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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.
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DES - Distributed energy storage SPL - Single-phase loads
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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.

OFC
O Hydrogen storage
OEL

OPEC

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:

e analysis and classification of state-of-the-art and technology trends of
the hydrogen based LTES;

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

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

e 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, MATHCADI14, 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.

Supercapacitors

. Inductors

STES LTES

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 Ener%\)/i ;11:;ns1ty, Efficiency ral;‘:/ill:;%e” Ve
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
Low
temperature 0.9-0.93 0.9-0.93 -
Hyarides sl
temperature 0.79-0.83 0.79-0.83 -
(>300°C)

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
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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].
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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.
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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:

e 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
e 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 %oltage of the hydrogen buffer), V Ubc.pus >60+20%
Rated voltage of the EL, V Uz 70
Minimal voltage of the FC, V Urc min 32
Maximal voltage of the FC, V Urc mas 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.

26



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).
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Figure 3.1 Proposed 2L-HB step-down DC/DC converter with a PSAFB rectifier
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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 #;-#5). The energy return
interval (time interval #,-f;) 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
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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:

UEL:W‘]]:,]S’ (3.1)
sw P

where Ubc-sus is the DC-bus voltage of the EPDN (input voltage of the converter)
and Ny/N, is the transformer turns ratio.



To estimate the parameters of the output filter inductor, it is assumed that the
current of the inductor is continuous:

2
Lf — (UTr—s _UEL) .ta — ta 'UEL . 1 _1 5 (32)
A[ PkL 2.f;'w.(ta_trev)

ripple
where Uy, is the amplitude voltage across transformer secondary, A7, is the
inductor ripple current, & is the relative inductor ripple current, P is the rated
power of the converter and f;, is the switching frequency.
The capacitance of the output filter capacitor can be approximated as:

C :Nripple'ta:ta‘kL‘P
AU

5
ripple kU : UEL

(3.3)

where AU, 1s the output ripple voltage and ky 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.

Capacitive

snubber

|: : 1 i

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.
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Figure 3.4 Experimental voltage and current waveforms of the TT transistor
module (a); S transistor (b) (U;,=560 V; f,,=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.
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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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For =Uco ey +1c '[c;-ms2 > (3.4)

where Ucgo is the collector-emitter saturation voltage, I, is the average
collector current, »¢ is the collector-emitter on-state resistance and I¢,, is the
RMS current of the transistor.
Conduction losses of the diode:
2
P,=Uy,-1p, +1p-1 (3.5

Drms >

where Upo is the forward voltage drop of the diode, /p,, is the average current of
the diode, rp is the diode on-state resistance and Ip,,, 1S RMS current of the
diode.

Switching losses are defined by FE,,r—turn-on energy of the transistor;
E,,p—turn-on energy of the diode; E,;r—turn-off energy of the transistor;
Eyp — 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

Psw :(EonT +Eoﬁ‘T +Eofﬂ))'f;‘w’ (36)

where f;,, 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).
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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.

3L-NPCHB inverter

CD rectifier
s T &D1 fi
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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 7/ and 74 are controlled directly
from the PWM generators of a microcontroller, while inner switches 73 and 72
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.
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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 77...74. Neglecting losses in components, the output voltage could be
estimated as:

U N,
UEL — D;—hus .D. VS , (37)

V4

where Ubceus is the DC-bus voltage of the EPDN (input voltage of the

converter), D is the duty cycle of the inverter switches and N¢/N, is the
transformer turns ratio.
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The values of inductances of the CD rectifier can be estimated by
— Ug, - (1-D)
A[ripple ’ f;w

where A7, is the inductor ripple current and f;,, is the switching frequency.
With electrolytic capacitors, capacitance could be evaluated as:

80-107°- Al
C, :Tpﬁl (3.9)

ripple

L=, (3.8)

where AU, 1s 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 72 and 73.
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Figure 3.9 ZVS operation of outer transistors Tl 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.
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Figure 3.10 Measured current waveforms of coupled inductor windings
(I.; and 1) and the resulting output current (Ig;) 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.
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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.
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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
gZS 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 C/ and C2, two inductors L/ and L2 and a diode D]. If necessary, the
gZS 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 gZS inverter, the shoot-through states are used
to boost the magnetic energy stored in the DC-side inductors L/ and L2 without
short circuiting the DC capacitors C/ 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 (Upc) constant despite variations in the FC voltage
Urc. By keeping the Upc 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 Ugc, the operating modes of
the proposed DC/DC converter could be broadly categorized as non-shoot-
through and shoot-through operating modes.

If the Ugc is equal or higher than the desired Upc 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 Ugc drops below the predefined Upc level,
the converter begins to operate in the shoot-through mode. The varying output
voltage of the FC is first preregulated to a desired Upc 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
gZS 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].

Switching states sequence of the single-phase qZS inverter & @
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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 Dy:
1

Upe =Ures— = (3.10)

where Urc 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:

=

UDC—buszz'UDC'NX ’ (.11
4

where Ny/N,, is the transformer turns ratio.
The capacitance of qZS inductors needed to limit the peak-to-peak DC-link
voltage ripple by ky pc could be calculated as:

_ 2-P-Dy
' UFC ’ UDC ’ fqzs 'kU,DC

where C, is the capacitance of one capacitor, P is the power rating of the
converter, Ds is the duty cycle of shoot-through states and f,zs 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 k;, the inductance can be calculated by

, (3.12)

_ DyUpe 1-Dy (3.13)
" P f sk, 1-2D;

where L, 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

¢=E-N-i,, (3.14)

where E is the constant related to the core material and dimensions, N is the
number of turns of the coil and i; is the current through the coil.
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Figure 3.14 qZS network with a coupled inductor (a) and operation principle
of the coupled inductor (b)

The inductance of the coil is

N-O_ g N2 (3.15)

Iy

L=

In the voltage-fed qZS inverter, the currents through inductors L/ 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:

¢p=2-E-N-i. (3.16)
The resulting inductance of each winding when supplying exactly the same
current to the two windings is:
N-¢

1

L=

=2.E-N°. (3.17)

L

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).
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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 D, 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 (Urc =40 V
and Upc=60V, 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.
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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 7/ were examined
and analysed. Figure 3.17 shows the experimental waveforms of the collector-
emitter voltage Ucg, collector current /¢ and power loss Py, of transistor 7. All
the turn-on/off and conduction intervals are separated by the dashed lines.
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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 S7 (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.
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Figure 3.18 Shoot-through state S1 turn-on (a) and turn-off (b) intervals
of top transistors
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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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in the PSM shoot-through modulation method
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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.

N . R
. 74
e
WT o PV 4 L Load J
PEC PEC FEC

Magnetically coupled
multiport PEC

02

Water + heat

CATHODE <

HYDROGEN BUFFER

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.
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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:

DS
_Ds o (3.18)
1—2‘DS FC

UB = UC4,avr =

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:

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

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

e Dbattery 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 D, of the qZS inverter switches. The battery current
depends on the voltage Up and instantaneous voltage iic, as well as on its
internal resistance rp:
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Up—tiey (3.19)

g

Ip

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 Uc, and Up as well as on its internal resistance
(Figure 3.24):

U=V (3.20)

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

Uspe =Uy ~Up, - (3.21)
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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:

iy <ip,- (3.22)
where iz, ,1s 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: Prc<Ppc.pus
The FC and the battery provide the power to the DC-bus; the power equation
is
Pe—PytF =0, (3.23)

where Prc is the power of the fuel cell, Ppcpus is the power flowing into the
DC-bus and P; is the power provided by the battery. In this case i ;>i;,
2) Battery charging mode: Prc>Ppc.pus
The FC supplies both the battery and the DC-bus in this case i;,>i;, and the

power equation is

Pec = Ppeps =P =0. (3.24)
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3) Battery stand-by mode: Prc=Ppc.pus

The fuel cell provides full power to the DC-bus and the battery is fully
charged. In this case i;;=i;, and the power equation is
P.—Py o =0. (3.25)

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

Current doubler
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5" AL
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).
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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 i;,>i;, and when the battery supplies the load
i >i;. Since the battery voltage remains relatively constant during the
operation, the intermediate DC-link voltage of the qZS inverter is stable.
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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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Kokkuvote

Uudsed muundurite topoloogiad vesinikul pdhinevate energiasalvestite
integreerimiseks taastuvenergiasiisteemidesse

Alternatiivseid energiaallikaid kasutatakse tédnapdeval iiha rohkem, kuna nii
on vdimalik sddsta fossiilseid kiituseid ja vihendada moju keskkonnale. Samas
on taastuvad energiaallikad nagu tuul ja piike raskestikasutatavad nende
muutlikkuse tottu. Nende energiaallikate laialdasemaks kasutamiseks tuleb
kasutada energia salvestamist. Pikaajaliseks energiakandjaks sobib hésti vesinik.

Pohilised vesinikupohise pikaajalise energiasalvesti osad on elektroliiiiser,
vesiniku hoidmiseks ja jaotamiseks vajalikud siisteemid ja kiituselement.
Vesinikusalvesti erinevad plokid on ldbi spetsiaalsete joupooljuhtmuundurite
ithendatud iihise alalispingesiiniga. Elektroliiiiser iihendatakse 1dbi pinget
madaldava muunduri, samas kui kiituselemet tuleb {ihendada alalispingesiiniga
14bi pinget tdstva muundusseadme.

Kiesolevas doktoritéos uuritakse vesinikusalvestites kasutatavate joupool-
juhtmuundurite skeemilahendusi ja pakutakse vélja skeemilahenduslikke
uuendusi parandamaks vesinikusalvesteid teenindavate muundusseadmete
parameetreid, tostmata oluliselt nende keerukust vdi langetamata todkindlust.

Uudne skeemilahendus vdimaldab omavahel siduda minimaalse arvu muun-
damisastmetega elektroliiliseri, paikesepaneeli voi elektrituuliku kiituselemendi
ja liihiajalised energiasalvestid.

Koiki antud doktoritods kirjeldatud skeemilahendusi on eksperimentaalselt
katsetatud, mille kdigus tuvastati nende suurepdrased véljundparameetrid ja
korge kasutegur (90...93%).

Doktoritdos véljatodtatud projekteerimisjuhiseid voib kasutada ka mitmetel
teistel rakendusaladel nagu sides, elektriraudteel, lennunduses ja merenduses
joupooljuhtmuundurite tookindluse ja kasuteguri tostmiseks.

Lisaks skeemilahendustele on vélja pakutud ja katseliselt uuritud ka mitmeid
uudseid juhtimisalgoritme (parandatud juhtimisalgoritm pinget langetavale
poolsildvaheldiga ning faasinihkega juhitava tdissildalaldiga alalispinge-
muundurile ning juhtimisalgoritm kvaasiimpedants-allikaga pinget tostvale
alalispingemuundurile). Kiesoleva doktoritod iiks tdhtsamaid ideesid on
kaheviiguliste (sisend ja véljund) muundusseadmete integreerimine magnetahela
abil iihte mitmikviikudega (multiport converter) muundurisse. Lisaks sellele on
viélja pakutud ka uudne meetod energiasalvesti (elektrokeemiline aku) lisamiseks
kiituselementi teenindavasse muundurisse, mis on iliks osa mitmikviikudega
muundurist.

60



Elulookirjeldus

1. Isikuandmed
Ees- ja perekonnanimi Anna Andrijanovit§
Siinniaeg ja -koht 21. juuli 1984, Kohtla-Jarve, Eesti
Kodakondsus eesti
2. Kontaktandmed
Aadress Johvi, Ida-Virumaa
Telefon +37255592568
E-posti aadress anna.andrijanovits@gmail.com
3. Hariduskéik
Oppeasutus Lipetamise ae Haridus
(nimetus Idpetamise ajal) p & (eriala/kraad)
Ahtme Gilimnaasium 2003 Keskharidus
Tallinna Tehnikaiilikool,
Elektriajamite ja jouelektroonika 2006 Bakalaureusekraad
instituut
Tallinna Tehnikaiilikool,
Elektriajamite ja jouelektroonika 2008 Magistrikraad
instituut
4. Keelteoskus (alg-, kesk- voi korgtase)
Keel Tase
Vene emakeel
Eesti kesktase
Inglise kesktase
Saksa algtase
5. Teenistuskéik
To6tamise aeg Todandja nimetus Ametikoht
08.05.2006 - 17.03.2008 Tehnogen OU Ehitiste projekteerija
Eesti Energia L .
24.03.2008 - 19.11.2012 Vorguchitus AS Elektriprojekteerija
03.12.2012 - jétkub Elektrilevi OU Vorgu planeerija




7. Kaitstud loputdod

Anna Sergejeva, magistrikraad, 2008, (juhendaja) Dmitri
Vinnikov, Elektroliiiisi kasutamine iiletoodetud energia salvesta-
miseks tuuleenergeetikas, Tallinna Tehnikaiilikool, Energeetika-
teaduskond, Elektriajamite ja jouelektroonika instituut, Elektriaja-
mite ja elektrivarustuse dppetool.

8. Teadustdo pohisuunad

Loodusteadused ja tehnika
Energeetikaalased uuringud

9. Uurimisprojektid

ETF8020 “Voimsate IGBT muundurite innovatiivsete juhtimis- ja
diagnoostikasiisteemide uurimine”

ETF8538 “Kvaasi-impedantsallikaga alalis- ja vahelduvpinge-
muundurid”

SF0140016s11 “Aktiivsete elektrijaotusvorkude muundurite topo-
loogiad ja juhtimismeetodid”

62



Curriculum vitae

1. Personal data

Name Anna Andrijanovit§

Date and place of birth 21 July 1984, Kohtla-Jéarve, Estonia
2. Contact information

Address Johvi, Ida-Virumaa

Phone +37255592568

E-mail anna.andrijanovits@gmail.com

3.  Education

. S Graduation Education
Educational institution (field of
year study/degree)
Ahtme Giimnaasium 2003 Secondary education
Tallinn University of Technology,
Department of Electrical Drives and 2006 Bachelor degree

Power Electronics

Tallinn University of Technology,

Department of Electrical Drives and 2008 Master of science

Power Electronics degree
4. Language competence/skills (fluent, average, basic skills)
Language Level
Russian native
Estonian average
English average
German beginner
5. Professional Employment
Period Organisation Position
08.05.2006 - 17.03.2008 Tehnogen OU Construction
designer

Eesti Energia Vorguehitus

24.03.2008 - 19.11.2012 AS Electrical designer

03.12.2012 - continuous Elektrilevi OU Network planner

63



7. Defended theses
Anna Sergejeva, Master's Degree, 2008, (supervisor) Dmitri Vinnikov,
Use of Electrolysis for Energy Storage in Wind Power, Tallinn
University of Technology, Faculty of Power Engineering, Department
of Electrical Drives and Power Electronics, Chair of Electrical Drivers
and Electrical Supply.

8. Main areas of scientific work / Current research topics
e Natural Sciences and Engineering
e Research in the field of Power Engineering

9. Research projects
e ETF8020 “Research of Advanced Control and Diagnostics
Systems for the High-Power IGBT Converters”
e (8538 “Quasi-Impedance Source DC/DC and AC/AC Converters”
e SF0140016s11 “New Converter Topologies and Control Methods
for Electronic Power Distribution Networks”

64



Appendix

[PAPER-I] Andrijanovits, A.; Hoimoja, H.; Vinnikov, D. Comparative
Review of Long-Term Energy Storage Technologies for
Renewable Energy Systems. Electronics and Electrical
Engineering, 2(118), pp. 21 — 26, 2012.

65






ELECTRONICS AND ELECTRICAL ENGINEERING

ISSN 1392 - 1215

2012. No. 2(118)

ELEKTRONIKA IR ELEKTROTECHNIKA

ELECTRONICS

T170

ELEKTRONIKA

Comparative Review of Long-Term Energy Storage Technologies for

Renewable Energy Systems

A. Andrijanovits, H. Hoimoja, D. Vinnikov
Department of Electrical Drives and Power Electronics, Tallinn University of Technology,
FEhitajate tee 5, 19086 Tallinn, Estonia, phone: +3726203705, e-mail: sergejeva84@hot.ee

crossref http://dx.doi.org/10.5755/j01.eee.118.2.1168

Introduction

Energy storage systems for a long time have been
utilized in many forms and applications. Today’s energy
storage technologies are used to achieve electric power
systems of higher reliability and to contribute to the
broader use of renewable energy. Wind power appears to
be one of the most perspective and widespread renewable
energy sources. Because of unregulated energy generation
of wind generators, with the wind speed fluctuating, the
output too is fluctuating, i.e. at some instances energy
overflow and deficiency will appear (Fig. 1) [1].
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Fig. 1. An example of unpredictable energy generation by
Estonian wind farms
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An energy storage element introduced into a wind
power plant will change the spectrum and statistical
distribution of the output power. Increasing the amount of
storage (power and energy) associated with a wind power
plant will gradually make the output more controllable and
predictable [2].

Energy storage technologies
A variety of technologies are available for energy

storage in the power system. To identify the most relevant
storage solutions it is necessary to include considerations
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of many relevant parameters, such as cost, lifetime,
reliability, size, storage capacity, and environmental
impact. All these parameters should be evaluated against
the potential benefit of adding storage to reach a decision
about the type of storage to be added. There may also be
cases where the value of adding storage is not sufficient to
justify such an investment.

Energy storage technologies can be generally divided
into three main groups: mechanical, electrochemical and
electromagnetic storage (Fig.2). Mechanical storage
includes pumped hydro storage, compressed air energy
storage and flywheels. Electrochemical storage includes all
types of batteries as well as a hydrogen based energy
storage. Electromagnetic storage includes supercapacitors
and superconducting magnetic energy storage.

Energy storage systems
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Fig. 2. Classification of energy storage technologies

Each 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 [3—7].

Different energy storage technologies have a wide
range of energy release rates (discharge rates) that extend
from seconds to many hours and days (Fig. 3) [7].

Based on their energy storage capacity, energy
storages can be categorized as short-term and long-term



energy storages. Short-term storage systems include the
supercapacitor energy storage (SCES), flywheel energy
storage (FES) and superconducting magnetic energy
storage (SMES) (Fig. 2). The long-term storage systems
could be subdivided into pumped hydroelectric energy
storage (PHES), compressed air energy storage (CAES),
battery energy storage (BES), and hydrogen energy storage
(HES) (Fig. 2).
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Fig. 3. Typical energy storage capacities and discharge times of
different energy storage technologies

Renewable energy sources cannot be easily regulated
or dispatched. Peak levels generated by a wind power plant
may not coincide with the peak demand. In the case of
instability of wind production, long-term storage
technologies could be used. It allows wind farms 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 storage size
and variations allowed.

General technical parameters of long-term energy
storage technologies in the wind power context are
summarized in Table 1 [6, 8].

