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1 INTRODUCTION 

1.1.1 General background 

As is widely known, a power electronic converter (PEC) can sufficiently 
improve system controllability, reliability, size and efficiency in a majority of 
applications – beginning from high megawatt electrical drives up to ultra-
compact power supplies for the telecom and aerospace industry. Thanks to 
recent rapid advances in semiconductor and packaging technologies as well as to 
the development of new converter topologies, engineering scientists are 
introducing new applications based on power electronics, such as Electronic 
Power Distribution Networks (EPDNs) [1][2], also known as Smart Grids [3][4] 
or Active Distribution Networks [3]. EPDN is an aggregation of multiple primary 
and secondary energy sources, several levels of energy storage and back-up and 
numerous active loads, all interfaced through PECs. To achieve the highest 
flexibility and energy efficiency, the EPDN should have a multilevel control: the 
lower (unit) level responsible for the separate control of secondary energy 
sources, storage systems and loads, while the higher (system) level performs a 
combined regulation of the whole system. Regardless of functions, control 
system philosophy and structure, the power flow control on the physical level 
could be most efficiently performed by using PECs. This is especially topical in 
EPDNs with renewable (i.e. solar panels or wind turbines) or alternative  
(i.e. fuel cells) energy sources, where the PEC is the only way to control the 
power source. 

 

 
Figure 1.1 General structure of the EPDN  
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The conceptual solution of the future EPDN is presented in Figure 1.1. EPDN 
is shown to have two power supply buses: main DC and auxiliary AC. The DC 
bus is meant for interconnection and interaction of distributed generators (DGs), 
distributed energy storages (DES) and DC loads. To ensure maximal 
interoperability with currently widespread AC loads, the EPDN has an auxiliary 
AC bus, which could be fully eliminated with the introduction of a DC supply 
standard for consumer loads in the future (consumer electronics, LED lighting, 
motor drives, etc. could be more conveniently powered by DC [2]). One of the 
main advantages of the EPDN shown in Figure 1.1 is that the power flow of 
subsystems is controlled through a DC bus. Compared to traditional AC bus 
based solutions [5]-[8], its benefits are: fewer power conversion stages, higher 
efficiency and easier integration of renewable energy sources and storages.  

1.1.2 Role of energy storages in an EPDN with renewable energy sources 

Sustainability and efficient use of energy resources is an urgent issue today. 
The reasons are not only in the growth of demand and production, but also in the 
present level of resource exploitation, leading to exhaustion of energy resources 
and related environmental impacts. A sustainable use of energy requires 
applications and methods that could increase efficiency. This is especially 
important in an EPDN with renewable energy sources. The most widespread 
renewable energy sources used in EPDNs are the wind turbines (WTs) and 
photovoltaic (PV) plants. 

An extensive penetration of renewable energy sources is a global growing 
trend. The European Union (EU) is working to reduce the effects of climate 
change and establish a common energy policy. As part of this policy, the unity 
of the Heads of State or Government of the European Union agreed in the 
directive 2009/28/EC, implemented by December 2010, on binding targets to 
increase the share of renewable energy. By 2020 renewable energy should 
account for 20% of the EU's final energy consumption. To meet this common 
target, each Member State needs to increase its production and use the renewable 
energy in electricity, heating, cooling and transport [9]. Main advantages of 
renewable energy are zero fuel costs and lower impact on the environment. 
However, one of the most significant challenges is the intermittent nature of 
many renewable energy resources. Figure 1.2 shows an example of 
unpredictable energy production by Estonian wind farms. Due to unforecastable 
wind and difficulty in precise forecasting, periods of excess energy, as well as 
lack of energy occur. It is often easier to lump the behaviour of these resources 
within the load and treat them as a load variation instead of using them as 
generators. To compensate unstable operation of renewable energy sources, an 
energy storage system needs to be introduced. Increasing the amount of storage 
(power and energy) associated with a renewable energy will gradually make the 
output more controllable and predictable. 
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Figure 1.2 An example of unpredictable energy production by Estonian wind farms [10] 

A variety of technologies are available for energy storage in the power 
systems. To identify the most feasible solutions, it is necessary to consider many 
parameters, such as cost, lifetime, reliability, size, storage capacity, and 
environmental impact. Energy storage technologies can be generally divided into 
three main groups: mechanical, electromagnetic and electrochemical storage 
[11]-[15]. 

Mechanical storage includes pumped hydro storage, compressed air energy 
storage and flywheels. Electromagnetic storage includes inductors or 
superconducting magnetic energy storage (SMES). Electrochemical storage 
includes all types of batteries, supercapacitors (ultracapacitors) as well as 
hydrogen based energy storage. Hydrogen is one of the promising alternatives 
that can be used as an energy carrier. Implementation of hydrogen based long-
term energy storages (LTES), also known as hydrogen buffers, in EPDNs with 
renewable energy sources has attracted much attention [16]-[18]. Essential 
elements of a hydrogen buffer is an electrolyzer (EL), which converts electrical 
energy into hydrogen by splitting water into hydrogen and oxygen and a fuel cell 
(FC), which transforms the chemical energy in the hydrogen form back to 
electrical energy [19]. The energy flows in the hydrogen buffers are controlled 
by a PEC. PECs are needed to match the different voltage levels in the hydrogen 
buffer system and to control the power flow between the EPDN and the 
hydrogen buffer.  
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1.1.3 Motivation of the Thesis 

This PhD research reviews the existing PEC topologies for hydrogen buffer 
interfacing with an EPDN and proposes a variety of new approaches with main 
attention to energy efficiency, size-weight characteristics, modularity and 
integrity. 

The energy efficiency is the most important parameter of the hydrogen buffer. 
The diagram in Figure 1.3 shows the generalized loss distribution between the 
main components of the hydrogen buffer [20]-[25]. As can be seen, the majority 
of losses occur during the electrochemical processes of hydrogen conversion 
into electrical energy by using the FC and energy conversion into hydrogen by 
using the EL. Losses in the PEC stage constitute about 12% of the total losses 
[PAPER-IV]. The PECs used in hydrogen buffers today have an average 
efficiency of 82-86%. Therefore, increasing the average efficiency of the PEC 
stage, the overall energy efficiency of the hydrogen buffer could also be 
improved. 

 
Figure 1.3 Typical loss distribution in the hydrogen buffer 

Besides efficiency, the size-weight optimization is also a priority aim for the 
hydrogen-based LTES. In several wind-hydrogen systems, the PEC stage of the 
hydrogen buffer could be installed inside the nacelle close to the main PEC of 
the WT to achieve a more compact integrated system. In that case, the WT tower 
could be used to store hydrogen, as shown in Figure 1.4 [26][27]. For  
a cost-effective system, the volume of the WT tower should be used as much as 
possible for hydrogen storage and accommodation of the EL and the FC. The 
power transmission cables are placed in a pipe, which is installed in the middle 
of the tower. This concept eliminates the need for the high-flex cable and the 
conduit required for the exterior power transmission design. Such integrated 
design could help to eliminate long interconnection wires and therefore reduce 
the power losses. However, the size and weight of the PEC will have direct 
influence on the size and weight of the nacelle. It is well known that the reduced 
nacelle weight and size significantly optimize transportation and installation of 
the WT. Therefore, the development of compact and lightweight PECs for the 
hydrogen buffer is another challenge, which can be solved by optimization of the 
components and reduction of power conversion stages in PECs.  
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Figure 1.4 General principle of an integrated wind-hydrogen system 

Finally, integrity is also an important issue. The stochastic nature of the 
renewable energy requires that the source of energy be able to respond to fast 
changing loads. Typically, the hydrogen based LTES has a slow transient 
response because of the natural electrochemical reactions. To solve this problem, 
an additional short-term energy storages (STES) (battery, supercapacitor) is 
required, which can respond to the increased load instantly in order to improve 
the power quality of the hydrogen buffer. A STES is commonly used due to its 
high round-trip efficiency and convenience for charging/discharging. In 
addition, it takes care of the effects caused by instantaneous load ripples/spikes 
and renewable energy peaks. However, STES is not appropriate for long-term 
energy storage because of its low energy density, self-discharge and leakage. 
The combination of STES with hydrogen-based LTES can significantly improve 
the performance of the EPDN with renewable energy sources [28]-[33].  

1.1.4 The main hypotheses and objectives of the PhD research 

Hydrogen based LTES is a promising technology. Thanks to its specific 
properties (zero fuel cost, lower environmental impact, high responsiveness, 
high energy density, flexibility in storage and release rates), it could have clear 
benefits in the stabilization of energy production by renewable energy sources in 
EPDNs. A hydrogen buffer needs to be introduced to maintain energy balance of 
the EPDN during the periods of unstable work of renewable energy resources 
and to keep the stable and predictable energy production. The implementation of 
the new improved PEC topologies could enhance technical and economic 
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feasibility of the hydrogen based LTES in the EPDN with renewable energy 
sources. 

