Symposium on Power Electronics for Distributed Generation Systems 

(PEDG, Xi'an, China, 2019). The main results of the dissertation research are also 

presented in the Electromobility course in the energy system master program of Skolkovo 

Institute of Science and Technology. 

The structure and content of the work are determined by the conceptual idea, 

which reflects the goal and objectives of the research. The dissertation consists of an 
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introduction, 4 chapters, conclusion, and a list of 233 references. The main text spans 384 

pages, including 23 tables, 171 figures. 

Chapter 1 "Understanding the need for fast chargers and the impact on the 

grid". This chapter introduces the problem of fast chargers and the impact of them in the 

electric grid. This chapter clearly indicates the reason of new solutions for fast chargers 

and in general multi-port systems. In addition, it shows other applications where multi-

port converters can be used. 

Chapter 2 "The multiple active bridge as a solution for a multi-port system”. 

This chapter is divided in four sections. The first one, Section 2.1, reviews and studies the 

existing mathematical control methods to create a multi-port system for exchanging 

energy. It starts with simple integration of two-port systems to obtain a multi-port system 

and after that, it introduces the multiple active bridge as a promising solution, mentioning 

the main benefits and challenges. Based on that the research gaps are identified and the 

solutions are proposed. 

Section 2.2 is focused on the multiple active bridge, its modeling and its control 

algorithms. It explains in details the novelty of the proposed control method. It describes 

the development of new methods and algorithms for interpreting the behavior of a 

multiple active bridge converter based on its mathematical model. It explains the 

algorithms for inner and outer control loops and their main benefits regarding new degrees 

of freedom in control references. The section also includes the development of computer 

simulation of the multiple active bridge mathematical model including the dq-frame 

control algorithms. In addition, the algorithms were implemented in the form of c-

language program inside a microcontroller which was tested in a real experiment in 1kW 

prototype. 

Section 2.3 is focused on the impact of signal and measurement delays. The control 

loops are affected to that and this section models this effect and proposes a solution to 

mitigate that.  

Section 2.4 is a comprehensive analysis of the power losses. It is presented based 

on mathematical models and computational simulations. Due to that, the section adds a 

novel modulation technique, the “dual-duty” modulation, that can reduce the conduction 
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losses of the converter and increase efficiency by minimizing the root-mean-square 

currents through the winding. The implementation of this special modulation techniques 

in the form of pseudo-code for conducting computer simulations and real experiments are 

detailed in this section. The section concludes with the benefits and challenges of the 

dual-duty modulation. 

Chapter 3.  "Grid-connected inverter as the integration block to the grid and 

AC loads".  This chapter is focused on grid connected inverters. Inverters are the 

interface between multiple DC port converters and the AC grid. Therefore, if any of these 

multiple DC port converters must be connected to the grid, an inverter is required. The 

chapter is divided in 7 sections. Section 3.1 describes the main operation modes. Section 

3.2 reviews the modeling of the inverter, which is the basis for advanced control methods. 

Based on that, Section 3.3 proposed a methodology for designing the control block in a 

proportional multi-resonant scheme where the harmonics of the grid can be compensated. 

Section 3.4, as a contribution, modifies that control method and makes it adaptive to grid 

changes. Section 3.5 is focused on another control method, the dq-frame-based control. It 

models the inverter in dq-frame and, particularly, it is focused on the synchronization 

method and how the line impedance affects that method. Section 3.6 considers that the 

inner (main) control loop is performed and uses the outer control loops to make a voltage 

control loop, or in other words, a grid-forming inverter. It describes the model of the 

whole inverter including the high-level control blocks: virtual impedance, droop control 

and power filter. It provides simulation of a whole system with two connected inverters 

based on the introduced model.  

Section 3.7 explains the limitations of the power sharing introduced in the previous 

section. The section analyses the effect of the elements introduced in Section 3.6 and 

gives a guideline in the selection of the parameters. In addition, the section introduces a 

new method for limiting the inverter’s power, particularly in transients, where, 

traditionally, the power sharing is not well controlled. 

Section 3.8 is focused on the reactive power sharing and proposed a communication 

between inverters based on the power lines to adjust such power. 
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Chapter 4.  "Partial isolation: Alternative topologies for multi-port system".  