Table 1. Comparison of long-term energy storages

Storage Capacity, | Efficiency,

system MW o, Technology
Pumped | 1001000 | 7080 Mechanical
hydroelectric
aCi;)mpressed 0.1...1000 | 75-85 Mechanical
Batteries 0.1-10 60 — 80 Electrochemical
Hydrogen 0.1-1 20-40 Electrochemical

Pumped hydroelectric energy storage

Pumped hydroelectric energy storage (PHES) has
been in use worldwide for more than 70 years. These large-
scale energy storage plants represent the most widespread
energy storage technology in use today. Pumped hydro
units operate on the principle of a hydro-electric power
plant. However, their generator units serve also as motors.
During off-peak hours surplus power is used to pump
water from a lower reservoir to a higher level reservoir
(Fig. 4) whilst pump/turbine (PT) operates as a pump and a
motor/generator (MG) as a motor. At peak demand, water
is released from the higher reservoir to turn the turbine and
to produce electricity, and then the MG operates in the
generating mode and the PT as a turbine [9].

PHS plants can produce a large amount of energy for
sustained periods of time. In addition, these plants have
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round trip efficiencies in the range of 70 to 80 %. Their
storage capacity is dependent only on the size of the
reservoir. Thus, instead of having only a few hours of
energy storage it could be days. The major drawback of
this design is the significant area of land required to create
the reservoirs and the elevation needed between them.
Many of the desirable sites are already in use and other
ones have encountered opposition from environmental
groups. The environmental impact of large-scale PHS
facilities is becoming more of an issue, especially where
existing reservoirs are not available. Environmental
considerations such as impacts on fisheries, recreation,
water quality, aesthetics, and land use have sharply limited
the further development of this technology [10]. There is,
however, an alternative to avoid the environmental impacts
of the large reservoirs by placing them underground. The
use of underground PHS plants has proven to be
technically feasible, but with the high costs associated with
placing them underground none currently exist today [6,
11, 12].

Power charge

—

Power bus

Water charge
Water discharge

Power discharge

Lower reservoir :

Fig. 4. Power and water flows in a PHS
Compressed air energy storage

Compressed air energy storage (CAES) systems use
off peak electrical power generated from base load plants
or renewable energy sources to compress air at high
pressure (typically around 75 bar) into an underground
reservoir or a surface vessel. Then, during times of high
electrical demand this compressed air is combined with a
fuel to drive a turbine generator set. The energy flow and
air state changing of the CAES system is shown in Fig. 5
[9, 13].

With the CAES plant fuel consumption is reduced by
two thirds as compared to the conventional units and the
plant is capable of starting up within tens of minutes. It
does not require a lengthy startup time like other spinning
reserves, such as thermal units.

CAES plants require a large volume of compressed
air to operate for extended periods of time. The principle of
storing a gas underground is based on a proven method
developed by the oil and gas industry. Typical ratings for a
CAES system are in the range of 50-300 MW, with an
efficiency of about 85 %.

The main key to a CAES system is that the reservoir
has to be air tight and very large. Smaller units using above
ground storage tanks are usually limited in their energy
storage capacity to only a few hours [11]. In order to
achieve a higher efficiency or remove the need for an



additional conventional fuel there are many new hybrid
CAES technologies being developed. These new hybrid
systems under development use supercapacitors, oil-
hydraulics and pneumatics to increase the efficiency of the
design [6, 12].

Power bus

discharge

reservoir

Fig. 5. CAES energy flow diagram
Battery energy storage

Batteries are one of the most cost-effective energy
storage technologies available, with energy stored
electrochemically [14]. Battery energy storage systems
(BES) are modular, quiet, and non-polluting. They can be
located almost anywhere and can be installed relatively
quickly. Charging a battery causes reactions in the
compounds, which then store the energy in a chemical
form. Upon demand, reverse chemical reactions cause
electricity to flow out of the battery and back to the grid, as
shown in Fig. 6 [9]. Instead of two separate ac/dc
converters for charging/discharging, a sole bidirectional
converter may be utilized.

Power bus

ac ac

Power charge

dc dc

Power discharge

Battery
Electrochemical reactions

Fig. 6. Energy flows in a BESS

Fast response is one of the strong points of the battery
technology: some batteries can respond to load changes in
about 20 milliseconds. The efficiency of battery modules is
in the range of 60-80 % [6, 11]. Batteries, however, have
some very unique challenges. During an electrical charge
and discharge cycle the temperature change in the battery
must be controlled or it can affect the battery’s life
expectancy. The type of battery being used will determine
how resistant it is to life degradation due to temperature.

Another major concern is the battery’s life cycle. This
is defined as the number of charge/discharge cycles that a
battery can supply depending on the depth of discharge.
The battery cycle application may require the BESS to
charge and discharge multiple times a day. As long as the
depth of discharge is relatively low the battery’s cycle of
life will remain unaffected. However, if the depth of
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discharge is large, then the battery’s life cycle can be
degraded. If the desired cycle of life of a battery is 20000
cycles, then the depth of discharge cannot be greater than
approximately 15 % (Fig. 7) [6].
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Fig. 7. Life cycle of batteries

The maximum discharge rate of the battery is also of
concern because the battery can also be damaged by using
too high discharge rates. Depending on the type of battery
and its application, the discharge rate maybe its capacity
divided by 4, 6 or even 10. This limits the available current
in the battery for immediate use.

There are also environmental concerns related to
battery storage due to toxic gas generation during battery
charge/discharge. The disposal of hazardous materials
presents some battery disposal problems [6, 14].

There are many new battery technologies that are
being developed to store more energy, last longer, and cost
less than the Lead-Acid battery. Some of these new battery
technologies are lithium ion, Hydrogen Vanadium Redox,
Regenesys Redox (both of the two also known as flow-
through batteries), Sodium Sulfur, Nickel Metal Hydride,
Nickel Cadmium, and Zinc Bromide.

Hydrogen energy storage

Hydrogen is one of the promising alternatives that
can be used as an energy carrier. 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 [15].

Essential elements of a hydrogen energy storage
system comprise an electrolyzer unit which converts
electrical energy input into hydrogen by decomposing
water molecules, the hydrogen storage system itself and a
hydrogen energy conversion system which converts the
stored chemical energy in the hydrogen back to electrical
energy (Fig. 8) [9]. The major application of the stored
hydrogen is the electricity production by help of fuel cells.
Water to hydrogen conversion efficiency is averaged at
65 % and fuel cell conversion efficiency is 65 — 70 %
which ends up to 20 — 40 % overall system efficiency [6, 7,
11].

It must be kept in mind that in terms of storage,
hydrogen is not used as a fuel, but as an energy carrier in a
wider sense.



There are five basic methods for hydrogen storage:
e Compressed and stored in a pressure tank;
e Cooled to a liquid state and kept cold in an
insulated tank;
e Physisorpted in carbon;
e Metal hydrides;
e Complex compounds.

In order to select the optimal integration method of
hydrogen base energy storage in the wind power system
the hydrogen storage capacity of each method has been
compared. Fig. 9 [16] shows how much volume is needed
to store a mass unit. As it can be seen, metal hydrides and
complex compounds occupy a smaller volume to store the
same amount of hydrogen; however, this method is not
suitable for this application due to its high
adsorption/absorption temperature. Both liquid hydrogen

From Fig. 9 and Table 2 it can be seen that the energy
lost to compress the gas is relatively low and therefore
yields higher conversion 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 due to the strong wind periods
lasting extended periods of time, a low leak rate is critical
to preventing additional dynamic energy loss.

It can be seen from Table 2 that the compressed gas
method has a very low leakage rate compared to the other
methods, high hydrogen capacity and dynamic energy
efficiency [16].

Table 2. The energy required to place the hydrogen in storage
varies between the various energy storage approaches and the
corresponding efficiency
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Fig. 9. Comparison of hydrogen storage capacity by different
methods for the same occupied volume

There are various inefficiencies involved with storage
and recovery of electrical energy via the use of hydrogen.
Energy is consumed to place the hydrogen in storage. This
varies with the different energy storage approaches, the
efficiency of each method is summarised in Table 2 [16].
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Researchers at the Department of Electrical Drives
and Power Electronics have introduced the concept of
using hydrogen for compensating the instability of wind
production. A typical configuration of a wind turbine
connected to the transmission grid was formed by a set of
wind generators electrically connected to a distribution
grid, sharing one single infrastructure for access and
control.

™ T T T T T T T 7 Wind turbine!

M 2 3 4 10 Distribution
oA TA D) —

\ @] = o [

\ \

(5. PP PSR W A _

[Hydrogen production [ = Electricity production!

stage l | stage

Fig. 10. Block diagram of the proposed hydrogen buffer for wind
turbines: 1 — blades, 2 — gearbox, 3 — generator, 4 — rectifier, 5 —
interface dc/dc converter for the electrolyzer, 6 — electrolyzer, 7
— hydrogen storage tank, 8 — fuel cell, 9 — interface dc/dc
converter for the fuel cell, 10 — inverter, 11 — power transformer



As mentioned above, the hydrogen buffer used to
stabilise unregulated energy production consists of
hydrogen production, hydrogen storage and delivery as
well as electricity production stages. In hydrogen
production stage excess electrical energy from the wind
generator is converted into chemical energy by using water
electrolysis and stored in a tank. In electricity production
stage during wind stills, hydrogen is converted into
electrical energy by using a fuel cell. Combining energy
storage and distributed generation results in a system
which can produce controlled power [17].

A comparative SWOT analysis of storage technologies

In the analysis of the advantages and disadvantages of
long-term energy storage possibilities, a SWOT (strengths,
weaknesses, opportunities, threats) approach can be
performed. Strengths and weaknesses are related to the
present state-of-the-art, opportunities and threats with a
view towards the possible future developments.

In Table 3 [7, 9, 11, 14, 18, 19] the storage
technologies discussed are compared side by side. In terms
of distributed storage it becomes clear that the main
competitors to the hydrogen technology are the
electrochemical batteries. The emerging technologies such
as flow-through batteries may have characteristics similar
to the hydrogen-based solutions; however, in the analysis
of the material costs, the price and availability of the rare-
earth metals and other resources to produce advanced
batteries are to be discussed.

The future of hydrogen storage depends mostly on the
improved efficiency of the energy conversion cycle, the
storage media and advanced power electronic converters
for grid interfacing. The recent developments in the
converter design, especially regarding the implementation

of the qZS topology make the hydrogen based energy
storage systems attractive to many industrial applications
[17]. Another advantage is the co-production of heat, which
contributes to the popularity of the hydrogen based energy
storages even in residential use.

Conclusions

The quality of wind energy may be improved by
introducing energy storage. Ensuring availability and
reducing variability are two strongly coupled ways of
looking at improvements. Making energy more available
means making it more predictable, reliable and
controllable. The prospect of energy storage is to remove
fluctuations on shorter timescales (seconds to hours). A
good idea is to implement hybrid solutions, where long-
term deviations are compensated by fuel cell systems and
shorter fluctuations by supercapacitors [20].

Utilization of energy storage systems will be a major
step in the solution to the use of renewable energy along
with the current issues of reliability, stability, and power
quality. A new wind power design methodology that
identifies the optimal use of hydrogen energy storage in
order to balance the electricity production to load demand
has been proposed. Different hydrogen storage methods
were carefully compared and the compressed gas approach
was chosen as the best solution for this study due to its
relatively high conversion efficiency, easy operation and
low leakage rate.

Ultimately, the SWOT analysis revealed some
advantages and disadvantages of hydrogen as compared to
the other long-term storage possibilities. Though battery
systems are preferred in the present situation, the hydrogen
and fuel cells are likely to increase their share with a faster
or at least equal pace.

Table 3. Comparative SWOT analysis of long-term storage possibilities

Strengths Weaknesses Opportunities Threats

CAES High capacity. Need for underground Can prospectively be Popularity related to thermal power
Low cost per kWh. cavities. adopted for distributed plants.
Minor needs for power Need for fuel. storage.
electronic converters.

PHES High capacity. Centralised storage. Can be used for off- Can become obsolete when
Low cost per kWh. Geographical restrictions. shore wind parks and distributed storage preferred.
Minor needs for power with lower reservoir
electronic converters. under seabed.

BES Distributed storage. High investment costs. Emerging technologies. Constant development phase
Good configurability. Cycle life. complicates selection.

Temperature dependent. Raw materials limited.

Hydrogen | Distributed storage. Low efficiency. Market penetration. Maturing battery technologies.
Other uses for produced High investment costs. Perspective nanotube EMI issues related to the use of
hydrogen. Need for power electronics storage media. power electronics converters.
Minor environmental and control. Dedicated converters.
issues. Need for stable load.
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New Method for Stabilization of Wind Power Generation
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Abstract. Wind power appears to be one of the most perspective and widespread renewable
energy sources in Estonia. However, wind is difficult to forecast. This complicates
production planning and parallel operation with compensating power plants, allowing
periods of excess energy and lack of energy to occur. This paper proposes a new energy
storage technology to compensate unstable operation of windmills. This is based on a
hydrogen buffer, which accumulates excess energy from windmills and transfers it to the
DC-link of windmills converter. As all components of the hydrogen buffer are electrically
connected to the DC-link, there are three main stages. The first stage is hydrogen
production, which is realized with the help of water electrolysis in periods of excess energy.
Interfacing is carried out with electrical components, such as DC/DC converter with a step-
down isolation transformer. The second stage is hydrogen storage and delivery. The
produced hydrogen is accumulated in a tank locally or in industrial gas storage. Hydrogen
may be mixed with natural gas and distributed to natural gas pipelines. The third stage is
electricity production. The stored energy is used to produce electrical energy during the
absence of wind or in conditions of a weak wind. Hydrogen is converted into electricity by a
fuel cell. Interfacing is carried out using electrical components with the help of DC/DC
converter with a step-up isolation transformer. The paper represents the structure of the
proposed hydrogen-based energy buffer and reviews its main elements.

Key words: Renewable energy storage, electrolysis, hydrogen buffer, fuel cell
INTRODUCTION

Sustainability and efficient use of energy resources is an urgent issue today.
Reasons lie 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. The sustainable use of energy requires applications
and methods that could increase efficiency. This is especially important in converter
applications.

Traditional methods of energy conversion in power plants have some
disadvantages, such as impact on the environment. Some new unconventional
methods of energy generation have less impact on the environment. The cost of
power generation is one of the main criteria when choosing a method for its
production. Today, traditional technologies seem to be cheaper than the alternative
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ones. Energy produced from renewable sources lacks the cost of fuel, however, it
has higher capital costs.

The predicted costs and cost price of electricity production based on renewable
sources have been given in Table 1 (Solovjev, 2006). The use of renewable energy
and storage offers prospects of significant decrease in fossil fuel extraction and
accompanying environmental pollution (Andrijanovits, 2009).

Table 1. Prediction costs and cost price of electricity production

Renewable Specific capital cost, $ kW™ Cost of production, cent kWh™
source 2005 2030 2050 2005 2030 2050
Onshore 900-1,100 800-900 750-900  42-22  3.6-2.1 3521
wind farm
Offshore 1,500-2,500  1,500-,1900 1,400-1,800 6.6-21.7 6.2-18.4  6-18
wind farm
Solar

3750-3850  1,400-1,500 1,000-1,100 17.8-54.2 7-32.5  6-29
power
Fuel cell 3,000-10,000  500-1,000  300-500 2-3 2-3 2-3

The use of wind energy can be considered technically and economically
feasible only at average wind speed 4.5 m s™ (Risthein, 2007). Average annual wind
speed and large wind parks in Estonia, (Fig. 1), (Risthein, 2007).

Tahkuna £3

(LI Esivere

; . Virtsu

g1 Uadibe,
& saare

Fig. 1. Average annual wind speed in Estonia.

Unpredictable winds make it difficult to plan production (Fig. 2), complicating
parallel operation with other power plants, intended for compensating the instability
of wind power production. Due to unpredictable wind the difficulty in forecasting
periods of excess energy as well as lack of energy occur (Andrijanovit§ et al.,
2010).
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Fig. 2. An example of unpredictable energy production by Estonian wind farms.

HYDROGEN TECHNOLOGY AS A BUFFER FOR STABILIZATION OF

WIND POWER GENERATION

The Department of Electrical Drives and Power Electronics has introduced the
concept of using hydrogen for compensating the instability of wind production. A
typical configuration of a wind farm connected to the transmission grid is formed
by the set of wind generators, electrically connected through a medium voltage
network, sharing one single infrastructure for access and control. A block diagram
of the hydrogen buffer system for the stabilization of wind power generation is

presented in Fig. 3 (Andrijanovits et al., 2010).
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Fig. 3. Block diagram of the proposed hydrogen buffer: 1 — Blades; 2 - Gearbox;
3 - Generator; 4 — Rectifier; 5 - Interface DC/DC converter, 6
7 - Storage tank; 8- Fuel cell; 9 - Interface DC/DC converter;

11 - Transformer.
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Because of unregulated energy production (Fig. 2), the fluctuation of wind
speed leads to a fluctuating output. It means that at some moments excess energy
and energy lack appear. As mentioned above, a hydrogen buffer is used to stabilize
unregulated energy production, consisting of the following main components:

1. Hydrogen production stage,
2. Hydrogen storage and delivery stage,
3. Electricity production stage.

HYDROGEN PRODUCTION STAGE

In periods of excess energy, the hydrogen generation system is connected to
the internal grid. In this stage, electrical energy from the wind generator is
converted into chemical energy by using water electrolysis. Because of low input
voltage of an electrolyser it is necessary to decrease high output voltage of the grid
with the help of interface DC/DC converter with a step-down isolation transformer.

The hydrogen generation system consists of two main parts:

1. Interface DC/DC converter with a step-down isolation transformer, which
allows interfacing the high voltage DC output of converter with a low voltage input
of the electrolyser,

2. Electrolyser, allowing electrical energy storage and producing hydrogen
from water electrolysis using excess electricity from the wind generator.

There are three basic types of electrolysers: alkaline, proton exchange
membrane (PEM) and high-temperature solid oxide (Fig. 4). Common
characteristics of electrolysers are shown in Table 2 (Gamburg et al., 1989, Eg & G
technical services Inc., 2004, Egorov et al., 2008). Advantages and disadvantages of
different types of electrolysers are shown in Table 3.

Electrolyser I

A v v

Proton .
Alkaline Exchange High-temperature
solid oxide

Membrane

I

Uni-polar I Bi-polar

Fig. 4. General classification of electrolysers.