The main goal of the thesis is to develop and experimentally validate new 
methods, topologies and solutions, which will substantially contribute to the 
further improvement of the hydrogen based LTES technology without increasing 
their complexity or reducing the reliability significantly. 

Main objectives of the research: 
• analysis and classification of state-of-the-art and technology trends of 

the hydrogen based LTES; 

• analysis of the implementation challenges of the hydrogen based LTES 
in the EPDN with renewable energy sources; 

• synthesis, analysis and experimental verification of new DC/DC 
converter topologies for the hydrogen based LTES with special attention 
to energy efficiency and integrity; 

• analysis of implementation possibilities and benefits of the multiport 
DC/DC converters in the hydrogen based LTES. 

In order to achieve the above objectives and to verify the hypotheses set forth 
here, comprehensive research and development tasks were solved. The research 
methods applied are based on the mathematical analysis, computer simulations 
and prototyping. To estimate performance, the power losses and operating 
frequency of the proposed solutions were compared. Computer simulations were 
performed in PSIM9, MATHCAD14, PSpice9.2 and MATLAB/Simulink 
simulation packages. In addition, for the experimental validation of new 
proposed topologies and methods, the small-scale experimental setups were 
assembled and tested in the Power Electronics Laboratory of TUT. 

1.1.5 Contributions of the thesis 

This thesis presents extended knowledge and new solutions for future 
development of the hydrogen based LTES technology. The originality of 
research is contained in theoretical and practical findings. 

Theoretical originality includes the classification of technology trends of the 
hydrogen based LTES and comparison of their properties with those of 
traditional LTES. The implementation challenges of the hydrogen based LTES 
for the stabilization of energy production in the EPDN with renewable energy 
sources are highlighted. As a case study, the possibility of using hydrogen for 
compensating the instability of the energy production by Estonian wind farms is 
discussed. The techno-economic analysis of the hydrogen based LTES was 
performed in order to indicate the weaknesses of the technology and to help to 
increase the efficiency of the hydrogen production in the EPDN with renewable 
energy sources. 
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Practical originality includes the variety of new energy efficient DC/DC 
converter topologies proposed by the author for the electrical interfacing of the 
electrochemical stage of the hydrogen based LTES with EPDN. All the proposed 
topologies have been experimentally verified and demonstrated an outstanding 
performance in row with high efficiency (90...93%). By help of elaborated 
design guidelines, these topologies could be also implemented in other 
application fields, such as telecom, rolling stock, aerospace, marine etc. where 
the efficiency, reliability and integrity play a major role. Moreover, the number 
of new modulation methods (improved modulation method for a half-bridge 
step-down DC/DC converter with a phase-shifted active full-bridge rectifier, 
output voltage programmed control for the qZS-based step-up DC/DC 
converters, etc.) were proposed and experimentally validated. As one of 
important results of this PhD research, the idea of magnetic integration of the 
developed two-port converters resulted in a new multiport converter technology 
for the interfacing of a hydrogen buffer with the DC-bus of an EPDN. Finally, 
the new method of a STES (battery) integration to the FC-side port of the 
proposed multiport converters was analysed and experimentally validated. 

The current relevance of the thesis is related to faster development of 
sustainable power engineering. Given research was initiated and motivated by 
the European Electricity Grid Initiative (EEGI) Roadmap 2010-18 and 
Implementation Plan 2010-12, which is driving strategies for European-wide 
research in the field. Furthermore, the research corresponds to the main 
objectives of the Estonian Energy Technology Program (development and 
optimization of energy transmission and distribution networks, development of 
energy balancing and storage technologies for wind parks).  

The research activities within the thesis were supported by targeted financing 
research project SF0140016s11 and two grants (G8538 and G8020). 

1.1.6 Dissemination of results and publications 

The results obtained during the PhD research were reported at  
11 International conferences and workshops and published in 13 papers. Seven 
of them have appeared in the International peer-reviewed journals and five are 
available through the IEEExplore database. The most important papers directly 
connected to the topic of the dissertation are listed in the Appendix.  
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2 HYDROGEN BASED LONG-TERM ENERGY 
STORAGE: STRUCTURE, OPERATION 
PRINCIPLE, LIMITATIONS 

2.1 Hydrogen buffer as a long-term energy storage 

Each energy storage technology has certain properties with regard to storage 
capacity, power, response time and cost. Grouping storage technologies with 
regard to storage capacity is relevant because it can be used to exclude those 
sizes not relevant in relation to renewable energy systems [33]-[38]. More 
detailed description of the energy storage technologies is given by the author in 
publication [PAPER-I].  

Based on their storage capacity, energy storages can be categorized as STES 
and LTES, as shown in Figure 2.1. STES includes the supercapacitors, 
flywheels, inductors or SMES and batteries. LTES could be subdivided into 
pumped hydro storage, compressed air energy storage and hydrogen based 
energy storage. Different energy storage technologies have a wide range of 
energy release rates (discharge rates) that extend from seconds to many hours 
and days (Figure 2.2) [38]. Renewable energy sources cannot be easily regulated 
or dispatched. Peak levels generated by them may not coincide with the peak 
demand. In the case of instability of renewable energy production, LTES could 
be used. It allows alternative energy sources to be used as a base load or enables 
an increase of predictability to nearly 100 % for a certain period of time. The 
time horizon could be days or weeks, depending on the storage size and 
variations allowed. 

 
Figure 2.1 General classification of energy storage technologies 
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Figure 2.2 Typical energy storage capacities and discharge times  

of different energy storage technologies [38] 

General technical parameters of LTES in the wind power context are 
summarized in Table 2.1 [37][39]. The universality of hydrogen implies that it 
can replace other fuels for stationary generating units for power generation in 
various industries. Having all the advantages of fossil fuels, hydrogen is free of 
harmful emissions when used with dosed amount of oxygen, thus reducing the 
greenhouse effect. Combination of an energy storage system and a renewable 
energy source allows controllable power production. 

Table 2.1 Comparison of LTES 

Storage system Capacity, MW Efficiency, % Technology 
Pumped hydro 100…1000 70 – 80 Mechanical 
Compressed air 0.1…1000 75 – 85 Mechanical 

Hydrogen 0.1 – 1 20 – 40 Electrochemical 
 

2.2 General components and operating principle of a hydrogen 
buffer 

In the publication [PAPER-II] a hydrogen-based LTES for the stabilization of 
wind power generation was presented and discussed. The general operating 
principle of a hydrogen-based LTES is shown in Figure 2.3. The system consists 
of three main stages: hydrogen production by the EL, hydrogen storage and 
electricity production by the FC. The operating voltages of the EL and the FC 
are matched with the voltage of the DC bus of an EPDN by help of a PEC. 
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Figure 2.3 Energy exchange processes in the hydrogen buffer 

In the excess energy periods, the EL converts the excess electrical energy 
from the renewable energy source into chemical energy by using water 
electrolysis. There are three basic types of the EL: alkaline, proton exchange 
membrane and high-temperature solid oxide. Today’s most widespread 
industrial ELs are alkaline and proton exchange membrane. These two EL types 
allow higher operating pressures, higher current density and low applied voltage 
to the cell. Moreover, proton exchange membrane EL is easier to operate and 
provides fast start-up. The total EL efficiency varies between 75% and 90% [40]. 

The second stage is the hydrogen storage. Typically, the produced hydrogen 
is accumulated in a tank. There are four basic methods for hydrogen 
storage [41]:  

• compressed and stored in a pressure tank; 
• cooled to a liquid state and kept cold in an insulated tank; 
• activated carbon; 
• metal hydrides. 