This chapter suggests new topologies for multiple port converters in the case that not all 

of the ports require galvanic isolation. It includes two main parts: a hard-switching 

compact non-isolated topology and a resonant technique to allow AC and DC sources to 

share power. 

Section 4.1 proposes a non-isolated converter to be connected to an isolated inverter 

which suits for low voltage, from low to middle power devices to be connected to the grid 

at a ~700V port. It suggests a cheap solution for domestic applications.  

Sections 4.2 and 4.3 introduces a new series-resonant converter especially designed 

for energy storage applications where the port voltages change and the bidirectional 

power is required. Both sections analyze two-port converters clarifying in detail the 

operation of them by extensive modeling, numerical simulations and experiments.  

Section 4.4 proposes a combination of inverter techniques with the resonant 

DC/DC converter techniques introduced in Section 4.2 and 4.3, that can reduce the 

number of components of the whole system. This converter is the most attractive in terms 

of reducing number of components. 

Finally, the Conclusions section summarizes the contribution and the impact of the 

proposed techniques. 
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Chapter 1.�UNDERSTANDING THE NEED FOR FAST CHARGERS AND THE IMPACT ON THE 

GRID 

1.1.�Impact of EV chargers on the grid 

Many nations, including the Russian Federation, have implemented policies to 

promote electric vehicle (EV) adoption through production incentives and usage support 

programs. This rapid EV market expansion will drive substantial growth in charging 

infrastructure, significantly increasing electricity demand on utility grids. Consequently, 

developing technologies to mitigate these grid impacts has become crucial. This section 

examines the effects of EV chargers as emerging grid loads. 

1.1.1.�Penetration of Renewable Energy Source (RES) in the grid 

Modern power systems face increasing difficulties in managing the variable nature 

of renewable energy sources. The additional load variability introduced by EV chargers 

further complicates grid operations. Researchers have explored various approaches to 

address these challenges. Some studies focus on adapting wind power to grid demands 

[38], while other works have focused on maintaining stable power at connection points 

serving both EV chargers and renewable sources [39]. The potential of islanded microgrid 

configurations has been demonstrated through case studies [40], and successful 

integration of photovoltaic generation with EV charging has been documented [41, 42]. 

Collectively, these studies indicate that proper coordination between renewable sources 

and EV charging can enhance overall grid capacity and renewable energy utilization [43]. 
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1.1.2.�Grid stability 

The operational characteristics of EV chargers as either constant-current or 

constant-power loads present unique challenges for grid stability. When grids operate near 

their stability limits, the introduction of EV charging loads may push systems toward 

instability, necessitating thorough pre-installation assessments. Using IEEE 3-bus test 

systems, researchers quantified how EV charger loads reduce stability margins [44]. 

Subsequent studies confirm these findings through constant-power load modeling [45, 

46]. However, alternative operational modes such as vehicle-to-grid (V2G) show promise 

for enhancing stability margins, particularly when chargers are configured to function as 

grid-forming inverters [47, 48, 49]. 

1.1.3.�Power balance in the grid 

International research efforts have revealed the potential consequences of 

uncoordinated EV charging on grid operations. Studies conducted in Australia and the 

United Kingdom have shown that uncontrolled charging can disrupt the critical balance 

between supply and demand, potentially leading to blackout conditions [50, 51]. In 

response to these findings, researchers have proposed coordinated charging strategies [52, 

53] and investigated the benefits of co-locating renewable energy sources with charging 

infrastructure to help mitigate demand impacts [54, 55, 56]. 

1.1.4.�Grid losses and lifetime on components 

The continuous growth of fast EV chargers introduces significant new demands on 

grid infrastructure. The resulting increases in current flow lead to greater energy losses 
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through Joule heating effects [51, 52, 53], which in turn elevates operating temperatures 

across system components. This thermal stress particularly affects critical infrastructure 

elements including transformers, transmission lines, and protective devices [57, 58], with 

sustained high temperatures accelerating component aging and reducing operational 

lifespan [59, 60, 61]. These effects may ultimately require substantial infrastructure 

upgrades to maintain reliable operation [62]. Strategic placement of charging stations 

must therefore consider both user demand patterns and available grid capacity to optimize 

system performance [63]. 