Alkaline electrolysers could be subdivided into unipolar or bipolar
electrolysers (Fig. 4). The unipolar design is composed of a series of electrodes,
anodes and cathodes alternatively suspended in a tank, filled with a 20-30%
solution of electrolyte. In this design, each of the cells is connected in parallel. The
bipolar electrolysers have alternating layers of electrodes and separation
diaphragms, which are clamped together. The cells are connected in series and can
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result in higher stack voltages. Since the cells are relatively thin, the overall stack
can be considerably smaller in size than the unipolar design (Kroposki et al., 2006).

Table 2. Common characteristics of electrolysers

Proton Exchange  High—temperature

Characteristic Uni—polar Bi—polar membrane solid oxide
Current density,

A (cm?)?! 0.1-0.2 0.2-0.4 0.4 1.1-2.0
Voltage cell, V 2.04-2.14 1.87-2.10 1.65-1.85 1.78-1.85
Production,

(m3 H,) h! Up to 80,000  Up to 200,000 Up to 25,000 Up to 25,000
Energy demand,

(KW-h'!) (m?)! 5.0 4.3-4.6 4.5 3.94.0
Temperature, °C 50-100 50-100 80-100 120
Pressure, MPa 0.01-0.10 0.01-0.10 Up to 3.0 0.2-6.0
Efficiency, % 75-90 75-90 80-90 80-90

In the PEM electrolysers the electrolyte is contained in a thin, solid ion
conducting membrane as opposed to the aqueous solution in the alkaline
electrolysers. This allows the H+ ion to transfer from the anode side of the
membrane to the cathode side and serves to separate the hydrogen and oxygen
gasses. Oxygen is produced on the anode side and hydrogen is produced on the
cathode side. PEM electrolysers use the bipolar design and can be made to operate
at high differential pressure across the membrane (Kroposki et al., 2006).

High-temperature electrolysis (HTE) is different from the conventional
electrolytic process. Some of the energy needed to split water is provided as thermal
energy instead of electricity. It occurs because conventional electrolysis usually
operates at temperatures below 100°C. HTE generally refers to an electrolytic
process operating at temperatures above 100°C. As HTE curtails the relatively
inefficient step of conversion of heat to electricity, it is more efficient than the
conventional electrolysis (Sadhankar et al., 2006). In a HTE system using nuclear
energy, a nuclear reactor supplies thermal energy that both generates electricity and
heats up the steam needed for electrolysis. The HTE system is supported by nuclear
process heat and electricity has the potential to produce hydrogen with overall
system efficiency near that of the thermochemical processes. HTE cells consist of
two porous electrodes separated by a dense ceramic electrolyte. HTE cells with
oxygen ion conducting ceramic as electrolyte are often called solid oxide
electrolysis cells (SOECs).
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Table 3. Advantages and disadvantages of electrolysis

Type of . Advantages Disadvantages
electrolysis
Alkaline this design is extremely simple to manufacture and usually —operates . ‘at
unipolar repair lower current densities
and lower temperatures
. reduced stack footprints and higher current can not be' ! epaired
Alkaline o .. . without servicing the
. densities as well as the ability to produce higher .
bipolar entire stack although
pressure gas L
this is rare
requires no liquid electrolyte, which simplifies the limited lifetime of the
design significantly, the electrolyte is an acidic membranes, membranes
polymer membrane. PEM electrolysers can must use very pure
Proton potentially be designed for operating pressures up deionized water,
exchange to several hundred bar, and are suited for both otherwise, they will
membrane stationary and mobile applications, increased accumulate cations that
safety due to the absence of KOH electrolytes, a displace protons and
more compact design due to higher densities, and increase cell resistance
higher operating pressures over time
High- can operate at significantly higher overall process requires large amounts
T of energy and heat, it is
temperature  efficiencies  than  regular  low-temperature . .
. . working with a nuclear
solid oxide electrolysers

power plant

Today’s most widespread industrial electrolysers are alkaline and proton

exchange membrane. These two types of electrolysers allow higher operating
pressures, higher current density and low applied voltage to the cell.

ELECTRICITY PRODUCTION STAGE

In order to stabilize energy production, during the absence of wind or in
conditions of a light wind, stored hydrogen could be reused. In this stage, hydrogen
is converted into electrical energy by using a fuel cell (FC). The fuel cell takes the
hydrogen from the tanks to generate electricity, plus water and heat as byproducts.
The produced electrical energy is in DC form, thus a power converter is required to
change DC voltage level required by the grid. Because of low output voltage of a
fuel cell it is necessary to boost it with the help of the interface DC/DC converter
with a step-up isolation transformer. A hydrogen-powered fuel cell system consists
of two main parts:

1. Interface DC/DC converter with a step-up isolation transformer, which
allows interfacing a low voltage DC output of fuel cell with a high voltage DC-link
of the converter,

2. Fuel cell allows producing chemical energy into electrical energy in order
to stabilize energy production of wind generator.

General classification of modern fuel cells (Fig. 5).
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Fig. 5. General classification of fuel cells.

The electrolyte in polymer electrolyte fuel cell is an ion exchange membrane
(fluorinated sulfonic acid polymer or other similar polymer), which is an excellent
proton conductor. The only liquid in this fuel cell is water, thus the corrosion
problems are minimal. Typically, carbon electrodes with platinum electrocatalyst
are used for both anode and cathode and with either carbon or metal interconnects.
Water management in the membrane is critical for efficient performance, the fuel
cell must operate under conditions where the byproduct water does not evaporate
faster than it is produced because the membrane must be hydrated. Higher catalyst
loading than used in phosphoric acid fuel cell is required for both the anode and the
cathode (Eg & G technical services Inc., 2004).

Alkaline fuel cells are one of the most developed technologies and have been
used to provide power and drinking water in space missions, including the US
Space Shuttle. The design of an alkaline fuel cell is similar to a proton exchange
membrane (PEM) cell but with an aqueous solution or stabilized matrix of
potassium hydroxide as the electrolyte. Alkaline cells operate at a similar
temperature to PEM cells (around 80°C) and therefore start quickly, but their power
density is around ten times lower than the power density of a PEM cell. As a result
they are too bulky for using in car engines. Nevertheless, they are the cheapest type
of a fuel cell to manufacture, so it is possible that they could be used in small
stationary power generation units. Like the PEM cell, alkaline fuel cells are
extremely sensitive to carbon monoxide and other impurities that would
contaminate the catalyst (Eg & G technical services Inc., 2004).

In the phosphoric acid fuel cells, typically operating at 150 to 220°C, the
concentrated phosphoric acid (close to 100%) is used as the electrolyte. The relative
stability of the concentrated phosphoric acid is high compared to other common
acids. Consequently the phosphoric acid fuel cell (PAFC) is capable of operating at
the high end of the acid temperature range (100 to 220°C). The anode and cathode
reactions are the same as in the PEM fuel cell with the cathode reaction occurring at
a faster rate due to the higher operating temperature (Eg & G technical services
Inc., 2004).

The electrolyte in the molten carbonate fuel cells is usually a combination of
alkali carbonates, which is retained in a ceramic matrix. The fuel cell operates at
600 to 700°C where the alkaline carbonates form a highly conductive molten salt,
with carbonate ions providing ionic conduction. At the high operating temperatures
in MCFCs, Ni (anode) and nickel oxide (cathode) are adequate to promote a
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reaction. Noble metals are not required for operation, and many common
hydrocarbon fuels can be reformed internally. The focus of MCFC development has
been on larger stationary and marine applications, where the relatively large size
and weight of MCFC and slow start-up time are not an issue (Eg & G technical
services Inc., 2004).

In the solid oxide fuel cells, the electrolyte is a solid, nonporous metal oxide.
The cell operates at 600-1,000°C where ionic conduction by oxygen ions takes
place. The limited conductivity of solid electrolytes required cell operation at
around 1,000°C, but more recently thin electrolyte cells with improved cathodes
have allowed the reduction of operating temperatures to 650-850°C. SOFCs are
considered for a wide range of applications, including stationary power generation,
mobile power, auxiliary power for vehicles, and specialty applications (Eg & G
technical services Inc., 2004).

In accordance with the classification of fuel cells (Fig. 5), common
characteristics of fuel cells are shown in Table 4, their advantages and
disadvantages (Eg & G technical services Inc., 2004, Matthew M., 2008) are given
in Table 5.

Table 4. Common characteristics of fuel cells

Type of fuel cell Electrolyte Qualified Operating ElecFrlcal
power temperature efficiency
Proton
polymer 100 W to 500 0o cell: 50-70%
z(:r};iﬁfse membrane kW 30-100°C system: 30-50%
. aqueous alkaline 10 kW to 100 o cell: 60-70%
Alkaline solution kW under 80°C system: 62%
L molten o cell: 55%
Phosphoric acid phosphoric acid up to 10 MW 150-200°C system: 40%
Molten molten alkaline o cell: 55%
carbonate carbonate 100 MW 600-700°C system: 47%
- 1 . _ G50
Solid oxide Ox-conducting 4 100 Mw  850-1,1000c Il 60°65%

ceramic oxide

system: 55-60%

Table 5. Advantages and disadvantages of a fuel cell

gépe of Application Advantages Limitations
cars, buses, portable compact design; relatively high manufacturing
. . ; costs, needs pure
Proton power supplies, long operating life; adapted )
) : ) hydrogen; heavy
exchange medium to large- by major automakers; offers o .
. . auxiliary  equipment
membrane scale stationary  quick start-up, low
. ; and complex heat and
power generation temperature operation
water management
low manufacturing and large size; needs pure
. space (NASA), operation costs; does not hydrogen and oxygen;
Alkaline . A
terrestrial transport  need heavy compressor, fast use of corrosive liquid
cathode kinetics electrolyte
Phosphoric medium to large- commercially available; heat low .efﬁcllency, hmlFed
. scale power . service life, expensive
acid . for co-generation
generation catalyst
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Molten large-scale power highly efficient; utilizes heat electrolyte instability;

carbonate  generation for co-generation limited service life
high  efficiency, takes high operating temp;

medium to large- natural gas directly, no rare metals, high

Solid .
oxide scale power reformer needed. Operates manufacturing costs,
generation at 60% efficiency; co- oxidation issues; low
generation specific power

Technical properties of fuel cell (Table 6).

Table 6. Fuel cell technical properties

Characteristics of Polymer Alkaline Phosphoric Molten Solid
fuel cell electrolyte acid carbonate oxide
C t densi

urrent density, 0.1-0.9 0.1-0.9 0.1-0.9 0.1-0.9 0.1-0.9
A (cm”)
Voltage cell, V 0.8-0.6 0.8-0.6 0.8-0.6 0.8-0.6 0.8-0.6
Power density,
W (cm?)! 0.35-0.7 0.1-0.3 ~0.14 0.1-0.12 0.15-0.7
H, consumption,
(cm’® Hy) (min A)" 7.0 7.0 7.0 7.0 7.0
O, consumption,
(cm”® O,) (min AY" 35 3.5 3.5 3.5 35
Pressure, bar 1-2 1 1 1-10 1

Having considered all the fuel cells explained the authors conclude that there
are several perspective types of fuel cells that can be used. First a low-temperature
fuel cell that is an alkaline fuel cell with a high efficiency and low oxygen reduction
reaction losses. Second, a high-temperature fuel cell, a solid oxide and molten
carbonate fuel cell.

HYDROGEN STORAGE

In an ideal system, supply will match demand. Energy storage enables the
supply to be shifted to meet the demand. Electricity can be drawn from the primary
supply during periods of excess availability, stored and then returned during periods
of excess demand. Correct sizing of the storage should allow the generation plant to
operate closer to its optimal efficiency, making thus better economic use of the
existing assets. According to the International Energy Agency classification (Yartys
& Lototsky, 2004), hydrogen storage methods can be divided into two groups:

The first group includes physical methods which use physical processes
(compression or liquefaction) to compact hydrogen gas. Hydrogen being stored by
physical methods contains H, molecules, which do not interact with the storage
medium. The following physical methods of hydrogen storage are available:

1. Compressed hydrogen gas,

2. Liquid hydrogen: stationary and mobile cryogenic reservoirs.
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The second group includes chemical (or physical-chemical) methods that
provide hydrogen storage using physical chemical processes of its interaction with
some materials. The methods are characterized by an essential interaction of
molecular or atomic hydrogen with the storage environment. The chemical methods
of hydrogen storage include:

1. Adsorption,

2. Bulk absorption in solids (metal hydrides),

3. Chemical interaction.

Comparison of hydrogen storage methods in accordance with the above
mentioned methods (Tables 7, 8), (Yartys & Lototsky, 2004).

Table 7. Comparison of physical hydrogen storage methods

Group Subgroup Method Storage conditions Storage performances
P, T,°C Volume Energy
bar density,  consumption,
g (dm’)" %

steel 200 20 17.8 9

cylinders

commercial

composite 250 20 22.3 10

Physical ~ compressed cylinders

gas storage  gdvanced

composite 690 20 29.7 12.5
cylinders
glass micro-  350-630  200-400 20 25
spheres

cryogenic (LH,) 1 -252 71 27.9

Table 8. Comparison of chemical hydrogen storage methods

Group Subgroup Method Storage conditions Storage performances
P, T,°C Volume Energy
bar density,  consumption,
g (dm)’ %
Chemical  cryo—adsorption 2-40 —208...—195 15-30 8.1
meta} Tow— 90-100
h}’drldes temperature' 0.01-20 20-100 _— 10.4
(20-100°C) 60-70
"high— 90-100
temperature' 1-20 250-350 20.6
(250-400°C) 60-70
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complex

hydrides 1-20 125-165 30 13.4
(alanates)
organic hydrides 10-100  300-400 70-100 28

From the data (Tables 7, 8), it can be concluded that each method has its
advantages and disadvantages and none of the specific hydrogen storage methods is
superior to the remaining alternative ones. Cost, volume, weight and performance
should be considered together in selecting an optimal storage method that suits the
specific requirements.

HYDROGEN DELIVERY

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 (Leighty, 2006):

1. Road delivery,

2. Pipeline delivery.

Because of the low density of the gaseous energy carrier, transport of
pressurized or liquid hydrogen is extremely inefficient. Forty-ton trucks can carry
only 350 kg of hydrogen at 200 bars in the gaseous or 3,500 kg in the liquid state
(Leighty et al., 2000).

The energy required to deliver the gas is part of the production costs. Parasitic
energy losses reduce the amount of available energy. Hydrogen transport by
pipelines has to compete with electricity transport by wires.

Design and construction of large, long-distance, high pressure gaseous
hydrogen pipelines and conventional natural gas (NG) transmission lines are
similar. Four technological aspects differentiate the gaseous hydrogen (GH;) line
from the NG line and need to be addressed for the concept to be attractive to
industry (Leighty et al., 2006):

1. The volumetric energy density of hydrogen is one third of that of methane,

2. High pipeline utilization is critical for economic feasibility,

3. Hydrogen embrittlement of pipeline steel must be prevented and controlled,

4. Compression is very costly.

Most of the analyses show that pipelining GH, costs approximately 1.3 to 1.8
times more per unit energy-distance than NG, because of these four factors.
Pipelines are very expensive to design and construct, which is why they must have
high utilization to justify the initial capital cost.

CONCLUSIONS AND FUTURE WORK

This paper is devoted to study of a new concept of using hydrogen for
compensating the instability of wind power production. This concept has been
considered in three main stages:
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1. Hydrogen production stage allows excess energy of a wind power plant to
be stored,

2. Hydrogen storage technologies, safety, automation and transportation
system have to be developed in the future,

3. At moments when wind is low or absent the stage of electricity production
allows wind power operation to be stabilized. Because all of the components of
hydrogen buffer require DC power supply, interface converters were implemented.

In terms of ecology, the proposed method provides perspectives of significant
decrease in fossil fuel extraction and accompanying environmental pollution. As
Estonia depends on foreign energy supplies, the use of our own considerable wind
potential will promote the promising field of energy development.
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Abstract — This paper compares state-of-the-art DC/DC
converter topologies for electrolyzer and fuel cell applications in
renewable energy systems (RES). The main components of the
hydrogen-based energy storage system should be connected to the
DC-bus of a RES via separate interface converters: the
electrolyzer is interfaced by the step-down DC/DC converter,
while the fuel cell is connected through the step-up DC/DC
converter. Because of the high input and output voltage
differences the topologies with a high-frequency voltage matching
transformer are analyzed. The inverter and rectifier sides of the
discussed DC/DC converters presented in schemes are analyzed
in detail.

Keywords — Renewable energy, hydrogen, electrolyzer, fuel
cell, DC/DC converter.

1. INTRODUCTION

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 forecast.
To compensate unstable operation of a renewable energy
system (RES) the concept of hydrogen use was introduced in
[1-4].

Fig. 1 shows a hydrogen-based energy storage system or a
hydrogen buffer that stabilizes unregulated renewable energy
generation. It consists of the following stages: hydrogen
production, hydrogen storage and electricity production. In the
excess energy periods the hydrogen generation system is
connected to the DC-bus of the RES. In this stage electrical
energy from the renewable energy source is converted into
chemical energy by using water electrolysis and this energy is
stored in a tank. In order to stabilize energy production during
the absence of the renewable energy, stored hydrogen could be
re-used. In this stage, hydrogen is converted into electrical
energy by using a fuel cell (FC). The FC takes the hydrogen
from the tanks to generate electricity, plus water and heat as
by-products. Combination of an energy storage system and an
RES allows controllable power production [5-6].

Typically, the electrolyzer (EL) and the FC are connected to
the RES via separate interface converters. The EL is
connected to the DC-bus of the RES through the step-down
DC/DC converter, while the FC should be interfaced by the
step-up DC/DC converter.
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DC/DC converters can provide interfaces of different
voltage levels in the hydrogen buffer system. In principle,
many basic power converter topologies can be used for the EL
and the FC interconnections with the DC-bus of the RES.
Because of comparatively high input and output voltage
differences the DC/DC converters with a high-frequency
voltage matching transformer are used more frequently. For
reasons of safety this transformer should also perform the
function of galvanic isolation of the primary and the secondary
side. In this paper, state-of-the-art DC/DC converter
topologies for the EL and FC applications are analyzed in
detail and compared.

DC-bus of RES

™

Power charge
Power discharge

Fig. 1. Energy exchange processes in the hydrogen buffer.

II. DC/DC CONVERTER TOPOLOGIES FOR THE ELECTROLYZER
APPLICATION

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 [7] and it cannot
be directly connected to uncontrolled high DC voltages. To
connect the EL to the DC-bus, it is required to buck the
voltage of the DC-bus to the level of the EL [8]. The DC/DC
converters with a high-frequency transformer fulfill these
requirements. The DC/DC converter structure for the EL
integration to the system of the RES is shown in Fig. 2. In FC
applications, this DC/DC converter consists of the following
main components: 1 — inverter, 2 — isolation transformer, 3 —
rectifier, 4 — output filter.