In order to select the optimal integration method of hydrogen based energy 
storage in the EPDN, the hydrogen storage capacity of each method was 
compared. Table 2.2 shows that the compressed gas method has a very low 
leakage rate compared to the other methods, high hydrogen capacity and 
dynamic energy efficiency. Activated carbon also has a high efficiency; 
however, a very low temperature is required during the process. Because the 
required energy storage time could be long, a low leakage rate is critical to 
preventing an additional dynamic energy loss. 
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Table 2.2 Comparison of hydrogen storage methods 

Hydrogen storage methods 
Energy intensity, 

MJ/kg 
Efficiency 

Leakage 
rate/day, % 

Compressed gas 
300 bar 0.915 0.92 0.000024 
700 bar 0.905 0.91 0.000033 

Liquid 28-45 0.63-0.77 1 
Activated carbon  8-10 0.92-0.93 0.2 

Hydrides 

Low 
temperature 

(<100˚C) 
0.9-0.93 0.9-0.93 - 

High 
temperature 

(>300˚C) 
0.79-0.83 0.79-0.83 - 

 
 

The last stage is the electricity production stage. In order to stabilize energy 
production during the absence of the renewable energy, stored hydrogen could 
be re-used by help of a FC, which converts chemical energy into electrical 
energy by oxidizing hydrogen. The FC takes the hydrogen from the tanks to 
generate electricity, plus water and heat as by-products. Having considered all 
the FC types, we can conclude that an alkaline FC is a more perspective type 
that can be used for hydrogen based LTES because of high efficiency and low 
reaction losses of oxygen reduction. This type is technically most feasible also 
because of its operating flexibility regarding start-up and shut-down procedures 
as well as intermittent operation [42][43]. 

2.3 State-of-the-art PEC topologies for electrical interfacing of a 
hydrogen buffer with an EPDN 

Typically, the EL and the FC are connected to the EPDN via individual 
(dedicated) PECs. The operating voltage of a DC-bus of an EPDN is higher than 
that of the main components of the hydrogen buffer. Therefore, the EL is 
connected to the DC-bus of the EPDN through the step-down DC/DC converter, 
while the FC should be interfaced by the step-up DC/DC converter. In principle, 
many basic power converter topologies can be used for the EL and the FC 
interconnections with the DC-bus of the EPDN. Because of comparatively high 
input and output voltage differences (in several cases the voltages could differ 
by more than 10 times), the DC/DC converters with a high-frequency voltage 
matching transformer are preferred. For safety reasons this transformer should 
also perform the function of galvanic isolation of the primary and the secondary 
side. In the analysis of the state-of-the-art converters for the hydrogen buffer 
application [PAPER-III] it was stated that the majority of presented topologies 
concentrate on the FC integration to the EPDN and only minor publications 
focus on the PEC for an EL.  
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The EL and the FC perform opposite functions. Instead of generating 
electrical energy as the FC does, the EL consumes it. The EL is a low DC 
voltage sensitive load and it cannot be directly connected to the uncontrolled 
high DC voltages [44]. To connect the EL to the DC-bus of DES, it is required 
to buck the voltage of the DC-bus to the level of the EL [45]. As a result of the 
analysis of the references according to the DC/DC converter applications of the 
ELs [46]-[54], inverter side topologies can be classified into FB and HB. Moreover, in the inverter side the switching losses must be kept as low as 
possible. Thus, zero voltage switching (ZVS) and zero current switching (ZCS) 
topologies are preferred. In the case of a rectifier side, a low component count is 
preferred, as the current is relatively high. Thus, the current doubler rectifier 
with coupled inductors is the most convenient choice. 

The FC is a power source with low unregulated DC output voltage. To 
connect the FC to the load, it is necessary to step-up and to stabilize the 
relatively low output voltage of the FC to a certain operating voltage level. As a 
result of the analysis of the references according to the DC/DC converter 
applications of the FCs [55]-[78], these converters can be classified as converters 
for small or medium power systems. In a power range about 1-3 kW, converters 
like half-bridge or push-pull are suitable topologies. For a power range higher 
than 3 kW, the single-phase full-bridge converter is an appropriate solution for 
the FC applications. The three-phase full-bridge DC/DC converter topology can 
be also used to improve the losses distribution in the converter and to increase 
the power density of the PEC. However, due to the increased number of 
components in the three-phase configuration, the reliability of the PEC could 
become an issue. 

2.4 Economic issues of a hydrogen buffer 

The global energy challenges of today are huge: about 78% of the global 
energy demand is satisfied through coal, oil and gas. At the same time, oil 
resources are expected to deplete between 2020 and 2030. Limited availability 
of fossil energy resources urge to make use of renewable sources for electric 
energy generation.  

Table 2.3 shows the breakdown of the renewable energy technologies in the 
European Union Member States [79].  

Table 2.3 Total renewable energy capacity for all European Union Member States 

 2005 2010 2015 2020 
Hydropower, GW 119.4 122.4 130.0 139.7 
Geothermal, GW 0.7 0.8 1.0 1.6 

Solar, GW 2.2 26.1 58.0 91.4 
Wave, GW 0.2 0.2 0.4 2.3 
Wind, GW 40.4 84.9 143.2 213.6 

Biomass, GW 15.7 22.6 32.4 43.6 
 



24 

 
Regarding the mix of renewable energy technologies for the year 2020, the 

most important contribution is expected from the wind power. Renewables play 
an increasing part in the energy equation in the EU. Overall, the prices of 
support mechanisms are decreasing, especially for the “established” 
technologies, such as solar, wind and biomass. The average prices per renewable 
technologies shown in Figure 2.4 are based on the sum of the different available 
tariffs [80]. 

 
Figure 2.4 Energy costs for different renewable energy resources 

Due to the increasing use of renewable energy sources, the issue of the 
stabilization of the renewable energy generation is gaining in importance. 
Interest in hydrogen as a long-term energy storage is continuously growing. The 
hydrogen based long-term energy storage system costs vary widely, mostly as a 
function of a system size. System utilization (i.e. capacity factor) has the most 
significant impact on hydrogen price. The hydrogen buffer produces electricity 
for stationary uses and has the potential for low-cost hydrogen due to increased 
equipment utilization. The financial data of the hydrogen buffer components are 
compared in Figure 2.5. Since the prices are confidential, a price value of the EL 
was chosen from the prices reported in [81], assuming a large-scale economy 
and medium-sized units. The PEC price is typically included in the EL price. 
The financial parameters of the hydrogen compression and storage system were 
taken from [82]. In this chapter, a moderate price value of the FC, including the 
PEC price, is assumed to be based on [81][83]. 
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Figure 2.5 Capital cost distribution for the hydrogen buffer 

2.5 Generalizations 

Hydrogen is already widely produced and used, but it is now being 
considered for use as an energy carrier for stationary power. Challenges to an 
expanded use of hydrogen for stationary power production include 
improvements in scientific processes and technologies for producing hydrogen 
with low to zero emissions of greenhouse gases and costs that can ultimately be 
competitive in the energy marketplace. Non-polluting hydrogen, energy-dense 
and the most abundant element in nature, is a renewable and environmentally 
clean energy source. But whether it can be produced and used inexpensively is 
the crux of a large and growing effort in research. Today, the production of 
hydrogen is expensive and energy intensive. Hydrogen production is a large and 
growing industry. The development of efficient and affordable PEC technologies 
can improve the cost and energy efficiency of the hydrogen based LTES, but not 
significantly. Centralized hydrogen production will become more economical 
and feasible when the hydrogen fueling market has grown large enough. 

0%20%40%60%80%100% FC+PECHydrogen storageCompressorEL+PEC
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3 NEW PEC TOPOLOGIES FOR THE HYDROGEN 
BUFFER INTEGRATION TO AN EPDN 

As mentioned above, synchronization between the main components of the 
hydrogen based LTES and the EPDN occurs at the power electronic stage. This 
is achieved by using the PEC. The development of the PEC can improve the 
conversion efficiency that reduces the cost and improves the energy source 
utilization. This PhD research was mostly dedicated to the synthesis and 
experimental validation of new DC/DC converter topologies for the hydrogen 
buffer interfacing with the DC-bus of an EPDN. The new proposed topologies 
could be classified as follows: 

• Two-port (individual) DC/DC converters 
o Step-down DC/DC converters for EL interfacing with the DC-bus of 

an EPDN 
 Two-level half-bridge step-down DC/DC converter with a 

phase-shifted active full-bridge rectifier 
 Three-level half-bridge step-down DC/DC converter with a 

current doubler rectifier 
o Step-up DC/DC converters for FC interfacing with the DC-bus of an 

EPDN 
 qZS-based full-bridge step-up DC/DC converter with a voltage 

doubler rectifier 
• Multiport (integrated) DC/DC converters 

In the case study, the EPDN with 560 V DC-bus voltage was selected (which 
is a typical rectified voltage of a 3x400 V AC transmission line). The general 
operating voltages of the EL and FC considered here are specified in Table 3.1. 