To conclude, the unregulated expansion of EV charging infrastructure poses 

significant risks to grid reliability and component longevity. Implementing smart 

charging protocols that incorporate vehicle-to-grid capabilities offers a promising 

solution to maintain system stability while operating within safe operational parameters 

[64, 65, 66]. 

1.1.5.�Grid voltage and current harmonics 

The rising power demand from electric vehicles significantly affects power quality, 

particularly impacting grid voltage characteristics including amplitude and phase balance 

[67, 68]. To maintain proper voltage conditions and grid stability, coordinated smart 

charging strategies must actively manage both active and reactive power flows. 

EV chargers employ switching-mode power electronics that inherently generate 

current harmonics. The total harmonic distortion (THD), a key metric for quantifying 

harmonic content, varies according to the specific employed power electronic topology 

[69]. International standards establish the maximum permissible THD levels based on 

power consumption, with lower-power loads typically permitted higher distortion levels 

than high-power installations. For kW-range loads, the generally accepted maximum 

THD threshold stands at 5%, necessitating the integration of additional filtering 

components at AC input ports [70]. Contemporary mitigation approaches encompass both 

passive and active power conditioning solutions. All modern EV chargers now 
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incorporate power factor correction and low-THD generation capabilities as standard 

features [71, 72], effectively eliminating harmonic distortion as a significant concern for 

grid-connected charging systems. 

1.1.6.�Advanced EV chargers 

The development of next-generation smart chargers represents a crucial solution 

for mitigating EV charging impacts on electrical networks. These advanced systems must 

incorporate grid-forming inverter functionality to provide voltage support and optimize 

power flow management. Bidirectional power conversion capability forms an essential 

requirement for such systems. Furthermore, the integration of local generation and storage 

components with charging infrastructure can substantially reduce grid demand, thereby 

minimizing transmission losses and extending asset lifespans. This dissertation provides 

a detailed examination of the fundamental technologies enabling these advanced EV 

charging solutions. 

1.2.�Types of EV chargers 

EV chargers are the devices that connect the EVs to the grid and together they act 

as a new type of load. The EV chargers are mainly divided in two big groups: domestic 

chargers and public chargers. The first one is exclusively for the use of the vehicle owner 

and is often used at night from low to moderate power consumption. Public chargers on 

the contrary are installed in shopping malls and different parking places for charging EVs 

in a short amount of time at high power. 
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1.2.1.�Charging levels according to IEC 

The international standards (International Electrotechnical Commission, IEC) 

defines power levels for slow and fast chargers. Mode 1 chargers are for domestic use, 

delivering up to 4 kW in AC single-phase connection and up to 11 kW in AC three-phase 

connection. Mode 2 chargers are more powerful, they can still be domestic with extra 

infrastructure and they can reach up to 22 kW in its three-phase AC connection. Mode 3 

is oriented to public places and it can charge up to 43 kW in its three-phase AC 

connection. Finally, mode 4 is a DC mode fast charging that can charge up to 80 kW also 

for public places.  

As an example, a Tesla Model S requires around 5 hours to charge the vehicle for 

100 km autonomy in a Mode 1 (AC single-phase 4 kW) charger, while it takes 22 minutes 

if a 50 kW Mode 4 DC charger is used. Thus, those fast chargers are attractive from the 

point of view of the end-user (driver) but they can increase dramatically the grid 

consumption. Therefore, solutions that still allows the end-user high available power 

while demanding lower power from the grid are of great relevance. Otherwise, the grid 

infrastructure should tolerate those high-power peaks while EVs are being charged. 