Scientific Journal of Riga Technical University
Power and Electrical Engineering

2011
Volume 29

[~ 7 7 Tbcjpceonverter |
‘ 1 2 3 | 4
DC-bjs
RES \‘ F— F—1 B H Filter EL
I — — i
- = —_—_ |
Fig. 2. Required structure of the DC/DC converter for an electrolyzer
application.

The DC-bus voltage is converted to AC voltage by means
of an inverter. To step down the voltage an isolation
transformer is employed. The secondary side of the voltage is
rectified by help of a rectifier. The output filter is used to
improve the quality of the output voltage. It should be taken
into account that the frequency of the current ripple at the
output of the DC converter should be kept low, as higher
frequencies increase the power losses in the electrolyzer [9].
The inverter side and the rectifier side topologies of DC/DC
converters are described below.

As a result of the analysis of the references according to the
DC/DC converter applications of electrolyzers [10-19],
topologies of inverters can be classified into full-bridge (FB)
[10-17] and half-bridge (HB) [17-19].

A. Inverter Side Topologies

In [10-12] a classical single-phase FB topology with an
inductance and a capacitor in series is analyzed (Fig. 3). The
case where only an inductance is presented (Fig. 3(a)) is called
a phase-shifted zero-voltage-switching (ZVS) PWM bridge
inverter. It is called an LCL series resonant inverter (SRC) if a
capacitor is added in series (Fig. 3(b)). It has been approved in
[10] that an LCL SRC with capacitance output has desirable
features over a phase-shifted ZVS PWM bridge inverter in
applications where the low DC-bus voltage is applied. In [12]
a boost zero-voltage-transition (ZVT) is added to improve the
LCL SRC and make it more suitable for -electrolyzer
applications.

(a) (b)
Fig. 3. Single-phase FB topology with: (a) inductance; (b) inductance and
capacitor.

Different phase-shifted FB ZVS topologies (Fig. 4(a)) of an
inverter are proposed in [13-14]. Presented circuits are based
on the usage of two transformers, connecting them in various
ways and combining with capacitors. It has been reported that
this topology can achieve complete ZVS in a wide range of
load current and input voltage [13-14]. One of the
transformers is used to achieve ZVS, but other or power
transfer. As in [13-14], in [15] an FB inverter with ZVS over
the entire power conversion range is proposed. Inverter
topology in [15] also consists of two transformers (Fig. 4(b)),
only in this case both transformers are used for power transfer.
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(b)

PWM inverter with two
transformers: (a) one auxiliary transformer for ZVS; (b) both transformers for
power transfer.

(2)
Fig. 4. Implementation of phase-shifted FB ZVS

L, LC, and LCL filter and LCL series-parallel resonance
inverters (SPRC) have been analyzed in [16] (Fig. 5(a)), but
the scope of the converter was to convert DC voltage from
48V at the input to 5V at the output of the converter. Instead
of low voltage conversions in [16], high voltage and high
power converter application is analyzed in [17]. In [17], in the
analysis of ZVS and zero current switching (ZCS), a zero
voltage zero current switching (ZVZCS) PWM inverter is
described. ZVZCS PWM inverter is derived from the phase-
shifted FB ZVS PWM inverters.

"

(b)

()
Fig. 5. FB topology: (a) ZVS PWM inverter with
PWM inverter.

LCL filter; (b) ZVZCS

No new trends relevant to HB topology inverters have been
found if they are regarded as high-frequency inverters for EL
applications. In fact, HB topology inverters were analyzed
more than 20 years ago [18-19]. General comparisons are
reported in [17] with an analysis of HB vs. FB whereas FB is
chosen. In [18], an LCL resonance inverter for
telecommunication power systems is analyzed, while in [19]
pure series and parallel, series-parallel inverters are compared
for low voltage applications. Topologies considered in [17-19]
are depicted in Fig. 6.

(@ (b)
Fig. 6. Single-phase HB topology inverters: (a) fundamental; (b) LCL; (c)
series-parallel.

(©

B. Rectifier Side Topologies

As a DC/DC converter requires DC voltage at the output,
AC voltage must be rectified. Usually rectification of the
voltage is realized by the single-phase FB topology [10, 12,
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16, 18] or by the current doubler topology [11, 13-15, 17, 19].
Rectifier topologies: single-phase FB (a) and current doubler
(b) are shown in Fig. 7. As rectified voltage contains
voltage/current ripples, they must be filtered to operate the EL
efficiently. A typical DC/DC converter output filter contains
an inductor and a capacitor (Fig. 7(c)).

(a)
Fig. 7. Rectifier side topologies: (a) single-phase FB; (b) current doubler; (c)
LC output filter.

(b) ©

Single-phase FB rectifiers are used with FB LCL inverters
[10, 12, 16, 18], as they require one transformer secondary
winding to add an inductor or a capacitor as required. A two
transformer current doubler rectifier with two inductors is
presented in [15], but in [11] a current doubler rectifier with
one transformer secondary winding is shown (Fig. 8).

(2)

(b)
Fig. 8. Current doubler topologies: (a) with two transformers; (b) with one
transformer secondary winding.

More common DC/DC converter topologies for electrolyzer
applications are classified in Fig. 9.

IDC/DC converter
topologies

Three-level

Full-bridge Half-bridge

Fig. 9. The general classification of DC/DC converters for electrolyzer
applications.

III. DC/DC CONVERTER TOPOLOGIES FOR THE FUEL CELL

APPLICATION

FC is a power source with low unregulated DC output
voltage. To connect a FC to the load, it is necessary to boost
and stabilize the relatively low output voltage of the FC to a
certain operating voltage level. The DC/DC converter
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accomplishes both functions. Fig. 10 shows the DC/DC
converter structure for the FC integration to the RES. This
converter includes the following main components: 1 —
inverter, 2 — isolation transformer, 3 — rectifier, 4 — output
filter.

[ = 7 “bcbCconverter |
‘ 1 2 3 ‘ 4
‘ DC-bus
FC oH \ F—d %HE F—4 B+ Filter [ 2 RES
— - |

Fig. 10. Required structure of the DC/DC converter for fuel cell applications.

Low output DC voltage of a FC is converted to AC voltage
by means of an inverter. For voltage step-up an isolation
transformer is employed. The secondary side voltage is
rectified by help of a rectifier. The output filter is an optional
component. It is used to improve voltage quality. The inverter
side and the rectifier side topologies of a DC/DC converter are
described below.

A. Inverter Side Topologies

The inverters used in the DC/DC converters could be
subdivided as two-level [20-43] and three-level [44-46]. In
turn, both types of inverters can be classified into voltage
source inverters (VSI) [20-25], current source inverters (CSI)
[26-36] and Z-source (impedance source) inverters (ZSI) [37-
43]. All these inverter types can be used for FC applications.
More popular inverter topologies are as follows: single-phase
(FB, HB, push-pull (PP)), and three-phase (FB, PP). Different
types of switches can be used (MOSFET or IGBT
technologies) for the inverter.

1. Two-Level Inverters

The single-phase FB VSI topology in Fig. 11(a) was
presented in [20-23]. This inverter consists of two legs. Each
leg consists of two switches and their anti-parallel diodes. The
FB VSI eliminates the need for a separate filter inductor. Lack
of separate inductance helps reduce the cost of the DC/DC
converter. In the FB VSI the voltage and current stress of the
switch is lower than in the HB topology.

In [24] the FB VSI is used with a start-up additional circuit
to avoid an FC peak current demand at the system start-up.
The additional diode in series with the FC stack prevents from
any reverse current inside the stack.

The circuit of the three-phase PP VSI, as shown in Fig.
11(b), is proposed in [25]. The advantage of this inverter is
the lower rms current through the switches. In the three-phase
PP VSI topology the number of components is reduced in
comparison with the three-phase FB topology.

In [26] it is shown that the single-phase FB VSI topology is
less efficient for the FC application than the FB CSI topology.
The FB CSI has stronger reliability for the inherent short
current protection. The input current is continuous, and it
prolongs the lifetime of the FC. As a result, in paper [27] the
FB CSI has been chosen as an appropriate solution. Because
of the high transient overvoltage across the semiconductors
the CSI needs an additional clamping circuit to absorb this
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overvoltage. The FB CSI topologies with two different
regenerative clamping circuits are presented in [27]. The
circuit with external clamping energy feedback (Fig. 12(a))
consists of the diode and the capacitance. The circuit with
internal clamping energy feedback (Fig. 12(a)) has an
additional transistor in parallel to the diode. This transistor is
responsible for feeding the stored energy in the capacitor back
into the circuit [27].

In the circuit of a single-phase FB CSI instead of MOSFET
a reverse block IGBT can be used [28]. Elimination of the
diodes in the reverse block IGBT should lead to such benefits
as lower cost, smaller packages and lower conduction loss
[28].

The single-phase HB CSI topology in Fig. 12(b) was
presented in [29] as a suitable topology. This inverter topology
shows higher efficiency and has higher input current ripple
frequency than the FB CSI topology. The HB CSI reduces the
need of two switches and the transformer turns ratio to half.
The additional snubber capacitors are in parallel to the diode.
The HB topology is popular for the power range around 1 kW.
[29-30].

In [31] the single-phase PP CSI topology presented in Fig.
12(c) is analyzed. In this paper the CSI of the DC/DC
converter was selected because of less input filtering in order
to minimize the high frequency current ripple. The PP CSI
provides high efficiency and has a good utilization of the
transformer.

The single-phase PP CSI proposed in [32] is shown in Fig.
12(d). This topology includes an auxiliary circuit for
protection of the switches against overvoltage. The auxiliary
circuit is basically a flyback converter, which converts the
stored energy of the clamp capacitor to the DC-bus [32].

The single-phase PP CSI topology described in [33] was
modified by adding two coupled inductors to expand the duty
cycle operation of the DC/DC converter. The proposed
double-coupled PP CSI is shown in Fig. 12(e). The DC/DC
converter with an inverter of such type can operate from 0 to
100% of the duty cycle.

The three-phase FB CSI topology with an active clamp in
Fig. 12(f) was presented in [34]. The proposed converter
includes the following features: increased power converter
rating by employing three phases instead of a single phase;
lower transformer turn-ratio by using a boost stage inherited
by the current-fed type; achieve zero voltage switching in
three-phase FB switches by a single common active clamp
branch [34].

The circuit of the three-phase PP CSI illustrated in Fig.
12(g) is proposed in [35]. In this converter, the input boost
inductor is placed in series with the power source. Three-
phase transformers are generally smaller and lighter than
single-phase ones for the same processed power due to
reduced voltage and magnetic stresses. Thus, the losses in the
three-phase PP CSI are better distributed than in the single-
phase PP CSIL.

In [36] the three-phase PP CSI topology with an active
clamping (Fig. 12(h)) was analyzed. This clamp circuit
consists of three clamp switches and a clamp capacitor at the
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low voltage primary side of the DC/DC converter. The active
clamp limits the transient overvoltage caused by transformer
leakage inductances and helps improve the efficiency by
enabling soft switching of the main switches [36]. Thus, the
active clamping method achieves higher efficiency and higher
power density.

(a) (b)
Fig. 11. VSI topologies: (a) single-phase FB; (b) three-phase PP.

(h)

(®
Fig. 12. CSI topologies: (a) single-phase FB with external and internal
clamping energy feedback, (b) single-phase HB; (c) single-phase PP; (d)
single-phase PP with an auxiliary circuit; (e) single-phase double-coupled PP;
(f) three-phase FB with active clamp; (g) three-phase PP; (h) three-phase PP
with active clamp.
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In [37] the single-phase FB ZSI topology is presented,
shown in Fig. 13(a). The single-phase FB topology is most
useful in terms of cost and efficiency, especially when
implemented for power levels higher than 3 kW [37]. The ZSI
can boost or buck voltage, minimize component count,
increase efficiency, and reduce the cost. This impedance
source consists of a split-inductor and capacitors connected in
X shape.

The application of the three-phase FB ZSI [38] (Fig. 13(b))
has one extra zero state when the load terminals are shorted
through both the upper and lower devices of any one phase
leg, any two phase legs, or all three phase legs. This shoot-
through zero state provides the unique buck-boost feature to
the inverter [38-39].

(2) (b)

Fig. 13. ZSI topologies: (a) single-phase FB; (b) three-phase FB.

The single-phase and three-phase FB quasi-Z-source
inverter (qZSI) proposed in [40-41] is derived from a
traditional ZSI (Fig. 14(a, b), respectively). As compared to
the ZSI, the gqZSI has two distinctive advantages, such as
continuous constant DC current from the source and lower
operating voltage of the capacitor C2. To further improve the
boost properties of the qZSI topology the cascaded quasi-Z-
source circuit was introduced [42-43].

@

(b)

Fig. 14. qZSItopologies: (a) single-phase FB; (b) three-phase FB.

2. Three-Level Inverters

In contrast to the traditional two-level converters, the
primary advantage of the multilevel converters is their smaller
output voltage step, which results in high power quality, lower
harmonic components, better electromagnetic compatibility,
and lower switching losses. The disadvantage of the multilevel
converters is the need for a large number of power
semiconductor switches. Although low-voltage-rated switches
can be utilized in a multilevel converter, each switch requires
a related gate driver and protection circuits. This may result in
higher costs and higher complexity of the overall system [44].
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In [45] the three-level single-phase PP forward inverter
topology (Fig. 15(a)) was analyzed. Half of the switches
sustain half of the input voltage, and others sustain one and a
half of the input voltage.

The three-level single-phase FB circuit illustrated in Fig.
15(b) was proposed in [46]. This converter can operate in
three-level and two-level modes, so the output filter and input
current ripple can be reduced. Lower output current ripple
leads to higher efficiency and longer lifetime [46].

Since the three-level topologies are not so popular, in the
next comparative analysis they are not used.

Fig. 15. Three-level topologies: (a) single-phase PP forward; (b) single-phase
FB.

B. Rectifier Side Topologies

Papers [22-24, 27, 31-32, 37, 42, 45, 46] report rectification
on the secondary side of the DC/DC converter realized by an
FB rectifier consisting of the diodes D1-D4, as shown in Fig.
16(a). In [29] to improve the efficiency as well as reduce the
size and cost the output rectifier diodes are replaced with
active switches.

Ds Ds

© (d

Fig. 16. Rectifier topologies: (a) single-phase FB; (c) single-phase FB with
two separated outputs; (d) three-phase FB.

The secondary side of the DC/DC converter is connected to
the voltage doubler rectifier in [40]. This type of the rectifier
(Fig. 16(b)) is derived from the FB rectifier by the
replacement of diodes in one leg by the capacitors with an
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equal capacity. The main advantages of the voltage doubler TABLEI
rectifier are the doubling effect of the secondary winding MAIN RATINGS OF THE CONSIDERED DC/DC CONVERTERS FOR
. . ELECTROLYZER AND FUEL CELL APPLICATIONS
voltage of the isolation transformer and reduced power
dissipation due to a smaller number of rectifying diodes [40]. Single-phase T?qze;_
In the rectifier topology proposed in [20, 28], two DC Topologies P
output sources could be obtained with two separated output %_’n éﬂ =§. %_’n =a
windings, as shown in Fig. 16(c). The output voltage can be 5 E 2| 5| 2
fully controlled by changing the phase shift angle between the Parameters ElE| 2|2 &
two legs. In [28] in this rectifier the additional resonant
. . . . Input voltage, U, (p.u.) 1 1 1 1 1
component Cr, which can help achieve zero current switching
operation, is also used. Rated power of the converter, P (p.u.) 1 1 1 1
According to [34-36], the circuit of the secondary side of | Number of switches 4121216713
the DC/DC converter consists of a three-phase FB diode Current rating of the switch, Z,, (p.u.) 1 2 1107107
rectifier connected through a three-phase transformer, as Voltage across the switch, U, (p.u.) 1 1 2 1 2
shown in Fig. 16(d). ) Transformer primary windings 1 1 2 3 3
M.ore. common D.C/DC. copverter topologies for fuel cell Transformer turns ratio, n=Trs/Try (p-u.) 2 ] > 2 | 2
applications are classified in Fig. 17.
A comparative analysis of the advantages and

IV. COMPARATIVE ANALYSIS OF DC/DC CONVERTERS

The main converter ratings used to compare the efficiency

disadvantages of the DC/DC converters was made. In Table II
the discussed DC/DC converters are compared side by side

’ Push-pull

Fig. 17. The general classification of DC/DC converters for fuel cell applications.

TABLE 11
COMPARATIVE ANALYSIS OF THE BASIC STRUCTURES OF THE DC/DC CONVERTER TOPOLOGIES FOR ELECTROLYZER AND FUEL CELL APPLICATIONS

of the above converter structures are presented in Table 1. [47].
DC/DC converter
topologies
[
CSI 7SI
Three-phase| Single-phase ’Three—phase Single-phase| [Three-phase| Single-phase|
v v v v v v l
Full-bridge Half-bridge Push-pull ‘ Full-bridge Half-bridge Push-pull ‘ Full-bridge Full-bridge Push-pull
Full-bridge Push-pull Full-bridge Full-bridge

Topologies Single-phase Three-phase
Features FB HB PP FB PP
Increases power Lower rms current
The voltage and current Provides a high converter rating by .
S X . through the switches.
stress of the switch is Reduces the need of two efficiency and has a employing three phases. Number of
lower than in HB. switches and the good utilization of the The losses in the three- components is lower
Higher possible transformer turns ratio to transformer. No more phase FB are better PO
Advantages Lo . . o . I X than with the FB. The
switching frequency. half. Lower isolation than one switch in series distributed than in the losses in the three-
Lower isolation transformer primary conducts at any instant single-phase. Inverter hase PP are better
transformer primary voltage. time. It can generate switch rating is better pha -
. ; - distributed than in the
current. multiple output voltages. than in a single-phase X
topology. single-phase.

92




Scientific Journal of Riga Technical University
Power and Electrical Engineering

2011
Volume 29
Topologies Single phase Three-phase
Features FB HB PP FB PP
Higher number of I requires very goo d Active inverter switch
! X o Lo matching of the switch L
switches. Higher Limited switching - utilization is lower than
. . transistors to prevent . . s
. conduction number. frequency. Higher . X in the single-phase Control circuit is
Disadvantages . . . . . unequal on times, since .
Higher isolation isolation transformer this will result in topology. More complexity.
transformer primary current. . components than with
saturation of the
voltage. the PP.
transformer core.
A three-phase A three-phase
. . transformer gives a
Most useful in terms of transformer gives a otential feedom and
. cost and efficiency, . . potential feedom and potentia
Implementation X Feasible for the power Feasible for the power e flexibility to choose
. especially when flexibility to choose
possibilities . range around 1 kW. range around 1 kW. . voltages and currents
implemented for power voltages and currents in in the inverter.
levels higher than 3 kW. the inverter, transformer i’
and rectifier transformer and
: rectifier.