Table 3.1 General operating parameters of the hydrogen buffer considered 
for the case study 

Parameter Symbol Value 
DC-bus voltage of the EPDN  
(input/output voltage of the hydrogen buffer), V 

UDC-bus 560±20% 

Rated voltage of the EL, V UEL 70 
Minimal voltage of the FC, V UFC,min 32 
Maximal voltage of the FC, V UFC,max 60 
Rated power of the hydrogen buffer, kW P 2 

3.1 Interfacing of a hydrogen buffer by two-port converters 

As stated above, the most traditional way of the connection of the hydrogen 
buffer to the DC-bus of an EPDN is the two-port (individual) DC/DC converters. 
As shown by Table 3.1, the voltage must be stepped-down by 8 times and 
stepped-up by more 30 times during the DC-bus of an EPDN interfacing with 
the EL and the FC, correspondingly.  
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3.1.1 Two-level half-bridge step-down DC/DC converter with a phase-
shifted active full-bridge rectifier 

The improved galvanically isolated step-down DC/DC converter for the EL 
integration with the EPDN was presented and analysed in [PAPER-V]. The 
converter has a two-level half-bridge (2L-HB) inverter on its primary side, a 
high-frequency step-down transformer and a phase-shifted active full-bridge 
(PSAFB) rectifier based on reverse blocking (RB) switches (MOSFETs with 
series diodes were used in this case study) on the secondary side (Figure 3.1).  

 
Figure 3.1 Proposed 2L-HB step-down DC/DC converter with a PSAFB rectifier 

Operation principle 

In the converters with a synchronous rectifier, the output voltage is generally 
controlled by the varying delay time between the turn-on of the switches in the 
rectifier and the turn-on of the switches in the inverter. The disadvantage of such 
traditional modulation algorithms is the presence of the intervals of energy 
return from the load to the power supply. If the energy return is not possible, 
there will be an increase of the input voltage of the inverter and a deviation of 
the midpoint potential of the capacitor input voltage divider. Moreover, energy 
circulation corresponds to the generation of the reactive power, resulting in the 
reduction of the converter efficiency due to increased conduction losses.  

To overcome this disadvantages, the modulation algorithm of the rectifier 
switches was modified, as shown in Figure 3.2. The proposed algorithm 
provides phase-shifted control whereas practically no energy is returned into the 
power supply. This is achieved by introducing two additional switching states of 
the rectifier switches. The control of the output voltage can be achieved by 
varying the current freewheeling duration (time interval t3-t6). The energy return 
interval (time interval t2-t3) could be constant and should be kept as short as 
possible in order to maintain high power factor and reduce conduction losses. 

The phase-shifted synchronous rectifier concept is a well-known method to 
reduce the ringing, increase the efficiency and achieve the ZVS of converter 
switches. The other advantages are the possibility of using non-dissipative 
capacitive snubbers in the inverter and constant frequency operation, allowing 
for simple control of the converter. 
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Figure 3.2 General operation principle of the proposed 2L-HB step-down DC/DC 

converter with a PSAFB rectifier 

Key equations 

Some guidelines are provided how to select the parameters for the 
experimental converter with the PSAFB rectifier. In order to simplify the 
calculations, it is assumed that the opponents are lossless, the input capacitors 
and the transformer magnetizing inductance are large enough and therefore the 
input voltage ripple and the magnetizing current are negligible.  

The output voltage can be expressed by the following equation: 
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U ⋅−⋅= − )( , (3.1) 

where UDC-bus is the DC-bus voltage of the EPDN (input voltage of the converter) 
and Ns/Np is the transformer turns ratio. 
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To estimate the parameters of the output filter inductor, it is assumed that the 
current of the inductor is continuous:  
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where UTr-s is the amplitude voltage across transformer secondary, ΔIripple is the 
inductor ripple current, kL is the relative inductor ripple current, P is the rated 
power of the converter and fsw is the switching frequency. 

The capacitance of the output filter capacitor can be approximated as: 
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where ΔUripple is the output ripple voltage and kU is the relative voltage ripple. 
 
Experimental verification 

To experimentally validate the theoretical background a 2 kW prototype was 
assembled (Figure 3.3). Six independent pulse width modulation (PWM) 
channels were used. Two channels with small dead time were used to drive 
IGBTs in the inverter and four channels were used to control the rectifier. As 
mentioned, rectifier switches should have RB capability. In the prototype, 
MOSFETs with series connected diodes were used. In practical applications 
these switches could be replaced by RB IGBTs or fast thyristors for reduced 
power dissipation during the on-state.  

 
Figure 3.3 Experimental prototype of the 2L-HB step-down DC/DC converter  

with a PSAFB rectifier 
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The experimental waveforms are presented in Figure 3.4. The test results 
completely correspond to the theoretically predicted waveforms. The proposed 
converter provides ZVS in the inverter side and ZCS in the rectifier side. 

 

(a) (b) 

Figure 3.4 Experimental voltage and current waveforms of the TT transistor  
module (a); S1 transistor (b) (Uin=560 V; fsw=10 kHz) 

The reduction in the IGBT turn-off power loss has been achieved by help of 
capacitive snubbers. The total turn-off losses with a snubber were significantly 
reduced (by 30-35%) as compared to turn-off without a snubber. 

 
Figure 3.5 Experimental turn-off waveforms of the TT transistor module with a snubber 

Estimation of efficiency 
A basis for the design of the PEC is the determination of the expected power 

dissipation in the semiconductors. The estimation of the semiconductor losses is 
based on the calculation of the average and RMS currents and the datasheet 
information. The losses in the semiconductors are divided into conduction and 
switching losses. Conduction losses of a transistor: 
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 2
CrmsCCavCEOCT IrIUP ⋅+⋅= , (3.4) 

where UCEO is the collector-emitter saturation voltage, ICav is the average 
collector current, rC is the collector-emitter on-state resistance and ICrms is the 
RMS current of the transistor. 

Conduction losses of the diode:  

 2
DrmsDDavDOCD IrIUP ⋅+⋅= , (3.5) 

where UDO is the forward voltage drop of the diode, IDav is the average current of 
the diode, rD is the diode on-state resistance and IDrms is RMS current of the 
diode. 

Switching losses are defined by EonT – turn-on energy of the transistor;  
EonD – turn-on energy of the diode; EoffT – turn-off energy of the transistor;  
EoffD – turn-off energy of the diode. Typically, the turn-on energy of the diode is 
neglectable. As a result, the total switching losses of the transistor module 
(transistor with freewheeling diode) can be estimated by 

 ( ) swoffDoffTonTsw fEEEP ⋅++= , (3.6) 

where fsw is the switching frequency.  
In order to simplify the calculations, the magnetic and wire conduction losses 

were neglected. As a result, the estimated converter efficiency as a function of 
the input voltage and output power is presented in Figure 3.6. In its nominal 
operating point (input voltage 560 V DC at the rated power), the converter 
demonstrated an efficiency near 92% (Figure 3.6a). The decreased current gives 
a reduction in the semiconductor losses, thus, for the same power the increase of 
the input voltage will lead to the efficiency rise. At 50% load the nominal input 
voltage will result in the efficiency drop of 1% (Figure 3.6b).  

 

(a) (b) 

Figure 3.6 Efficiency of the proposed 2L-HB step-down DC/DC converter  
with a PSAFB rectifier as a function of the input voltage (a) and the output power (b) 
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3.1.2 Three-level half-bridge step-down DC/DC converter with a current 
doubler rectifier 

As an alternative to the two-level topologies, the multilevel topologies with 
lower voltage devices that have increased switching performance could be 
implemented. The three-level neutral point clamped half-bridge (3L-NPCHB) 
step-down DC/DC converter with a current doubler (CD) rectifier proposed in 
article [PAPER-VI] is shown in Figure 3.7.  

In contrast to the 2L-HB step-down DC/DC converter with a PSAFB 
rectifier, the 3L-NPCHB inverter utilized in the primary part features inherent 
ZVS, thus increasing the efficiency of the PEC. The CD rectifier used in the 
secondary part of the proposed converter was derived from the full-bridge 
rectifier (FB) by the replacement of bottom diodes in both legs by inductors  
(L1 and L2) with equal inductances. In contrast to the FB rectifier, the CD 
topology inhibits several advantages: the total volume of the two filter inductors 
might be equal or even smaller than the inductor of the FB due to their lower 
operating frequency and lower current ratings. Additionally, the CD rectifier 
offers a potential benefit of better-distributed power dissipation, which might be 
advantageous in a PEC with improved power density. 