1.2.2.�AC chargers vs DC chargers 

Regarding the technology, two types of chargers are mentioned: AC and DC 

chargers. An AC charger delivers AC (single- or three-phase connection) to the vehicle 

and there is an “on-board” charger which transforms the energy from the grid to the 

suitable values for the batteries in terms of voltage, current and waveform. In other words, 

there is an AC/DC circuit which controls the charging current inside the vehicle. Thus, 

those AC chargers are mainly a protection system with measuring features in order to 

understand the amount of energy delivered to the vehicle.  
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DC chargers are much more complex. DC chargers are directly connected to the 

EV battery. They do not use any “on-board” charger, the electronic circuits are inside the 

DC charger and this is why, it is possible to increase the transferred power. The size of 

the DC chargers at high powers is too big to be installed on board and it should be located 

at the charging point. The standards suggest up to 80 kW, but companies have reached up 

to 300 kW using different improvements such as water-cooled cables and other thermal 

technologies. 

DC chargers require converting three-phase AC power to the battery DC levels with 

galvanic isolation, so the vehicle is not in contact with the grid. For that, different types 

of electronic circuits have been proposed (see chapter II). The main issue is that in any 

case the energy should be extracted from the grid and delivered to the EV and this 

produces high demand in short time intervals which can overload the grid infrastructure. 

A possible solution is to have in the charging point and additional energy source which 

can contribute to the charging process. This can be an in-site extra battery, photovoltaic 

panels or any other source of energy. This new architecture mitigates the high 

consumption in the grid, however, it requires a multiple port system which should be able 

to share the EV load among different sources. The following chapter will introduce the 

mentioned multiple port systems in their current state [43]. 

1.2.3.�Multi-source EV chargers 

DC chargers with inner storage system form a multi-source charger. This type of 

chargers can reduce the peak power demand in the grid by using internal energy at the 

charging point. In [73], an application of this charger is suggested in a parking lot for 

shopping malls. The authors suggested how to size the battery for different objectives. A 

prototype of an EV charger with storage was installed in Italy [74] for evaluating its 

benefits. It shows good performance in the implementation of peak shaving function, in 

respect to the main distribution grid. It makes the prototype like a network component 

with nearly zero-impact on the system. 
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A high level of energy management is needed to minimize the impact in the grid 

using EV chargers with renewables and local storage, in [75], the authors suggest several 

control strategies for that. Researchers in [76] have optimized the energy management to 

minimize the cost of the charging process. 

1.3.�Other applications using multi-source systems 

Multi-port converters can also find other relevant applications such as 

uninterruptible power supplies (UPS), power electronic transformers (to connect different 

grids electronically and with galvanic isolation), multiple output power supplies, (for 

example in aircrafts where many voltages are needed), and hybrid energy storage systems.  

Multiple port converters in UPS applications have been discussed in [77] [78] for 

isolated topologies, see Figure 1.3.1. They demonstrate that multiple port converters have 

improvements in the overall efficiency and size of the UPS. In addition, in [79], the 

authors present a cost-effective solution based on three port, five level, single-phase 

inverters for non-isolated on-line UPS. The converter has good load protection and high 

efficiency.  

zAC/DC zDC/DC zDC/AC
AC grid Output:
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Figure 1.3.1–UPS using a tri-port converter [77] 

 

Power electronic transformers are another application of multiple port converters. 

Due to the high penetration of various distributed energy resources and DC loads in 

modern power system, AC/DC hybrid distributed grid attracts attention due to its 

compatibility with those new loads. Aiming for interface of the AC/DC hybrid distributed 

grid, a multiple port power electronic transformer (PET) is attractive due to its properties 
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to have DC and AC voltages available with isolation. In [80], an example for medium 

voltages is presented. Figure 1.3.2 shows the general scheme of a power electronic 

transformer. A full review of PET (Power Electronic Transformer) technologies can be 

found in [81][82]. 

 

Figure 1.3.2–Power Electronic Transformer using multiple port converters [80] 

 

Regarding applications with renewable energy sources, multiple port converters 

can be used for increasing their penetration to the grid [83]. In [84], authors show several 

non-isolated topologies for integrating DC renewable sources. In [85], an isolated 

multiple port alternative is proposed for applications with renewables. 

Aircraft, vehicles, and ships typically feature complex electrical systems including 

several DC and AC voltages to power different loads. Figure 1.3.3 shows where a multiple 

port converter can be used in an electric grid of a plane [86] [87].  