V.CONCLUSIONS

The DC/DC converter topologies that can be considered for
EL and FC applications have been presented in this paper. All
these converters have a high-frequency voltage matching
transformer, which should also perform the function of
galvanic isolation of the inverter and rectifier side. This paper
gives an opportunity to compare the basic parameters of the
DC/DC converters and select more feasible topology for
particular applications.

In electrolyzer applications of the inverter side of the
DC/DC converter, switching losses must be kept as low as
possible. Thus, ZVS or ZCS is preferred. In the case of a
rectifier side, a low component count is preferred, as the
current is relatively high.

The FC is one of the promising technologies for RES. It can
provide higher efficiency and enhanced reliability of the long-
term energy storage systems. Because of the FC disadvantage
due to high variations in its output voltage when the load
changes, the DC/DC converter is used to supply a smooth
output voltage to other electrical loads. According to power
the discussed DC/DC converters can be classified like
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 utilizing high-frequency transformer.
For a power range higher then 3 kW, the full-bridge converter
is an appropriate solution for fuel cell applications. The three-
phase configurations of the DC/DC converter topology can be
used to improve the losses distribution in the converter and to
increase power converter ratings. However, the three-phase
topology applications increase the number of components that
may not be feasible. As an example, the discussed DC/DC
converter circuits have been illustrated in this paper.
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Abstract—Massive utilization of fossil fuels presents
serious environmental threats. In this context, today the
development of renewable energies is an urgent issue. Due
to the stochastic nature of remewable energy sources an
energy storage is needed in renewable energy generation
systems. Hydrogen-based energy storage system or
hydrogen buffer can help to stabilize unregulated renewable
energy generation. In the hydrogen buffer system, the excess
wind energy is stored in the form of hydrogen via
conversion through the electrolyzer. The fuel cell is used to
produce electrical power when the load demand exceeds
that produced by the renewable energy sources. Hydrogen
buffer includes two main operational stages:
electrochemical and power electrical. This paper explores
the techno-economic analysis of the electrochemical stage of
the hydrogen buffer in order to increase the efficiency of
hydrogen production in the renewable energy system.

Index Terms—Electrolyzer, fuel cell, hydrogen buffer,
renewable energy.

1. INTRODUCTION

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 hydrogen use needs to
be introduced to stabilize unregulated renewable energy
generation [1-11]. A typical renewable energy system
(RES) must include both short-term and long-term energy
storage. A short-term energy storage system is commonly
used due to its high round-trip efficiency, convenience for
charging/discharging. In addition, it can take care of the
effects caused by instantaneous load ripples/spikes,
electrolyzer transients and wind energy peaks. However,
batteries alone are not appropriate for long-term energy
storage because of their low energy density, self-
discharge, and leakage. The combination of short-term
energy storage with long-term energy storage in the form
of hydrogen can improve the performance of stand-alone
RES significantly [12-17].

Fig. 1 shows a hydrogen-based energy storage system
or a hydrogen buffer consisting of two layers:
electrochemical and power electrical stage. The
electrochemical stage includes hydrogen production,
hydrogen storage and electricity production. In the excess
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energy periods the hydrogen generation system is
connected to the DC-bus of the (RES). In this stage
electrical energy from the renewable energy source is
converted into chemical energy by using water
electrolysis and this energy is stored in a tank. In order to
stabilize energy production during the absence of the
renewable energy, stored hydrogen could be re-used. In
this stage, hydrogen is converted into electrical energy by
using a fuel cell (FC). The FC takes the hydrogen from
the tanks to generate electricity, plus water and heat as
by-products. Combination of an energy storage system
and an RES allows controllable power production [18-

/M A

Wind energy Solar energy

‘Short-term

energy
storage

s

Load

!

DC-bus of RES

DC/DC
converter

DC/DC
converter 1

Power electrical stage

Electrolyzer H, storage Fuel cell

T TN T ROV SN ST

Hydrogen buffer / |

F1g 1. Energy exchange processes in the hydrogen buffer

At the power electrical stage, the interconnection of
the EL and the FC with the DC-bus of RES is
implemented. The EL is connected through the step-down
DC/DC converter, while the FC should be interfaced by
the step-up DC/DC converter. The description of the
power electrical stage was presented in [20-22]. This
paper focuses on the techno-economic analysis of the
electrochemical stage of the hydrogen buffer. In this
analysis the efficiency, response time and economic
reasoning of the hydrogen buffer are discussed in detail.

II. EFFICIENCY

A. Electrolyzer

The EL is used for splitting water into hydrogen and
oxygen by the supply of direct current to its electrodes.
Fig. 2 shows three basic types of electrolyzers: alkaline,
proton exchange membrane (PEM) and high—temperature



solid oxide [23]. Today’s most widespread industrial
electrolyzers are alkaline and PEM [24]. These two types
of electrolyzers allow higher operating pressures, higher
current density and low applied voltage to the cell. Table
I shows that the total electrolyzer efficiency varies
between 75% and 90%. The EL coupled to a hydrogen
compressor is used to produce hydrogen. It should be
noted that the efficiency of the electrolyzer output power
decreases by 5% if the compressor energy is taken into

account [25-28].

) I} )

Alkaline Proton exchange | [ High-temperature
membrane solid oxide

$_‘_l
[ Uni-polar ][ Bi-polar ]

Fig. 2. General classification of electrolyzers.

Common characteristics of electrolyzers are shown in
Table I.

TABLEIL ~ COMMON CHARACTERISTICS OF ELECTROLYZERS
Alkaline Proton High—
Characteristic . . Exchange temperature
Uni— Bi- membrane solid oxide
polar polar
Current
density, 0.1-0.2 | 0.2-0.4 0.4 1.1-2.0
A (cm?)’!
Voltage cell, 2.04- 1.87-
v 514 210 1.65-1.85 1.78-1.85
Production, up to up to
(0 H) b 80000 | 200000 | UPt0 25000 | up to 25000
Energy
demand, 5.0 43-4.6 4.5 3.94.0
(kW-h) (m*)!
Iémpe’a‘“‘e’ 50-100 | 50-100 |  80-100 120
Pressure, 0.01- 0.01-
MPa 0.10 0.10 up to 3.0 0.2-6.0
Efficiency, % 75-90 75-90 80-90 80-90

Fig. 3 shows the experimental efficiency of the PEM
electrolyzer.

100% 1

90% -

80% -

Efficiency

70% -

60%

50% T T T T 1

Current (A)

Fig. 3. Experimental efficiency of a PEM electrolyzer.

The graph shows that at higher currents the efficiency
is reduced. This is explained by the fact that the losses
increase with higher currents, as presented in [29].
However, it is clear that the electrolyzer is very efficient
in converting electrical energy to electrochemical energy.
The high efficiency of the electrolyzer makes it suitable
to be employed in energy storage systems [29-30].

B. Fuel Cell

The FC converts chemical energy to electrical energy
by oxidizing hydrogen, also producing water and heat as
by-products. The fuel cells can be classified to low-
temperature and high-temperature types, as shown in Fig.
4. The low-temperature fuel cells could be subdivided as
proton exchange membrane, alkaline and phosphoric acid
fuel cells. The high-temperature fuel cells include molten
carbonate and solid oxide fuel cells.

Fuel cell

Low-temperature

High-temperature

Proton exchange
membrane

Alkaline

Fig. 4. General classification of modern fuel cells.

[ Phosphoric acid ] [Mo\ten carbonate} [ Solid oxide ]

Common characteristics of fuel cells are shown in
Table II.

TABLEIL.  COMMON CHARACTERISTICS OF FUEL CELLS
Characteristic Proton exchange Alkaline Phosphoric acid Molten Solid oxyde
membrane carbonate
Current density, A (cm?)" 0.1-0.9 0.1-0.9 0.1-0.9 0.1-0.9 0.1-0.9
Voltage cell, V 0.8-0.6 0.8-0.6 0.8-0.6 0.8-0,6 0.8-0.6
Power density, W (cm?)"! 0.35-0.7 0.1-0.3 ~0.14 0.1-0.12 0.15-0.7
H, consumption, (cm® Hy)(min A)™' 7.0 7.0 7.0 7.0
O, consumption, (cm® O,)(min A)”! 3.5 3.5 35 3.5
Pressure, bar 1-2 1 1-10 1
Temperature, °C 30-100 below 80 150-200 600-700 850-1100
Efficiency. % cell: 50-70 cell: 60-70 cell: 55 cell: 55 cell: 60-65
¥, 7 system: 30-50 system: 62 system: 40 system: 47 system: 55-60




Across the entire range of applicable sizes, fuel cell
systems offer attractive electrical conversion efficiencies.
As shown in Table II, the efficiency of various fuel cell
systems ranges from 30% to 62% [25-26, 31]. Few small
to medium-sized conventional systems can achieve
efficiencies comparable to those provided by fuel cell
systems at design conditions [31]. An alkaline fuel cell is
a more prospective type that can be used for hydrogen
buffer systems because of high efficiency and low
reaction losses of oxygen reduction [23, 32].

Fig. 5 shows the efficiency of the PEM fuel cell as a
function of power density [33]. The efficiency increases
with a decreasing load.

60%

40% -

Efficiency

20% -

0 T T T
0 0.2 04 06
Power, (Wcm?)
Fig. 5. Efficiency of the PEM fuel cell.

C. Hydrogen Storage

Hydrogen is one of the promising alternatives that can
be used as an energy carrier. The universality of
hydrogen implies that it can replace other fuels for
stationary generating units for power generation in
various industries. On the other hand, hydrogen storage
adds complexity to system design and operation, and it is
inevitable that the overall hydrogen buffer efficiency
decreases. Hydrogen can be stored as compressed gas, as
cryogenic liquid, in solids (metal hydrides, carbon
materials) and in liquid hydrogen carriers (methanol,
ammonia). Compressed gas storage is most relevant for
large-scale stationary storage systems [5, 8, 34-35].
Specialized high pressure containers for hydrogen storage
production are shown in Fig. 6.

The efficiency of the hydrogen storage methods and
their leakage characteristics are summarized in Table III
[36].

1403

TABLE III.  COMPARISON OF THE HYDROGEN STORAGE METHODS

Efficiency, Leakage
Hydrogen storage methods % rate (/day)
300 bar 91.5 0‘0?,0024
Compressed %
as
& 700 bar 90.5 | 0000033
%
Liquid 62.5-71 1%
. 91.7- o
Activated carbon (77 K) 0.2%
93.3
Low temperature
) (<100°C) 90-93.3 -
Hydrides -
High temperature 7983 }
(>300°C)

From Table III it can be seen that the energy lost to
compress the gas is relatively low and therefore yields
higher conversion efficiency [36]. Activated carbon has
also high efficiency; however, a very low temperature is
required during the process. Because the required energy
storage time could be long due to the strong wind
periods, lasting extended periods of time, a low leak rate
is critical to preventing additional dynamic energy loss.
The compressed gas method has a very low leakage rate
compared to the other methods, high capacity and
dynamic energy efficiency [37].

Hydrogen is the lightest chemical element in the
periodic table. Because of this, it is rather difficult to
confine. Lighter than air, it rises faster than helium when
released, dispersing quickly. In order for hydrogen to
combust, an oxidizer must be present, which leaves
confined tanks safe from combustion. Hydrogen burns
very quickly, and it takes wvery little energy,
comparatively, for it to combust. At low concentrations,
however, the energy required to combust is similar to that
of other fuels. Hydrogen flames have a low radiant heat.
This low level of heat near the flame lowers the risk of
secondary fires compared to that of a hydrocarbon fire.
Hydrogen is non-toxic, and it will not contaminate
groundwater. A release of hydrogen is not known to
increase any kind of pollution or contribute to it in any
way. The compressed hydrogen system poses a risk in
that energy is stored in the form of pressure. A rupture in
a high-pressure tank is a potentially dangerous event.
Clever design of tank technology is minimizing these
risks, and extensive testing is being conducted to
demonstrate the safety of these systems in even the most
trying circumstances [6, 38].

The total energy loss of this whole system over time is
plotted in Fig. 7 [36]. The total energy loss is calculated
including the efficiency of the electrolyzer, that of the
dynamic energy of the hydrogen storage and of the fuel
cell. Others hydrogen storage methods are also plotted for
comparison. This result confirms that the compressed gas
method was the best solution for the hydrogen buffer
system, with the maximum total efficiency being about
50%. Although half of the energy was lost during the
process, it is clearly still better to recover this energy
rather than just to abandon the excess renewable energy.
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Fig. 7. Total energy loss against time for hydrogen storage methods.
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III. RESPONSE TIME

A. Electrolyzer

Traditionally, electrolyzers have been designed for
constant hydrogen production rates. The electrolyzer
must be able to follow sudden changes of operating
conditions because of unforecastable periods of
renewable energy production. Intermittent operation may
cause impurity of hydrogen in oxygen and vice versa.
The alkaline electrolyzers have increased the power
consumption during start-up. PEM electrolyzers are
easier to operate and provide fast start-up [5]. Fig. 8
shows the experimental response of the PEM electrolyzer
voltage to a current step from 0 to 1 A [29].

170 7
165
160
155
150
145
140

Voltage (V)

1.35
1.30

T
2 4 6 8 10 12 14 16 18 20

Time (s)
Fig. 8. Experimental response of the PEM electrolyzer voltage to a
current step.

0

B. Fuel Cell

Renewable energy sources are connected to a local
grid that feeds electricity to one or several consumers.
The stochastic nature of the renewable energy requires
that the source of energy should be able to respond to fast
changing loads. Fuel cells do not have the capacity to
respond to fast changing loads. Thus there is a need for
additional energy storage (battery, supercapacitor), which
can respond to the increased load instantly in order to
improve the power quality of the fuel cell output [15, 39-
40]. It can demand a short high power for starting or
changing operating modes [27]. In renewable hydrogen
systems, the low-temperature cells are considered as most
interesting because of their operating flexibility regarding
start-up and shut-down procedures as well as intermittent
operation [5]. They can respond to load changes on the
order of 0.3% to 10% per second.
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C. Hydrogen Storage

Hydrogen storage systems also have a time lag in start-
up, and if the storage system start-up time is longer than
the fuel cell start time, the size of the battery pack must
be increased to make up the difference. Minimizing the
start-up time will benefit the system by reducing
maintenance and operating expense [6]. Compressed
hydrogen has the best start time, as hydrogen gas is
available as soon as the regulator to the tank is open.

IV. ECONOMIC REASONING

The current cost of an electrolyzer is 170$/kW, values
up to 1000$/kW depending on the size of the electrolysis
system [24]. The cost of the fuel cell system also starts
from 175$/kW. The cost of hydrogen fuel will be an
important factor for hydrogen acceptance in the
commercial marketplace. Hydrogen fuel prices are
typically reported on a “$/kg H2” basis. The processing
cost ranges between 4 and 20 dollars per kilogram of
hydrogen.

For compressed hydrogen, storage tanks are aluminum
reinforced with carbon fiber. This is the cheapest type of
storage vessels capable of handling 350 bar of hydrogen
and is about 500008. Vessels made entirely of carbon are
available at 350 and 700 bar, but these tanks are more
expensive. The cost of the compressor is approximately
500008 [6].

For large-scale storages of hydrogen, underground
storages are expected to be two orders of magnitude
cheaper. However, this option requires a hydrogen
storage in, for example, salt caverns or depleted natural
gas reservoirs, which limits the potential usage [5-34].

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:
1. road delivery,
2. pipeline delivery.

Surface transportation of hydrogen gas is expensive,
especially over long distances, because of the amount of
pressure required to store the hydrogen. Liquified
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. Because of that, distribution 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 [23, 38, 41-42].



V. CONCLUSIONS

This paper characterizes the main components of the
hydrogen buffer: the electrolyzer, the hydrogen storage
system and the fuel cell. In the technical economic
analysis of the electrochemical stage of the hydrogen
buffer the efficiency, response time and economic
reasoning of the main components of the hydrogen buffer
were discussed. Results showed that the efficiency of the
electrolyzer (including the compressor) varies between
70% and 85%, the the efficiency of the fuel cell is in the
range of 30%-62% and the efficiency of the hydrogen
storage system is 90.5%. The power efficiency of the
step-down and step-up DC/DC converters varies between
92% and 96%. The maximum total efficiency of the
hydrogen buffer is about 50%. The diagram in Fig. 9
shows the distribution of losses between the main
components of the hydrogen buffer.

Step-down
DC/DC
converter
6%

Step-up
DC/DC
converter,
6%

Hydrogen
torage system
13%

Fig. 9. Losses distribution in the hydrogen buffer system.

As it can be seen from Fig. 9, the majority of the losses
occur at the stage of hydrogen conversion into electrical
energy by using a fuel cell. It is impossible to improve
the performance of the existing models of an electrolyzer
and a fuel cell. However, it may be feasible to increase
the efficiency of the interface converters that give a
reduction of the overall losses. In the power electrical
stage, losses of about 12% of the total efficiency are
significant. Thus, it should be given special attention
when modeling DC/DC converters for the power
electrical stage in the hydrogen buffer.

The technical analysis of the hydrogen buffer
components has revealed that the response time of the
process is an insignificant parameter in the scale of the
overall system and should not have an important role.

In terms of economic reasoning, the hydrogen buffer is
quite an expensive system, but as time progresses,
renewable energy technologies generally get cheaper,
while fossil fuels get more expensive. The renewable
energy penetration inevitably increases. Thus, an energy
storage system is needed to stabilize renewable energy
generation. Hydrogen is considered to be a versatile
energy carrier for the future, complementary to electricity
and with the potential to replace fossil fuels due to its
characteristic of zero carbon emissions.
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Abstract - This paper presents findings of a R&D project
targeted to the development of a galvanically isolated step-down
DC/DC converter for electrolyzer integration with renewable
energy systems. The presented converter with an improved
control algorithm for the full-bridge active rectifier features
reduced energy circulation and switching losses. The
performance can be improved under wide input voltage and load
variations. The advantages of the converter were verified with a
1 kW converter prototype and the test results were in full
agreement with the expected waveforms. The presented steady-
state operation principle and mathematical analysis of the
converter based on the simulation and experimental results can
be used as design guidelines for component and parameter
estimation in practical applications.

Keywords - Distributed power generation, energy storage,
hydrogen storage, zero current switching, zero voltage switching.