 
Figure 3.7 Proposed 3L-NPCHB step-down DC/DC converter with a CD rectifier 

Operation principle 
The operation of a 3L-NPCHB inverter can be generally divided into four 

operating modes: two conduction and two freewheeling modes. An explanatory 
timing diagram of the inverter switches, the resulting primary winding voltage of 
the isolation transformer and main waveforms of the DC rectifier are presented 
in Figure 3.8. Since the 3L-NPCHB inverter has four transistors, four 
independent PWM channels are also required, which increase the complexity of 
the control program and load the controller. A new concept that uses hardware 
based signal multiplication circuit was proposed in the current research project. 
By use of this method, only two independent PWM channels are needed. The 
control is made very easy: outer transistors T1 and T4 are controlled directly 
from the PWM generators of a microcontroller, while inner switches T3 and T2 
are driven by the inversions of the corresponding control PWM signals.  
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The PWM algorithm permits all transistors to be operated under ZVS without 
additional components merely utilizing parasitic elements of the circuit, such as 
junction and freewheeling diode capacitances across each IGBT, and leakage 
inductance of the isolation transformer. Moreover, the CD rectifier introduced 
offers loss reduction in the secondary side of the converter in contrast to the 
traditional FB rectifier due to the twice reduced operation current of the rectifier 
diodes and the secondary winding of the transformer. 

 
Figure 3.8 General operational principle of the proposed 3L-NPCHB  

step-down DC/DC converter with a CD rectifier 

Key equations 
The proposed converter is very simple in design and operation. The terminal 

voltage of the EL could be simply regulated by the duty cycle variation of the 
transistors T1…T4. Neglecting losses in components, the output voltage could be 
estimated as: 
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where UDC-bus is the DC-bus voltage of the EPDN (input voltage of the 
converter), D is the duty cycle of the inverter switches and Ns/Np is the 
transformer turns ratio. 
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The values of inductances of the CD rectifier can be estimated by  
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where ΔIripple is the inductor ripple current and fsw is the switching frequency. 
With electrolytic capacitors, capacitance could be evaluated as: 
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where ΔUripple is the output ripple voltage. 
 
Experimental verification 

To validate the proposed topology, the experimental setup with the power 
rating of 2 kW was assembled. The experimental converter was 
comprehensively tested in different operation conditions and has shown 
excellent performance despite its simple structure and control principle.  

The proposed PWM method [PAPER-VI] provides the 3L-NPCHB inverter 
with the ZVS of all transistors without any additional components (Figure 3.9). 
The sufficient condition for ZVS is that the isolation transformer should have 
relatively high leakage inductance of windings and the dead time implemented 
should be smaller than the time needed to utilize the leakage energy. Also, 
Figure 3.9 shows that all the transistors have a hard turn-off, which results in 
remarkable turn-off losses. However, reducing the leakage inductance of the 
isolation transformer together with the 20-40% decrease of the duty cycle will 
result in ZVS/ZCS of the inner transistors T2 and T3. 

   
(a) (b) 

Figure 3.9 ZVS operation of outer transistors T1 and T4 (a) and inner transistors T2 
and T3 (b) in the 3L-NPCHB inverter with the proposed modulation method 

(duty cycle D=0.4) 

In order to match the 25% peak-to-peak output current ripple requirement 
and achieve a 20% better power density of the rectifier stage, two single 
inductors of the CD rectifier were replaced by a specially designed coupled 
inductor. The measured current waveforms of both windings of the coupled 
inductor and the resulting output current of the converter are shown  
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in Figure 3.10. Thanks to the high coupling coefficient used in the current design 
(k>0.94), the operating currents of windings have significantly reduced ripple, 
which finally features at around 1.14 and 1.3 times decreased RMS current 
values in both windings of the inductor as well as in the secondary winding of 
the isolation transformer, respectively. As a consequence, the winding losses of 
the isolation transformer and the coupled inductor were proportionally reduced. 
Moreover, thanks to the ripple cancellation effect of the CD rectifier, the output 
current of the converter (sum of the two winding currents) has a twice reduced 
ripple as compared to that of each winding of the coupled inductor. 

 
Figure 3.10 Measured current waveforms of coupled inductor windings  

(IL1 and IL2) and the resulting output current (IEL) of the CD rectifier with a coupled 
inductor 

The estimated converter efficiency as a function of the input voltage and 
output power is presented in Figure 3.11. As in the HB converter with controlled 
RB switches at the secondary side case, for the same power, the increase of the 
input voltage will improve the efficiency of the converter because of the reduced 
semiconductor losses (Figure 3.11a). The Figure 3.11b shows that with the 
increasing power, the semiconductor losses grow linearly. It allows keeping the 
almost constant efficiency within the whole operating power range. 

 

(a) (b) 

Figure 3.11 Efficiency of the proposed 3L-NPCHB step-down DC/DC converter  
with a CD rectifier as a function of the input voltage (a) and the output power (b) 
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3.1.3 qZS-based full-bridge step-up DC/DC converter with a voltage doubler 
rectifier 

During this research a brand new type of galvanically isolated high step-up 
DC/DC converter was introduced: the qZS-based full-bridge (qZS-FB) step-up 
DC/DC converter with a voltage doubler (VD) rectifier (Figure 3.12)  
[PAPER-VII]. The new converter for FC interfacing in a hydrogen buffer 
provides such advantages as increased reliability, an isolation transformer with a 
reduced turns ratio and reduced impact on the FC due to continuous input 
current.  

 

 

Figure 3.12 Proposed qZS-FB step-up DC/DC converter with a VD rectifier 

The most important part of the proposed converter is a voltage-fed  
qZS inverter. The qZS inverter is a combination of a traditional full-bridge 
inverter with a special quasi-impedance (qZS) network, which consists of two 
capacitors C1 and C2, two inductors L1 and L2 and a diode D1. If necessary, the 
qZS inverter can boost the input voltage by introducing a special shoot-through 
switching state, which is the simultaneous conduction (cross conduction) of both 
switches of the same inverter’s phase leg. This switching state is forbidden for 
the traditional voltage-source inverters (VSI) because it causes the short circuit 
of the DC-link capacitors. In the qZS inverter, the shoot-through states are used 
to boost the magnetic energy stored in the DC-side inductors L1 and L2 without 
short circuiting the DC capacitors C1 and C2. This increase in magnetic energy, 
in turn, provides the boost of the voltage seen on the inverter output during 
traditional operating states. 

The VD rectifier used in the secondary part of the proposed converter was 
derived from the full-bridge rectifier (FB) by the replacement of diodes in one 
leg by the capacitors (C3 and C4) with equal capacitance. The resulting 
advantages of the VD rectifier over the traditional FB scheme are the doubling 
effect of the secondary winding voltage of the isolation transformer and reduced 
power dissipation due to the smaller number of rectifying diodes and full 
elimination of the smoothing inductor. Moreover, thanks to VDR the dynamic 
performance and stability of the PEC could be increased. 
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Operation principle 
The central idea implemented in the proposed converter is to keep the 

intermediate DC-bus voltage (UDC) constant despite variations in the FC voltage 
UFC. By keeping the UDC constant, the PWM inverter could be operated with a 
fixed duty cycle, thus ensuring constant volt-second and flux swing of the 
isolation transformer [90]. In accordance with the UFC, the operating modes of 
the proposed DC/DC converter could be broadly categorized as non-shoot-
through and shoot-through operating modes. 

If the UFC is equal or higher than the desired UDC level, the converter starts to 
operate in the non-shoot-through mode. In this mode the qZS inverter operates 
as a traditional voltage source full-bridge inverter performing only the buck 
function of the input voltage. If the UFC drops below the predefined UDC level, 
the converter begins to operate in the shoot-through mode. The varying output 
voltage of the FC is first preregulated to a desired UDC level by adjusting the 
shoot-through duty cycle. Afterwards the isolation transformer is being supplied 
from the inverter with a voltage of constant amplitude. 

The proposed phase shift modulation (PSM) principle of the  
qZS inverter is presented in Figure 3.13. In this method the shoot-through states 
are generated during the zero states. To reduce switching losses of the 
transistors, the number of shoot-through states per period was limited by two. 
Moreover, in order to equalize the conduction losses of the transistors, shoot-
through current is distributed between both inverter legs [91]. 

 
Figure 3.13 General operational principle of the single-phase qZS inverter 

 with the proposed PSM method 
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Key equations 
Neglecting losses in the components, the intermediate DC-link voltage of the 

qZS-FB step-up DC/DC converter could be regulated simply by the variation of 
a shoot-through duty cycle Ds:  

 
s

FCDC D
UU

⋅−
⋅=

21

1
, (3.10) 

where UFC is the operating voltage of the FC (input voltage of the converter).  
The output voltage of the converter operating in the shoot-through mode 

could be estimated as: 
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N
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where Ns/Np is the transformer turns ratio. 
The capacitance of qZS inductors needed to limit the peak-to-peak DC-link 

voltage ripple by kU,DC could be calculated as: 
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where Cx is the capacitance of one capacitor, P is the power rating of the 
converter, DS is the duty cycle of shoot-through states and fqZS is the operation 
frequency of the qZS-network. 