Furthermore, hybrid energy storage system which combines batteries, 

supercapacitors and loads are applications of multiple port converters. The author has 

research on hybrid system for electric motorcycle using non-isolated multiple port 

converters in [88][89] but also isolated are found in the literature [90]. 
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Figure 1.3.3–Multiple port converter applied to electric grids in planes [86] 
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Chapter 2.�THE MULTIPLE ACTIVE BRIDGE AS A SOLUTION FOR A MULTI-PORT SYSTEM 

2.1.�Existing solutions for a multiple port system 

This section examines the modeling and control of the multiple active bridge 

(MAB) converter. As was mentioned, a first solution for a multiple port system is a 

combination of two-port DC/DC converters with one common DC link. Then, the ports 

which need single-phase or three-phase AC connection must be connected through an 

additional bidirectional DC/AC converter in order to have the required power signal. 

A more compact solution is based on a multiple port converter in which several DC 

ports are interconnected [1-8]. A good candidate from these family of converters is the 

multiple active bridge (MAB) converter, which provides controllable bidirectional power 

flow, electrical isolation and compactness.  

MAB converters are becoming important due to their ability to enable 

multidirectional power flow and galvanic isolation. In general, MAB converters are part 

of a family of converters based on transformers [1] and other impedance networks, such 

as resonant converters [2], multi-transformer converters [3], complex impedance 

networks [4-6] and single multi-winding transformer based converters [7-8]. One of the 

key elements of the MAB converter is the high-frequency (kHz range) transformer, which 

allows the isolation between ports, however, it must be carefully designed to maintain 

parameters like magnetizing and leakage inductances within specifications [9]. A basic 

diagram of a MAB converter is shown in Figure 2.2.1, where each DC port is connected 

through a full-bridge (but it can be any other topology). 

MAB converters can be seen as an extension of dual active bridge (DAB) 

converters in terms of ports. The transformer, its leakage inductances and the modulation 

techniques are the key elements to transfer power between the ports. DAB converters are 

extremely useful in systems which need to be isolated from the grid, so the isolation can 

be performed using small-size high-frequency transformers. The main method to transfer 

the energy from one port to the other one is based on a phase-shift modulation between 
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the two ports, also known as single-phase-shift (SPS) [10]. This technique is commonly 

used to transfer power in electric grids, where the phase difference between ports is a 

function of the amount of transferred power. SPS modulation works well if the voltages 

of each port are similar, however, if the ports’ voltages vary, the efficiency drops 

drastically due to the excessive reactive power involved in the conversion process. This 

happens typically for battery or supercapacitor charging/discharging processes, where the 

voltage is a function of the state of charge [11, 12]. 

For that reason, some advanced modulation techniques have appeared for DAB 

converters, such as the extended-phase-shift (EPS), double-phase-shift (DPS) and triple-

phase-shift (TPS) modulations, in which the voltages at the transformer’s windings are 

controlled through pulse width modulation to build three-level AC signals. In this way, 

the converter has more degrees of freedom to guarantee the power transfer with high 

efficiency, extending the zero-voltage-switching (ZVS) operation range of the converter, 

minimizing the reactive power and, thus, the current stress of the semiconductor devices. 

In addition, some authors have implemented a variable frequency modulation scheme to 

extend the ZVS operation range of the DAB converter over a wide voltage operation 

range. 

In the case of MAB converters, the development was similar. In 2004, Prof. Zhao 

��� ��� introduced the first MAB in which the main control consisted of a phase-shift 

modulation with some initial ideas of duty modulation [13-15]. In 2007, J. Duarte ������, 

proposed a phase-shift modulation for controlling hybrid fuel cells [16]. In 2008, Tao ���

��� incorporated duty modulation in order to reduce the switching losses.  

Unfortunately, the control algorithm is complex because there is a coupling 

behavior between ports. This means that delivering power from one port to another one 

might affect a third port if the control is not aware of that. For that reason, in 2008, a 

decoupling method was developed by Prof. Kolar team [7]. Using this technique, the pulse 

width modulation signals for each port were selected in order to minimize the power 

losses and to allow power decoupling. Unfortunately, it was difficult to extend this 

method to more than three ports due to the increase in the computational burden. In 
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