I. INTRODUCTION

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
hydrogen use needs to be introduced to stabilize unregulated
renewable energy generation [1]-[4]. A typical renewable
energy system (RES) must include both short-term and long-
term energy storage. A short-term energy storage system is
commonly used due to its high round-trip efficiency,
convenience for charging/discharging. In addition, it can take
care of the effects caused by instantaneous load ripples/spikes,
electrolyzer transients and wind energy peaks. However,
batteries alone are not appropriate for long-term energy
storage because of their low energy density, self-discharge,
and leakage. The combination of short-term energy storage
with long-term energy storage in the form of hydrogen can
improve the performance of stand-alone RES significantly.

Fig. 1 shows a hydrogen-based energy storage system or a
hydrogen buffer (HB) consisting of two layers:
electrochemical ~and power electrical stage. The
electrochemical stage includes hydrogen production, hydrogen
storage and electricity production. In the excess energy
periods the hydrogen generation system is connected to the
DC-bus of the RES. In this stage electrical energy from the
renewable energy source is converted into chemical energy by
using water electrolysis and this energy is stored in a tank. In
order to stabilize energy production during the absence of the
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renewable energy, stored hydrogen could be re-used. In this
stage, hydrogen is converted into electrical energy by using a
fuel cell (FC). The FC takes the hydrogen from the tanks to
generate electricity, plus water and heat as by-products.
Combination of an energy storage system and an RES allows
controllable power production.

To achieve proper voltage matching the main components
of the HB should be connected to the DC-bus of RES 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.
In principle, any basic power converter topology can be used
to design a power interface for a fuel cell and an electrolyzer.
Typically, these converters have a high-frequency voltage
matching transformer, which could also perform the function
of galvanic isolation demanded in several applications. The
main technology development trend here is to reduce the
power losses in the interface converters in order to obtain the
highest possible energy efficiency of the HB.

(Wind energy)(Solar energngnse}:;;t-sttz?:gg[ Load ]
( )

DC-bus of RES

DC/DC
converter
Electrolyzer

DC/DC
converter
Fuel cell

Power charge
Power discharge

Hydrogen buffer

—
Fig. 1. Energy exchange processes in the hydrogen buffer connected to a
stand-alone renewable energy system.

In the analysis of the state-of-the-art converters for the HB
application it was stated that the majority of presented
topologies are meant for the fuel cell integration to the RES
and only minor publications [2], [3], [5]-[7] are related to the
interface converters for electrolyzers.

This paper presents a new galvanically isolated step-down
DC/DC converter (Fig. 2). The converter has a half-bridge
inverter on its primary side, high-frequency step-down
transformer and a full-bridge phase-shifted active rectifier
based on reverse blocking (RB) switches on the secondary
side.
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Fig. 2. Investigated half-bridge converter circuit with controlled RB switches at the secondary side.

II. STEP-DOWN DC/DC CONVERTER WITH A FULL-BRIDGE
PHASE-SHIFTED ACTIVE RECTIFIER

The phase-shifted synchronous rectifier concept is a well-
known method to reduce the ringing, increase the efficiency
and achieve ZVS (zero voltage switching) 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. Generally, these converters comprise a half- or
a full-bridge inverter, a high-frequency transformer and a
rectifier [8], [9]. The rectifier part could be classified as: full-
bridge, central-tapped and current-doubler [10].

In 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 IGBTs in the inverter. At the beginning of each
half-period, the transformer current will have the same
direction as in the previous one and will only change it when
the other switch pair in the rectifier turns on. Therefore, at the
beginning of each half-period the current will flow through the
freewheeling diode of the IGBT module to be turned on next,
allowing the ZVS of both inverter transistors. This switching
algorithm allows non-dissipative capacitive snubbers to be
used in the inverter and the inductive ones in the rectifier. The
role of the latter ones could be performed by the transformer
leakage inductance. The disadvantage of such control
algorithms is the presence of the intervals of energy return
from the load to the power supply (time intervals of the
opposite sign of the current and voltage of the primary
transformer winding during the delay time). 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
power factor and the efficiency due to increased conduction
losses. In the case of high input voltage (large periods of
energy return), the effects of these drawbacks could be
inacceptable. One of the ways to reduce such effects is to
increase the capacitance value of the input voltage divider,
however, that leads to an increase in the dimensions and cost
of the converter.

III. OPERATING PRINCIPLE

To overcome the disadvantages of a conventional phase-
shifted synchronous rectifier, the control algorithm of the
rectifier switches could be modified, at the same time keeping
the advantages of the reference phase-shifted control
algorithm [11]. A similar concept for the full-bridge converter
was first introduced in [12]. 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
voltage and current waveforms of the converter are presented
in Fig. 3 with the associated switching states shown in Fig. 4.
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Fig. 3. Generalised operation principle of a proposed converter with a phase-
shifted active full-bridge rectifier.
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Fig. 4. Operation modes of the proposed converter.

The following events during the switching half-period could
be distinguished:

ty-t; — transistor 77 and switches S/, S3 are conducting
(Fig. 4a). The voltage of the transformer primary
winding is +U;,/2, and at the output, the voltage of the
rectifier is +Uy,.,. Switch S4 could be turned off with
ZCS.

t;-t, — transistor 77 is turned off. The transformer voltage and

U,.: change their sign as the snubber capacitors are

recharged (Fig. 4b).

t»-t; — the snubber capacitors are recharged and the
transformer primary voltage reaches -U;/2. The
freewheeling diode DB opens, starting the energy return
interval and the transistor 7B could be opened with
ZVS from now on. The output voltage of the rectifier is
now -Ur. (Fig. 4c). Until the moment #; the processes
do not differ from the corresponding ones in the
conventional phase-shifted synchronous rectifier.

t;-t,— switch S2 is now opened (Fig. 4d). The voltage across

the transformer secondary drops to zero and the

transformer current decreases gradually, as the load
current transfers from S/ to S2 with di/dt limited by the
circuit equivalent inductance.

t,-ts— the energy return interval is over, the negative voltage -

U, 1s applied to the transformer secondary and switch

S1, which can be turned off now with ZCS. Only small

magnetising current is flowing through the transformer

primary. The load current freewheels through S3, S2, L,

and the load (Fig. 4e).

ts-ts— switch S4 is opened (Fig. 4f). The voltage across the

transformer secondary drops to zero and the
transformer and the 7B current increase gradually, as
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the load current transfers from S3 to S4 with di/dt
limited by the circuit equivalent inductance.

The processes are then repeated with the difference that the
transistors and the primary side diodes replace each other, so
do switches S/, S2 and S3, S4.

The control of the output voltage can be achieved by
varying the current freewheeling duration zs (time interval £3-
t6). The energy return interval (time interval #2-¢3) could be
constant and should be kept as short as possible in order to
maintain high power factor and reduce conduction losses.

IV. SOME DESIGN GUIDELINES

This section provides guidelines for the selection of the
parameters for the experimental converter with the phase-
shifted active full-bridge rectifier (AFBR). In order to simplify
the calculations it is assumed that the opponents are lossless,
the input capacitors and the transformer magnetising
inductance are large enough and therefore the input voltage
ripple and the magnetising current are negligible. For the
introduced modified control algorithm, six PWM channels are
used. The inverted control signals of S and S2 are shifted by
the ratio D, relative to the turn-off of inverter switches
(Fig. 5). The inverted control signals for S3 and S4 are shifted
by the ratio D relative to S/ and S2. Rectifier channels have a
constant duty cycle and the output voltage is regulated by
varying the ratio D;. The values of D, and D, are defined as
follows:
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The active state duty cycle D, of the converter can be
calculated by
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equation:
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recharge snubber capacitors to maintain the ZVS condition, 5 ,—lf
hence the following expression must be satisfied: SR >
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According to this equation, the most demanding point is at @
the minimum load and the maximum input voltage.
Certain time is required for the current of the rectifier 4,
switches to fall to zero during the natural commutation,
therefore the rectifier switches should operate with a duty m [,
cycle higher than 0.5 to maintain the ZCS condition and TB ‘
exclude the situation when only one transistor in the rectifier o . ,_7
is turned on. The additional time required can be equal for all — »
the rectifier switches and is estimated from ¢,.: 52 R
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where Lg is the equivalent inductance, which is mainly - %
represented by the leakage inductance of the transformer Ureat | .
secondary winding. Yo 1 ¢
To estimate the parameters of the output filter inductor it is T
assumed that the current of the inductor is continuous:
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b3 Fig. 5. New control algorithm for the converter with a phase-shifted active
Lf _ (UTr—s — Uuut)' ty _ ty Ui |: 1 _ 1:| (10) rectifier at maximal (a) and minimal (b) input voltages.
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Fig. 6 presents the relationship between the normalised
output voltage (U,,/Ur,.,) and the freewheeling state duty ratio
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Fig. 6. Output voltage regulation characteristics (Dy=0.025).

V.SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the theoretical approach the proposed
converter was simulated using PSIM software. The simulation
parameters were selected to the data presented in Table I.

TABLE 1
PARAMETERS AND COMPONENTS OF THE EXPERIMENTAL PROTOTYPE
Parameter Symbol Value / Type

Input voltage, V U, 500...620
Output voltage, V U, 70
Switching frequency, kHz Jow 10
Transformer turns ratio Ny/N, 0.5
Output filter capacitance, uF G 220
Output filter inductance, mH L, 1.5
Inverter switch 1T, TB BSM75GB120DLC
Rectifier switch S1-S4 IXFX 48N60P
Rectifier diode ON MBR40250
Output power, W P, 2000

As shown in Fig. 7, the simulation results were in full
agreement with the estimated waveforms.
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Fig. 7. Simulated voltage and current waveforms of the 77 IGBT module (a)
and S/ switch (b).
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To experimentally validate a theoretical background a
small-scale prototype with the output power of 1 kW was
assembled. Six independent PWM channels were used. Two
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channels with small dead time were used to drive IGBTSs in the
inverter and four channels were used to control the rectifier.
As mentioned, rectifier switches should have reverse blocking
capability. In the prototype, MOSFETSs with series connected
diodes were used. In practical applications these switches
could be replaced by reverse-blocking IGBTs or fast thyristors
for reduced power dissipation during the on- state. The main
parameters and components are presented in Table I.

The experimental waveforms are presented in Fig. 8. As
shown, the test results completely correspond to the
theoretically predicted waveforms.
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Fig. 8. Experimental voltage and current waveforms of the 77 IGBT module
(a); SI transistor (b) (Uin=350 V; fsw=10 kHz, 800 W load).



Electrical, Control and Communication Engineering

201271

VI. CONCLUSIONS

This paper presents a novel galvanically isolated step-down

DC/DC converter for electrolyzer integration with stand-alone
renewable energy systems. The design of the converter with
several recommendations and guidelines are outlined. To
validate the topology, the simulation and experimental results
are presented and discussed. According to the results, the
presented step-down DC/DC converter topology with a phase-
shifted active rectifier could be one of the most promising
candidates for high-power conversion systems due to its
reduced switching losses and a wide regulation range.
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Abstract— This paper presents findings of a R&D project
targeted to the development of a galvanically isolated step-down
DC/DC converter for electrolyzer integration with renewable
energy systems. The topology proposed is a three-level neutral
point clamped half-bridge with a high-frequency isolation
transformer and a current doubler rectifier that fulfils all the
targets set by the designers. Despite an increased component
count the proposed converter is very simple in design and
operation. The paper outlines the design with several
recommendations and guidelines, and also discusses the
experimental results obtained.

Keywords- renewable energy systems, electrolyzer, interface
converter, control methodology, efficiency

1. INTRODUCTION

Hydrogen is one of the promising alternatives that can be
used as an energy carrier. 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 [1].

In recent years, implementation of hydrogen-based long-
term energy storages in renewable energy systems (RES) has
attracted much attention [1-4]. Essential elements of such a
hydrogen buffer (HB) comprise an electrolyzer, a hydrogen
storage system and a fuel cell. Outside peak periods, excess
electricity of a RES would be converted to hydrogen by help of
an electrolyzer and during the peak demands when more power
is needed, hydrogen could be converted to electricity by help of
a fuel cell. Water to hydrogen conversion efficiency is
averaged at 65 % and fuel cell conversion efficiency is 65 -
70 %, which ends up to 20 - 40 % overall efficiency of the
hydrogen buffer [5-7].

To achieve proper voltage matching the main components
of the HB should be connected to the DC-bus of RES 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. In
principle, any basic power converter topology can be used to

design a power interface for a fuel cell and an electrolyzer.
Typically, these converters have a high-frequency voltage
matching transformer, which could also perform the function
of galvanic isolation demanded in several applications. The
main technology development trend here is to reduce the power
losses in the interface converters in order to obtain the highest
possible energy efficiency of the HB.
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Figure 1. Energy exchange processes of the hydrogen based energy storage [8]

In the analysis of the state-of-the-art converters for the HB
application it was stated that the majority of presented
topologies are meant for the fuel cell integration to the RES
and only minor publications [2, 3,9, 10] are related to the
interface converters for electrolyzers.

This paper proposes a new galvanically isolated step-down
DC/DC converter for electrolyzer integration with renewable
energy systems (Fig. 2). The three-level neutral point clamped
(3L-NPC) half-bridge inverter implemented in the primary side
of the converter features inherent zero-voltage switching
(ZVS), thus increasing the efficiency of the interface converter.
The PMW control algorithm presented 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
current doubler rectifier (CDR) introduced with coupled
inductors offers loss reduction in the secondary side of the
converter in contrast to the traditional full-bridge rectifier due
to the twice reduced operation current of the rectifier diodes
and the secondary winding of the transformer.
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Figure 2. Step-down DC/DC converter for electrolyzer integration with renewable energy systems.

II.  NEW STEP-DOWN DC/DC CONVERTER FOR ELECTROLYZER
INTEGRATION

The proposed converter is very simple in design and
operation. The terminal voltage of the electrolyzer could be
simply regulated by the duty cycle variation of the transistors
T1...T4. Neglecting losses in components, the voltage Uj
could be estimated as

Uy = Upc_pus .D, (1)
2-n
where Upc.pys is the DC-bus voltage of the main system
(input voltage of the converter), D is the duty cycle of the
inverter switches (7/...74) and n is the turns ratio of the
isolation transformer:

n=ra, )
Urr,z
where Uy, and Urp,, are the amplitude voltages of the
primary and secondary windings of the isolation transformer,
respectively.

To validate the proposed topology the experimental setup
with the power rating of 2kW was assembled. Operating
parameters and component values of the experimental setup are
listed in Table I.

TABLE I. OPERATING PARAMETERS OF THE EXPERIMENTAL SETUP

PARAMETER VALUE
Nominal input voltage, Upc.zus 560 V
Rated voltage of electrolyzer, Ug, 70V
Switching frequency, f 20 kHz
Capacitance of C/ and C2 60 uF
Capacitance of C3 220 uF
Inductance of L7 and L2 1.2 mH
Nominal duty cycle of inverter, D 0.40

The experimental converter was comprehensively tested in
different operation conditions and has shown excellent
performance despite its simple structure and control principle.
In the following sections practical novelties introduced in the
converter as well as some experimental results will be
presented, analyzed and discussed.

1. 3L-NPC HALF-BRIDGE INVERTER WITH ZV'S CAPABILITY

A.  Operation and control principle

The operation of a 3L-NPC half-bridge inverter can be
generally divided into four operating modes: two conduction
and two freewheeling modes. The first - the positive
conduction mode - operates when 7'/ and 72 are on and 73 and
T4 are off. In that mode the current flows from the input and
through transistors 7/ and 72, the isolation transformer, and the
capacitor C2. The second mode - the positive freewheeling
mode - when 71 and 74 are off, 72 and 73 are on and D35 is
conducting. This mode is followed by the negative conduction
mode (77 and 72 are off and 73 and 74 are on) and the
negative freewheeling mode (77 and 74 are off, 72 and 73 are
on and D6 is conducting). An explanatory timing diagram of
the inverter switches and the resulting primary winding voltage
of the isolation transformer are presented in Fig. 3.

b (>
T1 .5 Tpwm1 -
12 t

T3

Figure 3. Generalized timing diagram of transistors 77...74 of 3L-NPC half-
bridge inverter and the resulting primary winding voltage and current of the
isolation transformer.

Since the 3L-NPC half-bridge 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 (PWM]I and PWM2, Fig. 2) are needed. The control is
made very easy: outer transistors 7/ and 74 are controlled
directly from the PWM generators of a microcontroller, while
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inner switches 73 and 72 are driven by the inversions of the
corresponding control PWM signals. These inversions are
derived by the external inverter logic (NOT gate) realized by
the logic IC - 74HT04 HEX inverter. The resulting four control
signals (ctrTl, ctrT2, ctrT3, ctrT4) are provided with a dead
time #, (Fig. 3) that is generated by the simple RC delay circuit
presented in Fig. 4a.

Uee o
S PWM1
p Rl ¢ PWM2
O—g—ﬁ—“‘ RilIR:
R: :
Input Ic1 Output = =
(a) ()

Figure 4. Implemented dead time generator with the Schmidt trigger (a) and the
common signal blocking circuit (b).

The dead time circuit (Fig. 4a) provides no protection
against common signals, which can be caused by some
software error or EMI impact. In order to ensure the required
protection the common signal blocking circuit was introduced,
as shown in Fig. 4b. The negation gates (Neg!, Neg?2) block the
common signal while the “pull down” resistors (R/ and R2)
force the PWM outputs to zero during microcontroller reset or
a failure situation.

As shown in Fig. 2, the output voltage of the converter is
controlled with the classical voltage mode control algorithm.
Thus, the output voltage is measured for the control loop
feedback. Also, the control system receives feedback signals
from three additional sensors: the output current is used to
identify overload conditions. In order to detect volt-second
unbalance of the transformer primary, the capacitor voltage U,
is measured. The input voltage Upc.pys is sensed to detect over-
and undervoltage situations.