The inductor in the qZS-network will limit the current ripple through the 
switches during the shoot-through states. Choosing an acceptable peak-to-peak 
current ripple kL, the inductance can be calculated by 
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where Lx is the inductance of one inductor and P is the power rating of the 
converter. 

To minimize the size and weight of the inductors, it was decided to build two 
inductors of the qZS-network on the common core, thus forming the coupled 
inductor (Figure 3.14). For a single coil on one core, the flux through the core is 

 LiNE ⋅⋅=φ , (3.14) 

where E is the constant related to the core material and dimensions, N is the 
number of turns of the coil and iL is the current through the coil. 



39 

C1

L1 L2
* *

C2

D1

UDCUFC

          
(a) (b) 

Figure 3.14 qZS network with a coupled inductor (a) and operation principle 
of the coupled inductor (b) 

The inductance of the coil is 

 2NE
i

N
L

L

⋅=⋅= φ . (3.15) 

In the voltage-fed qZS inverter, the currents through inductors L1 and L2 are 
always exactly the same in terms of waveform and magnitude. For two coils on 
one core with exactly the same current, the flux through the core is: 

 LiNE ⋅⋅⋅= 2φ . (3.16) 

The resulting inductance of each winding when supplying exactly the same 
current to the two windings is: 

 22 NE
i

N
L

L

⋅⋅=⋅= φ . (3.17) 

It is seen from Eq. 3.17 that the inductance of each winding is doubled. 
Therefore, for the same operating conditions, we need to build two windings 
with twice smaller inductance than in the case of separate inductors. In our case 
it finally resulted in a 35% decrease of the overall volume of a coupled inductor 
in comparison with a standard approach with two separate inductors. 

 
Experimental verification 

To validate the proposed topology, the experimental setup with the power 
rating of 2 kW was assembled (Figure 3.15).  



40 

 
Figure 3.15 Experimental prototype of the qZS-FB step-up DC/DC converter  

with a VD rectifier 

The converter was first tested with a low FC voltage, at the terminal voltage 
of 40 V. To boost the FC voltage to the desired voltage level of the intermediate 
DC-link (60 V), the shoot-through duty cycle Ds was set to 0.19. The active state 
duty cycle was 0.4. Figure 3.16a shows that the qZS inverter with the proposed 
modulation algorithm ensures the demanded gain of the FC voltage (UFC = 40 V 
and UDC = 60 V, as expected). Moreover, the VD rectifier provides the 
demanded voltage doubling effect of the peak voltage of the secondary winding 
of the isolation transformer, thus ensuring the ripple-free voltage of 560 V DC at 
the output (Figure 3.16b). For the second operating point, when the FC voltage 
equals the desired intermediate DC-bus voltage, the shoot-through states are 
eliminated and the converter operates as a traditional VSI.  

   
(a) (b) 

Figure 3.16 Experimental waveforms of the input, intermediate DC and primary 
winding voltages (a) and output and secondary winding voltages (b) 

Since the operation of all transistors in the PSM method is identical  
(Figure 3.13), only the switching transients of the transistor T1 were examined 
and analysed. Figure 3.17 shows the experimental waveforms of the collector-
emitter voltage UCE, collector current IC and power loss PLoss of transistor T1. All 
the turn-on/off and conduction intervals are separated by the dashed lines. 

 

UFC (50V/div)

UDC (50V/div)

IFC (50A/div) 
UTR,1 (50V/div) UDC-bus (250V/div)

UTR,2 (250V/div)
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Figure 3.17 Experimental waveforms of one switching period of top transistors  
in the PSM shoot-through modulation method 

It is seen from Figure 3.17 that due to the inherent properties of the proposed 
PSM algorithm, the transistor is fully soft switched during the first shoot-
through state S1 (Figure 3.18). However, during S2 (7 and 9) the transistor is 
partially soft switched and the turn-on/off transients are presented in Figure 3.19. 
Figure 3.20a and Figure 3.20b show the turn-on and turn-off intervals  
(4 and 6) of the active state according to Figure 3.17. During turn-on, the 
transistor is soft switched but during turn-off it is hard switched. 

 
(a) (b) 

Figure 3.18 Shoot-through state S1 turn-on (a) and turn-off (b) intervals 
of top transistors 

 
(a) (b) 

Figure 3.19 Shoot-through state S2 turn-on (a) and turn-off (b) intervals 
in the PWM shoot-through modulation method 
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(a) (b) 

Figure 3.20 Active state A turn-on (a) and turn-off (b) intervals of transistors  
in the PSM shoot-through modulation method 

 

Figure 3.21 Estimated efficiency as a function of the input voltage  
of the proposed qZS-based step-up DC/DC converter 

The estimated converter efficiency as a function of the input voltage is 
presented in Figure 3.21. It is seen that the converter achieves its maximum 
efficiency (92%) at the maximal input voltage, which corresponds to the light 
load conditions of the FC. By increasing the power, the efficiency is decreasing 
almost linearly to 84%. The efficiency drop is mostly caused by the high 
circulation currents of the qZS-network and high power dissipation in qZS diode 
D1 as well as inverter switches during the shoot-through states. 

3.2 Interfacing of hydrogen buffer by a multiport converter 

In previous chapters a variety of new DC/DC converter topologies for the 
interfacing of a hydrogen buffer with the DC-bus of an EPDN were presented. 
These converters are the two-port converters since they all have two power 
ports, one connecting the source for power input and another connecting the 
load for power output. The stochastic nature of the renewable energy requires 
that the energy source should be able to respond to fast changing loads. Since 
the FC has a slow response time and prefers to be operated under constant 
power, a battery is often used as additional energy storage in the hydrogen 
buffer [92]-[94]. The battery should have a special charger circuit that integrates 
it to the DC-bus of the EPDN. It leads to a complex multiconverter system 
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(individual PECs for EL, FC and battery, as seen from Figure 2.3) with a high 
number of energy conversion stages, complex control and reduced efficiency.  

The multiport converter is an emerging technology for complex power 
electronic systems with multiple power sources and loads. Having the single 
power processing stage, the multiport converter cannot only interface all power 
sources and loads and modify the electric energy form but also manage the 
power flow between the sources and loads. 

As an important result of this PhD research, an idea was proposed to 
implement the multiport converter technology for the interfacing of a hydrogen 
buffer with the DC-bus of an EPDN [PAPER-VIII]. For hydrogen buffer 
applications, the multiport concept can provide a reduced parts-count solution 
compared with the conventional structure that uses multiple converters.  
A multiport converter will best satisfy integrated power conversion, efficient 
thermal management, compact packaging, and centralized control 
requirements [95][96]. These advantages can potentially improve the overall 
cost, efficiency and flexibility of the hydrogen buffers used in the EPDN. 

 

 

Figure 3.22 General idea of a magnetically coupled multiport converter  
in a hydrogen based LTES  
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In the proposed approach (Figure 3.22), the multiport converter has four 
ports: two unidirectional ports for connection of the FC and EL and two 
bidirectional ports for connection of the STES (battery) and for the connection to 
the DC-bus of an EPDN. All the ports are galvanically coupled by help of the 
multiwinding isolation transformer. This allows easy matching of the different 
voltage levels of the ports and provides galvanical isolation demanded for safety 
reasons in several cases. 

 
(a) 

 
(b) 

Figure 3.23 New proposed multiport DC/DC converter topologies for hydrogen buffer 
integration with the DC-bus of the EPDN: 2L-HB inverter magnetically coupled  
with a PSAFB rectifier and qZS-FB inverter (a) and 3L-HB inverter magnetically 

coupled with a CD rectifier and a qZS-FB inverter (b) 
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Generally, the multiport converter can be constructed from the basic 
switching cells including the buck/boost, half-bridge, full-bridge, boost half-
bridge, and boost full-bridge cells [96]. In our case study we have analysed the 
magnetic integration of the new converter topologies presented in Section 3.1. 
As a result, two novel magnetically coupled multiport DC/DC converters for the 
hydrogen buffer integration with the DC-bus of the EPDN were synthesized 
(Figure 3.23). In accordance with the operation principle of the hydrogen buffer, 
the proposed multiport converters could have two distinct operation modes: 
hydrogen generation from surplus energy of an EPDN (i.e. EL operation mode 
when the energy is transferred from the EPDN-side port to the EL-side port) and 
a power back-up mode with the electricity generation by a FC (i.e. FC operation 
mode when the energy is transferred from the FC-side port to the EPDN-side 
port). The control of energy flows in both operating modes is similar to that of 
individual converters described in previous chapters. It must be noted here that 
in a FC operation mode the EPDN-side port could operate either in the 
uncontrolled mode (i.e. rectification through the freewheeling diodes of the 
transistor modules) or in the controlled mode (synchronous rectification). 