B. Inherent zero-voltage switching of 3L-NPC half-bridge inverter

The presented PWM control method (Fig. 3) provides the
3L-NPC half-bridge inverter with the zero-voltage switching of
all transistors without any additional components (Figs. 5 and
6). 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, Figs. 5
and 6 show 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 zero-
voltage/zero-current switching of the inner transistors 72 and
73.
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M 25008 ~-EHE A -28.0Y
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Figure 5. ZVS operation of outer transistors 77 and 74 in 3L-NPC half-bridge
inverter (duty cycle D=0.4).
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Figure 6. ZVS operation of inner transistors 72 and 73 in 3L-NPC half-bridge
inverter (duty cycle D=0.4).
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IV. ISOLATION TRANSFORMER AND CURRENT DOUBLER
RECTIFIER

A. Isolation transformer

The isolation transformer is required for voltage matching
between the primary and secondary parts of the converter as
well as for providing galvanic isolation between the DC-link of
a RES and the electrolyzer. The desired turns ratio of the
isolation transformer could be derived from (1) as follows:

U,, DU,
n=—=mrl =
Up.,

04,560 o
70

DC-BUS __

2 U, 2

The 2 kW prototype transformer assembled for the project
has been constructed on the EPCOS UI93/104/30 ferrite core
(4~840 mm?, V,=217-10° mm’) and has 24 turns of
135x0.2mm litz wire on the primary and 15 turns of the copper
foil tape 40x0.4mm on its secondary side. The experimental
voltage and current waveforms of the developed transformer
are presented in Fig. 7.
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Ui T(280V) ]'j ¢« o
o
2 r—
o t o

M Pos: 106005 Tek .. @S M Pus; 85000 CHi

Coupling

T(1 75V) L
200MHz

Valts/Diy
Coase)

Yultage

Iz (10A/div) nvert

Iny1 (10A/div)

CHD 2000 MS00ps CHz 184y
RefC 1.004 500us  RefD 1.00% 500us

(@ (b)

Figure 7. Experimental voltage and current waveforms of the isolation
transformer: primary (a) and secondary (b) winding.
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B.  Ripple current calcellation effect of CDR

To improve the power density of the interface converter it
was decided to implement the current doubler rectifier (Fig. 2).
The main problem of the full-bridge rectifier (FBR) based
topologies is the increased losses in the converter secondary
side, which are caused by the higher current in the transformer
secondary winding and increased conduction losses of the
rectifier bridge caused by the current having to go through two
diodes in each half-cycle. The filter inductances can be
estimated by

Up, -(1-D)
=L, =—"m——, 3)
Ll llz A[L : fsw

where Uy is the output voltage, D is the duty cycle, Al} is

the inductor ripple current, and f£;,, is the switching frequency.
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In contrast to the FBR, the CDR adds one more inductor to
the circuit. However, this penalty could be partially alleviated
by the implementation of the coupled inductors concept, where
both inductors L/ and L2 share a common magnetic core. In
the current project in order to match the 25% peak-to-peak
output current ripple the 2 kW coupled inductor was designed
(Fig. 8a). Final specifications are: Metglas AMCC -200 core
(A=7.8 cm®, W,;=20.8 cn’, air gap 2x1.4 mm), NI=N2=34
turns of copper foil tape 58x0.2mm. The inductor was
implemented in combination with ultrafast recovery diodes (D7
and D§8) and experimental current waveforms of coupled
inductor windings and the resulting output current of the
converter are shown in Fig. 85. Thanks to the high coupling
coefficient used in the current design (£>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 CDR the output current of the converter (sum of the two
winding currents) has the twice reduced ripple as compared to
that of each winding of the coupled inductor (Fig. 8b).

Tek L. M Pos; -B00.0ns CHz
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Figure 8. Developed 2 kW coupled inductor (a) and measured current
waveforms of coupled inductor windings and the resulting output current (b).
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The CDR based secondary side of the converter could be
further optimized by the implementation of fully integrated
magnetic structures that implement the transformer and two
inductors on a single magnetic core [11]. It will lead to the
reduction of interconnection losses as well as to an increase in
power density.

V.  CONCLUSIONS

This paper presents a new galvanically isolated step-down
DC/DC converter for electrolyzer integration with renewable
energy systems. The design of the converter with several
recommendations and guidelines are outlined. To validate the
topology, the experimental results are presented and discussed.

The three-level neutral point clamped (3L-NPC) half-bridge
inverter implemented in the primary side of the converter
provides a possibility of transistor implementation with the
blocking voltage twice reduced in comparison with the
traditional two-level configuration. This finally means that
faster IGBTs with reduced saturation voltage could be
implemented to achieve more compact design and higher
efficiency of the converter. Moreover, the 3L-NPC half-bridge
inverter together with the presented PWM control permits all

the transistors to be operated under ZVS without additional
components merely utilizing parasitic elements of the circuit.

To decrease the losses caused by the high operation
currents in the secondary side of the converter the current
doubler rectifier was introduced. Thanks to the implemented
coupled inductor with a high coupling coefficient the rms
currents (and losses also) were reduced in both windings of the
inductor as well as in the secondary winding of the isolation
transformer. The discussed topology has shown an efficiency
of 95% at maximum power and could be recommended for
implementation in residential renewable energy systems.
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Annomayua — B nanHo# cTaTbe npeacrasjieH HOBbIN nmosbsimalomuii DC/DC npeoGpa3oBatens
¢ raJlbBaHNYecKoi M30JisinMell, npeJHa3HAYEeHHbIH 118 padoThl B cHCTeMe BO300HOBJsIEMbBIX
HCTOYHUKOB MUTAHUS HA OCHOBE TOIJIMBHBIX JjieMeHTOB. IIpensioskeHHAsT TOMOJIOTHSI COCTOUT
U3 KBa3H-HMIEJAaHCHOTO0 HMHBEPTOPa, MOBBIIIAKIOIIEr0 TpaHc(opMaTopa W BBHINPSIMHUTENS.
Omnucana cucremMa ynpasijeHHs, IOKa3aHa o00JacTb YCTOWYMBOCTH Ipeodpa3oBareJs.
Pe3yabTaThl MOJEJMPOBAHUS M JKCIEPHUMEHTOB MOATBEP:KIAT 3(PdeKTHBHOCTL HOBOM
TONOJIOTHH.

Kniouesvle cnosa — KBa3u-UMIIEIAHCHBI MHBEPTOP, TOIUIMBHBIE 3JIEMEHTHI, TpaHcdopmarop,
BBINPAMHTEJIb, YCTOHYHBOCTD.

INTRODUCTION Typically, these converters have a high-
In recent years, implementation of frequency voltage matching transformer,

hydrogen-based long-term energy storages in which could also perform the function of

a renewable energy system (RES) has galvanic isolation demanded in some
attracted much attention [1-4]. Essential applications. The main trend in technology

elements of such a hydrogen buffer (HB) iievelolpm;:lnt. her; is to reduce the pow}el:r
comprise an electrolyzer, a hydrogen storage osses in the interface converters to obtain the

system and a fuel cell (Fig. 1). Outside peak highest possible energy efficiency of the HB.

periods, excess electricity of a RES would be DC bus
converted to hydrogen by help of an

electrolyzer and during the peak demands % %f]

when more power is needed, hydrogen could S\oc Z Mo

be converted to electricity by help of a fuel 2 DC g DC
£ £

cell. Water to hydrogen conversion | o [

efficiency is averaged at 65 % and fuel cell Electrolyzer 0 0;5 A Fuel cel

conversion efficiency is 65-70 %, which ’—» v§ —l

yields an overall efficiency of the hydrogen s

buffer at 20-40% [5-7]. &5
To achieve proper voltage matching the

main components of the HB should be

connected to the DC-bus of the RES via Fig. 1
different power electronic converters: the ) ' . .
electrolyzer is interfaced by help of a step- This paper presents a new high-gain

down DC/DC converter, while the fuel cell is  step-up DC/DC  converter for fuel cell

connected by help of a step-up DC/DC interfacing in a hydrogen buffer. The
converter. topology proposed (Fig. 2) contains the

modified sine wave quasi-Z-source inverter
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(gZS]) at the converter input side, a high-
frequency step-up isolation transformer and a
voltage doubler rectifier (VDR). In contrast
to earlier presented topologies, the novel
converter provides such advantages as
increased reliability, an isolation transformer
with a reduced turns ratio and reduced impact
on the fuel cell due to continuous input
current.

GENERAL OPERATING PRINCIPLE

The central idea implemented in the
proposed converter is to keep the
intermediate DC link voltage (Upc) constant
despite variations in the fuel cell voltage Upc.
By keeping the Upc constant the PWM
inverter could be operated with a fixed duty
cycle, thus ensuring constant volt-second and
flux swing of the isolation transformer [8].

The main advantage of the qZSI
implemented in the input stage of the DC/DC
converter is that it can boost the input voltage
during special shoot-through operating states
of the PWM inverter. During the shoot-
through states the primary winding of the
isolation transformer is shorted through all
switches of both phase legs of the inverter
(Fig. 3b, switching sequence @). The passive
qZS-network makes the shoot-through states
possible, effectively protecting the circuit
from damage. Moreover, the shoot-through
states are used to store the magnetic energy
in the inductors L/ and L2 without short-
circuiting capacitors C/ and C2. The stored
magnetic energy in turn provides the boost of
voltage seen on the inverter output during the
active states of the inverter (Fig. 3b,
switching sequences @ and ®). Thus, by
adjusting the shoot-through duty cycle Ds of
the inverter switches T7...T4 the Upc could
be preregulated to some desired voltage level
(typically, this level equals the open cell
voltage of the FC) despite variations in the
FC wvoltage with a load. After the
preregulation of Upc the isolation
transformer 7R is being supplied from the
inverter with a voltage of constant amplitude
and duty cycle.

The proposed phase shift modulation
(PSM) control principle of the modified sine
wave qZSI is presented in Fig. 3a. It is seen
that the switching period consists of three
states: active, zero and shoot-through

T=ty+tg+1t,, (1)
where #,4, ts and ¢ are the durations of the
active, shoot-through and zero states,
correspondingly. In the active state only one
switch in each phase leg conducts (Fig. 35,
switching sequences ® and ®). In the zero
state the primary winding of the isolation
transformer is shorted through either the top-
or bottom-side inverter switches (Fig. 3b,
switching sequences @ and ®). It is seen
from Fig. 3 that in the proposed control
method the shoot-through states are
generated during zero states. To provide a
sufficient regulation margin, the zero state
time ¢z should always exceed the maximum
duration of the shoot-through states per one
switching period. Moreover, the zero and
shoot-through states are spread over the
switching period so that the number of higher
harmonics in the transformer primary could
be reduced. To reduce switching losses of the
transistors, the number of shoot-through
states per period was limited by two.
Moreover, in order to decrease the
conduction losses of the transistors, shoot-
through current is distributed between both
inverter legs [9].

To reduce the turns ratio of the isolation
transformer a voltage doubler rectifier (VDR)
was implemented on the secondary side of
the converter. During the positive half cycle,
the capacitor C3 is charged through the diode
D2 to the peak secondary voltage of the
isolation transformer. During the negative
half cycle the capacitor C4 is charged
through the diode D3. At every time instant
the output voltage (Upc;) from this circuit
will be the sum of the two capacitor voltages
or twice the peak voltage (Urrsec) of the
secondary winding of the isolation
transformer:

UDC2 =2 UTR,sec .

2)
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FUEL CELL HIGH-GAIN STEP-UP DC/DC CONVERTER WITH HIGH-FREQUENCY ISOLATION
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The turns ratio »n of an isolation
transformer is defined as the relation of the
primary and the secondary winding voltages:

_ UTR,pr _ UDC
UTR,sec []DCZ/2 ’

where Urgp- is the primary winding
voltage, Urgsc is the secondary winding
voltage, Upc is the intermediate DC link
voltage, Upc: is the average output voltage of
the converter.

Neglecting losses in the components, the
intermediate DC link voltage of the gqZS
DC/DC converter could be regulated simply
by the variation of a shoot-through duty cycle
DS:

n

3)

1
UDC UFC 1—2DS s (4)
where Urc is the operating voltage of the
fuel cell and Ds is the shoot-through duty
cycle. The output voltage of the converter
operating in the shoot-through mode could be
estimated as

UDC2 = 2:Yrc (1] (5)

1-2-Dy

STABILITY MARGIN AND
COMPENSATION LOOP DESIGN
Since the proposed converter is a higher-

order system, the stability criteria are an

2

important issue. A good method to test
system stability and dynamic behaviour is the
transient response analysis.

The main task of the proposed topology
is to ensure stable output voltage despite of
the fuel cell voltage or converter load
changes. In this case both the static error in
the steady-state mode and the dynamics of
the transient process are important. To
evaluate the dynamic behavior of the
converter it is necessary to determine its
transfer functions.

Fig. 2 shows a control system that
determines the state of the inverter. The
output voltage of the converter is compared
with the reference voltage and the resulting
error is sent to the input of the PI regulator.
The regulator output determines the shoot-
through duty cycle Ds.

Depending on the fluctuations of the
input voltage the shoot-through duty cycle is
changing. That determines the gain factor of
the converter. For example, with a decrease
in the output voltage the error signal
increases, which leads to an increase in the
shoot-through duty cycle. The gain of the
converter increases and, as a result, voltage
on the output grows.

The ability to compensate both the input
voltage and the load variations is a very
important dynamic parameter of the control
system.
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Switching states sequence of the modified sine wave gZS ) @

TT] T3 T1| T3

[ Activestates Shoot-through states Zero states

(a)

Fig. 3

Based on that, it is possible to propose
several approaches of the control system.
Under a strict approach it is necessary to
consider both the AC and the DC
components of the output voltage. The
switching period of the converter determines
the ripple of the output voltage. To analyze
the stability of the system during the
disturbances with respect to the load or to the
input voltage it is sufficient to consider only
the DC component. Taking into account the
discretion of the converter, the structure of a
closed-cycle control system is shown in
Fig. 4a. Where the inverter, transformer,
rectifier and resistance load can be
represented as the united continuous linear
part (CLP), that gain factor is equal to

K, =l 2 ©)
Upe n

The transfer function of the regulator in
the p-space:

/1Rpr
Ubc Urpr=0  Upc Urrpr=0
lTZ T4 12| T4
t
t ® @
t 11| 13 T /T3
/:mpr _/;RP’
t Unc Urrpr=Upc  Upc Urkpr=0
T2 ( T4 ln T4
t
®
T1 /13
[TRor
t Upc Urrpr=-Upc
12| T4 (
(b)
1
Kp =Kp+ > (7)
T-p

where Kp is the proportional gain, 7 is the
time constant.

It is evident from Eq. (4) that the transfer
function of the qZS converter (Urc=const)
has a substantially nonlinear nature (Fig. 40).
Taking into account the above, it is possible
to compose a block diagram of the system of
automatic control both on the control and on
the disturbance (Fig. 4c).

The basic task in the determination of
transfer functions from control and
disturbance respectively is reduced to the
linearization of the transfer function of the
gqZS and the determination of its dynamic
properties. It is known from the theory of the
boost converters that they could work in the
narrow range of the Dy value. Due to losses
in the components the experimental transfer
function significantly differs from that
theoretically predicted (Fig. 4b).
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In the nominal rating the shoot-through
duty cycle is selected not more than 0.25. By
this range expression (4) can be replaced
with the linear dependence:

(®)

where « is the liniarity coifficient.
Consequently, the transfer function of the
qZS without consideration of the dynamic
properties of the converter can be presented
in the form:

Upc=a-Ugc Dy,

)

It should be noted that this approach can
be considered correct when the operating
cycle of the impulse system for control is
commensurate with the time constant of the
converter. Then in a general form we can
express transfer functions on control and
disturbance, respectively.

KqZS :a'UFc.

1
(Kp+——)Kyz5-K},
T-p

Ke

. =
1+(Kp+—)- K 75K},

T-p . (10)
Kyzs Ky +Kyz5 Kp- Ky -7-p

z’-p+KqZS-KL+KqZS~KP-KL T-p
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Ky

Ky= 3 =
1+(KP+—)-KqZS~KL
z-p

(11

K,-z-p

T-p+Kz - Kp+K 75 -Kp-Kp-7-p

where K¢ is input to output transfer function,
Kp is load disturbance output transfer
function.

It is known from the general control
theory that the system is steady when non of
its poles are positive. In our case the first
order system has one pole:

KqZS'KL
t+Kz5 Kp-K; -7’

p= (12)

As it can be seen from the expression
that the system is absolutely steady when it is
possible to consider the gain K,zs as a
constant. The margin of relative linearity
determines the space of absolute stability. Let
us note that the coefficient K, and the time
constant 7 in the control system determine
the speed and the quality of the transient
process. For more accurate results the
dynamic component of the qZS transfer
function that defines the speed of
establishing the output voltage with the
assigned shoot-through duty cycle must be
taken into account.
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SIMULATION RESULTS
The dynamic properties of the control
system were evaluated by the help of
simulations. The step response of the system
is shown in Fig. 5 (K,=0.003, 7=0.0005,
U, FC™= 30 V)

vDc2
1000.00 —

600.00 I

200.00 /
0.00

AV VMY VY YV VYV VYV VY Y VY V\r

.00 10.00 20.00 30.00

Fig. 5

Due to the high proportional gain the
regulator has fast step response. In this case,
as the figure shows, the output voltage has
significant overregulation.

Fig. 6 shows the transient process with
K,=0.00003, 7=0.001, Upc =45 V. The
decrease of the gain factor of the proportional
component leads to the decrease of the
operating speed of the regulator just as an
increase in the time constant of the
integrator. However, in this case voltage
overregulation is reduced.

vbc2

40.00 50.00 60.00

600.00 rf\

200.00
0.00
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s0000 ]

200.00 {

Ds

020 ,fﬁ”!‘lw I ‘
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Fig. 7

PROTOTYPE

In this section the construction of a
prototype assembly is shown in the first part,
followed by the presentation of experimental
results. General specifications of the
prototype converter are indicated in Table 1.
The picture of the realized converter is
presented in Fig. 8. The control system is
based on DSP TMS320F28335.

Control system

Measuring
devices

P

- ﬁ A
Input capacitors C1 and C2 |\
)

Input diodes D1, D2

Capacitors C3,

0.00 10.00 20.00 30.00

Time (ms)

Fig. 6

Fig. 7 shows the reaction of the converter
on the overvoltage from the input voltage.
Voltage varies from 30 V to 60 V. At the
moment of time ¢t = 0.1 s boost voltage has
occurred. This is the worst case in terms of
an assumption of disturbance. As is evident,
control system successfully masters the
voltage disturbances (X,=0.003, =0.0005).

From the simulation result it is possible
to conclude that the system corresponds to
the stability margin, which allows
compensation of a variable input voltage.