During the research the new method of STES (battery) integration to the  
FC-side port of the proposed multiport converters was proposed and 
experimentally validated [PAPER-IX]. Typically, to apply a battery, an 
additional charging circuit is required, leading to increased complexity of the 
converter. However, by utilizing the property of the qZS inverter, the battery 
could be connected without any additional circuits, as shown in Figure 3.23. The 
average voltage across the battery terminals equals the average voltage of the 
capacitor C4: 
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==

21,4
. (3.18) 

In addition to the general FC operation mode described in Section 3.1.3, 
several submodes could also be distinguished in the topology with an integrated 
battery: 

• battery assisted mode: the FC and the battery provide both the power to 
the DC-bus to manage the peak power demand; 

• battery charging mode: the FC power is higher than the load demanded 
power, the battery being charged from the FC; 

• battery stand-by mode: the battery is fully charged and the FC provides 
full power only to the DC-bus. 

The state-of-charge (SOC) of the battery is controlled by varying the  
shoot-through duty cycle Ds of the qZS inverter switches. The battery current 
depends on the voltage UB and instantaneous voltage ūC4 as well as on its 
internal resistance rB: 
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Hence, the state-of-charge (SOC) of the battery is controlled by varying the 
shoot-through duty cycle DS of the qZS inverter switches. The battery current 
depends on the voltages UC4 and UB as well as on its internal resistance rB  
(Figure 3.24): 

 
B
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B r

UU
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where UB is the voltage rating of the battery. Hence, the state of the charge of the 
battery depends on the voltage: 

 
4CBSOC UUU −= . (3.21) 

 
Figure 3.24 Simplified equivalent circuit of a battery 

In order to keep the system in continuous conduction mode (CCM), the 
current of the qZS diode should never reach zero during the non-shoot-through 
state and the following expression should be satisfied: 

 2,TrB ii < . (3.22) 

where iTr,2 is the current of the transformer secondary winding. 
Next, the power equations for particular submodes of the FC operation mode 

are justified: 

1) Battery assisted mode: PFC<PDC-bus  
 
The FC and the battery provide the power to the DC-bus; the power equation 

is 

 0=+− − BbusDCFC PPP , (3.23) 

where PFC is the power of the fuel cell, PDC-BUS is the power flowing into the  
DC-bus and PB is the power provided by the battery. In this case iL1>iL2  

2) Battery charging mode: PFC>PDC-bus  
 
The FC supplies both the battery and the DC-bus in this case iL1>iL2 and the 

power equation is 

 0=−− − BbusDCFC PPP . (3.24) 
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3) Battery stand-by mode: PFC=PDC-bus 
 
The fuel cell provides full power to the DC-bus and the battery is fully 

charged. In this case iL1=iL2 and the power equation is 

 0=− −busDCFC PP . (3.25) 

To validate the proposed topology, the experimental setup with the power 
rating of 2 kW was assembled (Figure 3.25).  

 
Figure 3.25 Experimental prototype of the multiport converter 

It was experimentally verified that the system without a battery 
(Figure 3.26a) had an appreciable voltage drop at the DC-bus, while the system 
with the battery was able to correspond to the increased load current and 
provided considerably more stable output voltage (Figure 3.26b). 

 

(a) (b) 

Figure 3.26 Experimental waveforms of the FC operating mode of the proposed 
multiport DC/DC converter without the battery (a) and with the battery 

 connected in parallel with C4 (b)  
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Figure 3.27 shows the battery state changing from charging to discharging 
during the operation with limited FC current when the load suddenly increases. 
As estimated, during charging iL1>iL2 and when the battery supplies the load 
iL1>iL2. Since the battery voltage remains relatively constant during the 
operation, the intermediate DC-link voltage of the qZS inverter is stable. 

 

Figure 3.27 Intermediate DC-link voltage, current of the inductors L1 and L2 and 
battery current during the operation with limited current  

when the load suddenly increases 

3.3 Generalizations 

In this chapter, a variety of brand new DC/DC converter topologies for the 
hydrogen buffer interfacing with an EPDN were proposed and experimentally 
validated. Below, the main advantages and challenges of the proposed 
topologies are summarized. 

2L-HB step-down DC/DC converter with a PSAFB rectifier. Due to the 
possibility to reduce switching losses, the implementation of a PSAFB rectifier 
in high-power HB DC/DC converters could be a highly promising alternative to 
traditional diode rectifiers. The new proposed modulation algorithm for the 
converter with a PSAFB rectifier allows the ZVS of the inverter switches and the 
ZCS of the rectifier switches over the whole range of operation conditions. At 
the same time, the parasitic oscillations after the turn-off of the inverter’s IGBTs 
are completely avoided. The leakage inductance of the transformer acts as the 
turn-on snubber for rectifier transistors and turn-off losses of the inverter 
transistors could be reduced using lossless capacitive snubbers. The proposed 
solution has only minor modifications on the inverter side, it requires no 
additional bulky passive components or a frequency modulation algorithm, it 
features reduced energy circulation during the operation and provides significant 
power loss reduction in the inverter. As a downside, the topology requires 
reverse-blocking switches in the rectifier. This capability is often achieved by 
series connection of a transistor and a diode, which results in increased 
conduction losses.  
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3L-NPCHB step-down DC/DC converter with a CD rectifier. This topology 
features the three-level inverter on the primary side, which provides an excellent 
opportunity of using transistors with twice reduced blocking voltage in 
comparison with the two-level counterpart. The proposed PWM method 
provides the 3L-NPCHB inverter with the ZVS of all transistors without any 
additional components only by utilizing the leakage inductance of the isolation 
transformer. The specificity of the CD rectifier related to the isolation 
transformer is that the secondary winding’s amplitude voltage is twice as high as 
that of the full-bridge rectifier. As a result, the turns number of the secondary 
winding of the isolation transformer will be reduced by 50%. On the other hand, 
the secondary current of the isolation transformer is half the output current in 
case of a CD rectifier. Thus, the cross-section of a wire required for the 
secondary winding could be twice reduced in contrast to the full-bridge 
transformer. Each inductor of the CD topology conducts only half the output 
current, which in turn gives a possibility of reduced copper loss and power 
dissipation distributed better than with the full-bridge design. All these 
advantages finally resulted in high efficiency (92-93%) in all operating points 
and modes of the experimental converter. A specific drawback of the three-level 
inverter is that the conduction losses increased by 30% due to series connection 
of two transistors (sum of voltage drops) during the conduction period. 
However, it cannot affect the overall feasibility of this topology in any load 
conditions. 

qZS-FB step-up DC/DC converter with a VD rectifier. This topology 
represents a new approach to the high step-up DC/DC converters where the 
voltage gain is performed at every voltage conversion stage. First, the voltage is 
boosted in the qZS inverter by help of the special shoot-through operating state. 
Afterwards the voltage is stepped up in the isolation transformer proportionally 
to its turns ratio and finally doubled in the voltage doubler rectifier. Presence of 
the qZS-network at the inverter stage ensures the inherent “shoot-through proof” 
feature – the converter will not be destroyed by the simultaneous conduction of 
the top and bottom switches, which could be caused by the misgating due to the 
EMI. The utilization of leakage inductance of the isolation transformer in 
combination with a proper modulation method will result in the decreased 
dynamic losses of the inverter due to the presence of ZVS and ZCS. The 
converter demonstrated the efficiency near 92% at the maximal input voltage, 
which could be further improved to 97% by the introduction of the LC resonance 
network. However, the efficiency drop at the maximal power point caused by the 
increased power dissipation in the semiconductors during the shoot-through 
stages could become an issue.  

Magnetically coupled multiport DC/DC converters. The multiport topology 
provides significant advantages over the traditional multiconverter approach, 
such as integrated power conversion, efficient thermal management, compact 
packaging, and centralized control. By magnetic integration of two-port 
converters of the hydrogen buffer, the number of stages of the conventional 
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structure can be reduced. For example, in the proposed multiport DC/DC 
converter topologies by sharing the conversion devices (transistors and diodes) 
of the DC-bus side port, the redundancy was reduced. Finally, it resulted in 20% 
better power density than with the traditional multiconverter approach as well as 
in reduced component count, lower cost, and control simplicity. For further 
improvement of integrity and reduction of redundancy, the converterless 
integration of a STES (battery) into the qZS-based FC side port was considered. 
The integrated battery will help to balance the power difference between the FC 
and the EPDN and finally improve the dynamic response of the hydrogen buffer. 
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4 FUTURE RESEARCH DIRECTIONS 
The future work could continue with the analysis of implementation 

possibilities of the hydrogen based LTES in the Estonian energy sector. Estonia 
has a long coastal line and islands, which is a large part in the Baltic region. 
Wind power appears to be one of the most perspective and widespread among 
alternative energy sources in Estonia. New local wind power stations are being 
developed in compliance with the requirements of the EU and the latest PEC 
technologies. Introducing a huge amount of wind power in the energy systems 
might imply a lower capacity value of the wind generated electricity. However, a 
system with a high penetration of wind power needs more reserve capacity as 
backup to deal with short-run fluctuations in the level of wind output. 
Unforecastable winds make it difficult to plan production (Figure 1.2), 
complicating parallel operation with other power plants intended for 
compensating the instability of wind production. The fluctuating level of 
demand on the conventional power stations can make the market price of 
electricity very volatile, which brings challenges to the companies which need to 
trade it. Thus, the hydrogen based LTES is needed for the stabilization of wind 
power generation. Results show that combining controllable hydrogen 
production with wind power can cost-effectively reduce a substantial share of 
the power imbalances resulting from wind forecast uncertainties. 

In the future research special attention should be paid to a feasibility study of 
distributed energy generation in the conditions of open electricity market. The 
idea of an open electricity market is to create competition in as many links of the 
power supply chain as possible. After the market opening new business 
opportunities for market participants will evolve, there will be competition in 
electricity generation and retail. For producers, the electricity market will 
provide an opportunity to sell what they generate. A functioning market, along 
with transparent pricing, will in turn give investors and producers a basis for 
making long-term investment decisions. In the conditions of an open electricity 
market the hydrogen produced can be also used for transport, for combined heat 
and power, or simply to generate electricity at a time when prices are higher. 
Interest in hydrogen as a transportation fuel is growing. This implies a 
considerable need for hydrogen transport and delivery infrastructure. Between 
the two ends of the economic chain, hydrogen has to be packaged by 
compression or liquefaction to become a commodity. In the transportation, 
hydrogen has to be produced, packaged, transported, stored, transferred to cars, 
then stored and transported again before it is finally admitted to fuel cells. There 
are two possibilities of hydrogen delivery: road and pipeline delivery. Surface 
transportation of hydrogen gas is expensive, especially over long distances, 
because of the amount of pressure required to store the hydrogen. Liquefied 
hydrogen is denser, but liquefaction is extremely costly and energy inefficient. 
Nevertheless, transport using cryogenic tankers is currently the most common 
method because of the lack of underground pipelines. Hydrogen has a very small 
amount of energy by volume as compared to other fuels. As a result, distribution 
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and delivery are costly and result in inefficiencies associated with it. Most of the 
analyses show that gaseous hydrogen pipelining costs approximately 1.3 to 1.8 
times more per unit energy distance than natural gas. Pipelines are very 
expensive to design and construct and must have high utilization to justify the 
initial capital cost. Thus, the interactions between the hydrogen production and 
the electricity market require further research and development. 
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Abstract 
New Converter Topologies for Integration of Hydrogen Based Long-Term 
Energy Storages to Renewable Energy Systems 

Use of alternative energy sources is an urgent issue today. Main advantages 
of renewable energy are zero fuel costs and lower impact on the environment. 
However, renewable energy sources, such as solar and wind power, are difficult 
to use due to their stochastic variability. In order for renewable energy to be 
generally used for regular consumers, the concept of a hydrogen buffer was 
introduced to stabilize unregulated renewable energy generation. 

Essential elements of the hydrogen based long-term energy storage (LTES), 
also known as a hydrogen buffer, are an electrolyzer, a hydrogen storage system 
and a fuel cell. To achieve proper voltage matching, the main components of the 
hydrogen buffer should be connected to the DC-bus of the supported renewable 
energy system via different power electronic converters: the electrolyzer is 
interfaced by help of a step-down DC/DC converter, while the fuel cell is 
connected by help of a step-up DC/DC converter. 

The main goal of the thesis was to develop and experimentally validate new 
methods, topologies and solutions, which will substantially contribute to the 
further improvement of the hydrogen based LTES technology without increasing 
their complexity or reducing the reliability significantly. As a result of a 
comprehensive research and development work, a variety of new energy 
efficient DC/DC converter topologies for the electrical interfacing of 
electrochemical stage of the hydrogen based LTES with EPDN were proposed. 
All the topologies have been experimentally verified and demonstrated an 
outstanding performance in a row with high efficiency (90...93%). By help of 
elaborated design guidelines these topologies could be also implemented in other 
application fields, such as telecom, rolling stock, aerospace, marine etc. where 
the efficiency, reliability and integrity play a major role. Moreover, the number 
of new control methods (improved control method for half-bridge step-down 
DC/DC converter with a phase-shifted active full-bridge rectifier, output voltage 
programmed control for the qZS-based step-up DC/DC converters, etc.) were 
proposed and experimentally validated. As one of important results of this PhD 
research, the idea of magnetic integration of the developed two-port converters 
resulted in a new multiport converter technology for the interfacing of a 
hydrogen buffer with the DC-bus of an EPDN. Finally, the new method of a 
STES (battery) integration to the FC-side port of the proposed multiport 
converters was analysed and experimentally validated. 
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Kokkuvõte 
Uudsed muundurite topoloogiad vesinikul põhinevate energiasalvestite 
integreerimiseks taastuvenergiasüsteemidesse 

Alternatiivseid energiaallikaid kasutatakse tänapäeval üha rohkem, kuna nii 
on võimalik säästa fossiilseid kütuseid ja vähendada mõju keskkonnale. Samas 
on taastuvad energiaallikad nagu tuul ja päike raskestikasutatavad nende 
muutlikkuse tõttu. Nende energiaallikate laialdasemaks kasutamiseks tuleb 
kasutada energia salvestamist. Pikaajaliseks energiakandjaks sobib hästi vesinik. 

Põhilised vesinikupõhise pikaajalise energiasalvesti osad on elektrolüüser, 
vesiniku hoidmiseks ja jaotamiseks vajalikud süsteemid ja kütuselement. 
Vesinikusalvesti erinevad plokid on läbi spetsiaalsete jõupooljuhtmuundurite 
ühendatud ühise alalispingesiiniga. Elektrolüüser ühendatakse läbi pinget 
madaldava muunduri, samas kui kütuselemet tuleb ühendada alalispingesiiniga 
läbi pinget tõstva muundusseadme. 

Käesolevas doktoritöös uuritakse vesinikusalvestites kasutatavate jõupool-
juhtmuundurite skeemilahendusi ja pakutakse välja skeemilahenduslikke 
uuendusi parandamaks vesinikusalvesteid teenindavate muundusseadmete 
parameetreid, tõstmata oluliselt nende keerukust või langetamata töökindlust. 

Uudne skeemilahendus võimaldab omavahel siduda minimaalse arvu muun-
damisastmetega elektrolüüseri, päikesepaneeli või elektrituuliku kütuselemendi 
ja lühiajalised energiasalvestid. 

Kõiki antud doktoritöös kirjeldatud skeemilahendusi on eksperimentaalselt 
katsetatud, mille käigus tuvastati nende suurepärased väljundparameetrid ja 
kõrge kasutegur (90...93%). 

Doktoritöös väljatöötatud projekteerimisjuhiseid võib kasutada ka mitmetel 
teistel rakendusaladel nagu sides, elektriraudteel, lennunduses ja merenduses 
jõupooljuhtmuundurite töökindluse ja kasuteguri tõstmiseks. 

Lisaks skeemilahendustele on välja pakutud ja katseliselt uuritud ka mitmeid 
uudseid juhtimisalgoritme (parandatud juhtimisalgoritm pinget langetavale 
poolsildvaheldiga ning faasinihkega juhitava täissildalaldiga alalispinge-
muundurile ning juhtimisalgoritm kvaasiimpedants-allikaga pinget tõstvale 
alalispingemuundurile). Käesoleva doktoritöö üks tähtsamaid ideesid on 
kaheviiguliste (sisend ja väljund) muundusseadmete integreerimine magnetahela 
abil ühte mitmikviikudega (multiport converter) muundurisse. Lisaks sellele on 
välja pakutud ka uudne meetod energiasalvesti (elektrokeemiline aku) lisamiseks 
kütuselementi teenindavasse muundurisse, mis on üks osa mitmikviikudega 
muundurist. 
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mŴV
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\[ĝW_W[\
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hbîZa[
Z]̀
ibZ̀
hZ\WẐWb]Xr
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a[][\ẐWb]~
[][\ak
X̂b\Za[~
Vk̀\ba[]
X̂b\Za[~
p[\b
gs\\[]̂
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