40.00 50.00 60.00
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Fig. 8.
Table 1
Minimal input voltage Urc i 32V
Maximal input voltage Urc ax 60V
Intermediate DC-link voltage Upc 60V
Output voltage Upc, 600 V
Output power P 2.5 kW
Operating frequency of the gZS 30 kHz
network f;7s
Operating frequency of the isolation 15 kHz
transformer f7,
Converter Assembly

Standard components currently available
on the market were considered for the
construction of the converter prototype
(Table 2). The isolation transformer and the
coupled inductor were built on the Epcos

ISSN 1607-7970. Texn. enekmpoounamixa. Tem. eunyck. 2011



UI93/104/30 core-sets [10]. Copper foils
have been considered for the windings and
the optimal thickness has been calculated for
the inductor and transformer separately. In
order to improve the service life of the
converter the polypropylene capacitors were
implemented in the qZS-network and in the
voltage doubler 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 600 V DC
at the output (Fig. 9b). For the second
operating point (Fig. 10), when the FC
voltage equals the desired intermediate DC-
link voltage, the shoot-through states are
eliminated and the converter operates as a

Table 2 traditional VSI.
Isolation transformer T}" Tek . ®stop Mpos =250s  Tek L i Trigd M Pos: 30,005
Core type U193/104/30 A = s ”__ Urnse (500
Primary winding turns 3 )i(_v(ﬂ)l//div U Z‘W
Primary winding wire Cu-foil 40x0.4 mm 2
(two in parallel) i Usiepr (50V/div) v e
Secondary winding turns 18 oz (250V7div)
Secondary winding wire Cu-foil 40x0.4 mm Irc (504/div)
Coupled inductors L1 and L2 ¢ CHZ S00Y  M0Ops CH2 250V M100ps CH2 72
Core type U193/ l 04/30 CH3 S0.0% CHA 5004 RefC 1.00% S500us  RefD 1.00 RefC 1.00% 500us  RefD 1.00
Winding turns number 13 @ ®
Winding wire type Cu-foil 40x0.3 mm Fig. 9
qZS capacitors Cl énd C121 —— kL es Wpos 2ty Tek L. @sup sz
ornell Dubilier hd Urrsec (250V7di1v)
Type 947C731K801CDMS | Preova) | -
Rating 730 uF/800 V ‘ l Uj} TUVdiv) - l
VDR capacitors C3 and C4 o A b
Type EPCOS B32778G1256 S e 4 Uses (230V/div)
Rating 1300 V/25 uF ‘ |
qZS diode D1 i Ha SEI‘EI{IF(T (ﬂ%ﬁzv) (] CHZ 250V MADDMs tHa S
STM SChOttky CH3 500V CH4 2004 RefC 100V S00us  RefD 1000 RefC 1.00% 500us  RefD 1.00°
Type
STPS200170TV1 (a) (b)
Rating 170 V/2x100 A Fig. 10
VDR diodes D2 and D3
lT{zﬁflg IXYlsz(];)OSE/};ing: 2A Dynamic Performance Tests
Transistors of PWM inverter T1...T4 To evaluate the dynamic parameters of
Type Semikron SEMiX the control system and compare them with
202GB066HDs simulation results a family of experimental
Rating 600 V/200 A waveforms are represented.
Transient response of an idle and load
EXPERIMENTAL RESULTS

General Operating Waveforms

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 Dg was
set to 0.19. The active state duty cycle was
0.4. Fig. 9a shows that the qZSI with the
proposed control algorithm ensures the
demanded gain of the FC voltage
(Upc=40V and Upc=60V, as expected).
Moreover, the voltage doubler rectifier

mode are shown in Figs. 1la and 115,
respectively.

Usex L
200V/div SA/div
100ms/div
UDC2
80Vidiv

(a) (b)
Fig. 11

As it can be seen that overregulation
happens during initial time, but much less

Jour”

500mAIdV  100ms/div
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than expected. The ripple shape of the output
voltage is connected with a non-ideal source
of the input voltage that varies during the
transient process. Thus, correct comparisons
with simulation results where voltage step up
is considered are not possible.

At the same time load disturbances were
carried out to check the stability of the
control system.

Figs. 12a and 12b show the response of
the output voltage in the case of rapid current
increase. Power step up is about 1.5 kW. As
it can be seen the control system handles
successfully such current variations.

U .
it Uocz  200viav I 0C2 100y
/ 10l

lour  oama ) lour soomaisv
'\H\MNNV\/WWWF vt
Wi 4 100msidv

[R— I zonan
(@) ()
Fig. 12

Fig. 12b shows the power drop process.
No significant overvoltages occurred in the
process.

As a result it can be concluded that they
correspond to the results theoretically
predicted. Differences are connected with
limited source voltage and parameters of the

regulator that were chosen to avoid
significant overvoltage and make the
transient process slower.

CONCLUSIONS

In this paper a new high-gain step-up
DC/DC converter is proposed for the fuel cell
interfacing in hydrogen-based long-term
energy storages for renewable energy
systems. The control system of the converter
is described. The stability of the system with
respect to the DC component of the output
voltage is analyzed. Its absolute stability
during the disturbances is shown. The margin
of the relative linearity determines the space
of absolute stability. The results of
simulations and  experiment confirm
theoretical assumptions.
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Abstract— This paper presents a new integrated (multiport)
DC/DC converter for hydrogen-based energy storages. In
comparison with traditional solutions based on individual
converters for interfacing of an electrolyser and a fuel cell the
proposed topology features reduced energy conversion stages.
The paper analyzes and discusses the operating principle of the
new converter. Several guidelines are presented for the new
converter design. Finally, theoretical background was
experimentally verified.

Keywords- distributed energy systems, electrolyser, fuel cell,
interface converter, multiport converter

L INTRODUCTION

The energy conversion from renewable energy sources,
such as wind turbines or photovoltaic arrays can play an
important role in the development and operation of distributed
energy systems (DES) [1, 2]. Due to the unpredicted nature of
primary power sources (wind, solar) power fluctuations could
appear in DES. Moreover, electrical production is not subject
to the demand, which usually results in an unbalanced system
[3]. The way to overcome these problems is to implement the
long-term energy storage within the DES.

In recent years, implementation of hydrogen-based long-
term energy storages in distributed energy systems has
attracted much attention [2, 4-7]. Typically, the main
components of such a system are an electrolyser (EL), a
hydrogen storage system and a fuel cell (FC). Since the FC has
a slow response time and also prefers to be operated under
constant power, a battery is often used as additional energy
storage in order to compensate the peak power demands.

Traditionally, individual converters are used to provide
interfaces for the power inputs and outputs of the hydrogen
buffer. In principle, any basic power converter topology can be
used to design a power interface for a fuel cell and electrolyser.
All these converters should have a high-frequency voltage
matching transformer, which could also perform a function of
galvanic isolation demanded in several applications. It finally
leads to complex multiconverter systems with a high number of
energy conversion stages, complex control and reduced
efficiency.

This paper proposes the new integrated DC/DC converter
for hydrogen buffer interfacing in distributed energy systems

(Fig. 1). Thanks to the implemented multiport converter
concept (Fig. 2) the number of energy conversion stages was
significantly reduced. The resulting advantages of that include
reduced component count, lower cost, and control simplicity.
Moreover, the multiport converter technology may best satisfy
integrated power conversion, efficient thermal management,
compact packaging, and centralized control requirements
[8,9]. These advantages can potentially improve the overall
cost, efficiency and flexibility of the hydrogen buffers used in
distributed energy systems.

HYDROGEN BUFFER

Battery Fuel cell «.

g Integrated (multiporty DC/DC converter

X -

( DC-BUS 0

< >

Loads

Power
conditioner

Renewable
energy

Figure 1. Proposed structure of the distributed energy system with hydrogen
buffer interfaced via multiport DC/DC converter.

II.  OPERATING PRINCIPLE OF NEW INTEGRATED DC/DC
CONVERTER

The integrated (multiport) structure presented in Fig. 2
could be a technically feasible alternative for a small-scale
DES, reducing a number of power processing stages and
increasing an overall energy efficiency of the hydrogen buffer.
The electrolyser and fuel cell are magnetically coupled with the
DC-bus side converter by help of a multiwinding voltage
matching transformer. Thus, all the ports of the interface
converter are galvanically isolated, which could be a
compulsory requirement for safety reasons in DES
applications. The proposed converter consists of three ports:
two unidirectional low-voltage ports for interconnection of
electrolyser and fuel cell and one high-voltage bidirectional
port for interconnection of hydrogen buffer with the main DC-
bus of a DES.
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FC-side port

D7 L2
DES-side port Urc
T1 D1
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Figure 2. Power circuit layout of the proposed integrated DC/DC converter for hydrogen-based energy storage.

In accordance with its operation principle the hydrogen
buffer could have two distinct operation modes: hydrogen
generation from surplus energy of a DES (i.e. EL operation
mode) and a power back-up mode with the electricity
generation by a fuel cell (i.e. FC operation mode) [10].

A. EL operation mode

In the EL operation mode the converter acts as a traditional
step-down isolated DC/DC converter with a voltage-source
half-bridge inverter, step-down isolation transformer and
current-doubler rectifier (Fig. 3). Implementation of half-bridge
inverter together with current-doubler rectifier provides an
opportunity of turns ratio reduction of the isolation transformer.

L3 L4| T

Electrolyser (EL) mode

Figure 3. Power circuit configuration in the electrolyser (EL) mode.

The EL voltage could be simply controlled by the duty
cycle variation of the transistors T1 and T2. Neglecting losses
in components, the voltage Uy, during the EL mode (Fig. 3) is

UELZM'D’ (1)
2-n

where Upc.pys is the DC-bus voltage of the main system, D
is the duty cycle of the VSI switches (T1 and T2). Input and
output sides (ports) of the converter are magnetically coupled
through the isolation transformer’s windings 1 and 3,
respectively (Fig. 3) and the desired turns ratio of the isolation
transformer »; is:

Un, ©)
UTV.3

n, =

where Ur,.; and Ugp.; is the amplitude voltages of the
primary (high-voltage, DC-bus side) and tertiary (low-voltage,
EL side) windings of the isolation transformer, respectively.

B.  FC operation mode

In the FC operation mode the converter acts as a step-up
isolated DC/DC converter and the power flows from the FC to
the high-voltage DC-bus, thus performing the power back-up
function. The configuration of the power circuit in FC mode is
presented in Fig. 4.

Fuel cell (FC) mode
T:
]

L3 Urc

Uncsus

Figure 4. Power circuit configuration in the fuel cell (FC) mode.

The power flow from the FC to the DC-bus is controlled by
the quasi-impedance-source inverter (qZSI). The integrated
freewheeling diodes D1 and D2 of transistor modules T1 and
T2 together with capacitors C1 and C2 act as the voltage-
doubler rectifier. In conditions of changing FC voltage the
amplitude voltage Ur., of the secondary winding of the
isolation transformer is kept constant by the variation of the
duration of a shoot-through switching state of qZSI. The shoot-
through switching state is the simultaneous conduction of both
switches of the same phase leg of the qZSI. This switching
state is forbidden for the traditional voltage source converters
because it could destroy the inverter. In the qZSI, the shoot-
through states are used to store the magnetic energy in the DC-
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side inductors L1 and L2 without short-circuiting the DC-
capacitors C3 and C4. This magnetic energy in turn provides
the boost of voltage Uy, seen on the transformer secondary
winding during active states of the gZSI [11].

Fig. 5a shows the implemented PWM shoot-through
control principle of a qZSI. The shoot-through states are
generated during zero states. The zero and shoot-through states
are spread over the switching period so that the number of
higher harmonics in the transformer primary could be reduced.
In order to reduce switching losses of the transistors, the
number of shoot-through states per period was limited by two.
Moreover, in order to decrease the conduction losses of the
transistors, shoot-through current is distributed between both
inverter legs. The proposed block-diagram of gating signal
generator for the PWM shoot-through control is presented in
Fig. 5b. It involves two parts: the active and the shoot-through
state control. The active states are controlled by duty cycles of
two PWM signal generators (PWMI and PWM?2). The shoot-
through states are generated using a triangle waveform
generator and two comparators. When the modulation
waveform is greater than the positive compare value Up, the
first shoot-through state (all the transistors turned on) appears
and when the modulation signal is smaller than the value Uy,
the second shoot-through state emerges. During zero states
only top transistors (T3 and T5) are turned on while in the case
of shoot-through both inverter legs are conducting.

CONTROL OF ACTIVE STATES

NOT1
O Tz
PWM1 . OR1

where Uy, ;and Ury,; is the amplitude voltages of the primary
(high-voltage, DC-bus side) and secondary (low-voltage, FC
side) windings of the isolation transformer, respectively.

III.  EXPERIMENTAL STUDY OF PROPOSED CONVERTER

In order to verify theoretical background the experimental
converter with power rating of 2.4 kW was assembled in
accordance with schematics shown in Fig. 2. It was assumed
that the hydrogen buffer is based on the 2.4 kW electrolyser,
which capable to generate 1 Nm® (1000 litres) of hydrogen in
two hours. For electricity generation from the hydrogen two
series connected 1.2 kW fuel cells were selected. The voltage
selected for a DC-bus of a DES was 560 VDC (which is typical
for 3x400 AC output). Operating parameters of the
experimental converter are listed in Table I.

TABLE I. DESIRED OPERATING PARAMETERS OF THE EXPERIMENTAL

CONVERTER
PARAMETER VALUE
General

DC-link voltage of the main system, Upc.pus 560 V
Rated voltage of electrolyser, Ug, 80V
Light-load FC voltage, Urc mar 70 V
Full-load FC voltage, Urc min 46 V
Operating frequency of isolation transformer, /* 15 kHz
Number of turns of the voltage matching 24/6/15
transformer, Ny, / N7,.>/ Nr.3
Capacitance of C1 and C2 60 uF
Capacitance of C3 and C4 180 uF
Inductance of L1 and L2 65 uH
Inductance of L3 and L4 1.2 mH

EL operation mode

Duty cycle of VSI switches (T1 and T2), D \ 0.45

FC operation mode

Uz
0.5T

[] AcTIvE STATES
[7] sHOOT-THROUGH STATES
ZERO STATES

(a) (b)
Figure 5. qZSI control method implemented in proposed converter in the fuel

cell (FC) mode: PWM shoot-through control principle (a) and generalized
block-diagram of a gating signal generator (b).

CONTROL OF SHOOT-THROUGH STATES

Neglecting losses in components, the voltage Upcpus
during the FC mode (Fig. 4) could be regulated by the variation
of a shoot-through duty cycle Dy:

2.U
U= = | 3)
PEES o, (1-2- Dy)

where Ugc is the fuel cell voltage, Dy is the shoot-through
duty cycle of the qZSI switches (T3, T4, T5 and T6). FC-side
and DES-side ports of the converter are magnetically coupled
through the isolation transformer’s secondary and primary
windings, respectively (Fig. 4) and the desired turns ratio of the
isolation transformer », is:

U
n=Ir2, )

Tr,1

<

Desired voltage amplitude of the intermediate

DC-link, U; nov
Duty cycle of active states, D, 0.4
Duty cycle variation of shoot-through states, Ds 0...0.17

A. EL operation mode

First, the system was studied in the electrolyser mode.
During the experiment no control of the output voltage was
performed and half-bridge VSI operated without dead time
with the constant duty cycle D =0.45. Figs. 6 and 7 show the
experimental waveforms of the proposed converter in the EL
mode. It is seen that the converter operates normally, ensuring
ripple-free voltage Uy, =80V on the terminals of the
electrolyser. The tertiary winding of the voltage matching
transformer sees only half of the output current during the
active time interval (Fig. 7b).

1 Pos: 1.200us MPosi-3360us  TRIGGER

Tek L [ ] Smp‘
Uni (250V)div)

TRGRER  Tek L o stop

Type
Unc-sus (250V/div)

Source Source
E C

Slope
w o
Mode
. a» i
v (2A/div,
P . Couging
Irs1 (5A/div,
MA0.0 s MA00us
CHA 2004 RefC 1004 500ms  RefD 1.00% S000s CHA 5004 RefC 100V S00ps  RefD 1004 S00us
(@ (b)

Figure 6. Experimental waveforms of the proposed converter in the EL mode:
DC-link voltage of the main system and input current (a); voltage and current
of the primary winding of the voltage matching transformer (b).
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Figure 7. Experimental waveforms of the proposed converter in the EL mode:
voltage of the tertiary winding of the voltage matching transformer and
electrolyser terminal voltage (a); current of the tertiary winding of the voltage
matching transformer and electrolyser current (b).

008
cH 5004 RefC 100V 500ns  FietD 1004 5005

B.  FC operation mode

During the fuel cell mode the converter was first tested with
the minimal FC voltage, thus having terminal voltage of 46 V.
To boost the FC voltage to the desired voltage level of the
intermediate DC-link (70 V) the shoot-through duty cycle Dg
was set to 0.17. In active states the isolation transformer was
supplied with voltage pulses with a duty cycle of 0.4. Fig. 8a
shows that the qZSI with the proposed control algorithm
ensures the demanded gain of the FC voltage (Upc =46 V
and U;=70V, as expected). Moreover, the voltage doubler
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 DC-link of the main system (Fig. 8b). For the second
operating point (Fig. 9), when the FC voltage equals the
desired intermediate DC-link voltage, the shoot-through states
are eliminated, and the converter operates as a traditional VSI.

Tek N 85 M Pos; ~25.2068 CHE Tek L @ Tiod MPas; -3000us  CURSOR
| Urc (50V/div) C“&‘i"ﬂ Urr1 (250V/(?1v) Type
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Ui (50V/div) i Source
o 200MH:

Wi
U,z (50V/div)

e Upc-pus (250V/div)
Current
Irc (50A/div) Inviert
2
CHE SO0 MA00us CHE 250V MALOws CHE 7 2307
CHI SUOV  CHA S00A  RefC100VS00us  Ref 100V 500.s FelC 1,004 S00us  RefD 1,00V S00us
(@ (b)

Figure 8. Experimental waveforms of the proposed converter in the FC mode
at the minimal FC voltage: intermediate DC-link voltage, voltage of the
secondary winding of the voltage matching transformer and fuel cell
current (a); voltage of the primary winding of the voltage matching
transformer and DC-link voltage of the main system (b).
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Figure 9. Experimental waveforms of the proposed converter in the FC mode
at the maximal FC voltage: intermediate DC-link voltage, voltage of the
secondary winding of the voltage matching transformer and fuel cell
current (a); voltage of the primary winding of the voltage matching
transformer and DC-link voltage of the main system (b).

IV.  CONCLUSIONS

This paper presents a novel integrated multiport DC/DC
converter for hydrogen-based energy storages. The proposed
converter has three ports: a bidirectional VSI port, a
unidirectional VSI port and a unidirectional qZSI port. These
three ports are magnetically coupled via a single multiwinding
transformer. During the hydrogen production mode
(electrolyser mode) the converter acts as a VSI-based step-
down DC/DC converter, thus ensuring stabilized supply
voltage for the electrolyser. In the power back-up (fuel cell)
mode the converter operates as a qZSI-based step-up DC/DC
converter providing the regulated voltage on the DC-bus
despite the variation of the fuel cell voltage with the load. The
paper has discussed the operation principle of the new
converter and analyzed the experimental results.
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Magnetically Coupled Multiport Converter with Integrated
Energy Storage

Abstract. This paper presents a new integrated DC/DC converter for hydrogen-based energy storages. As compared to traditional individual
converter based solutions for interfacing of an electrolyzer and a fuel cell, the proposed topology features reduced energy conversion stages. In
order to improve the response time of the hydrogen buffer a battery was integrated into the interface converter with no need for an extra
charging/discharging circuit. The paper analyzes and discusses the operating principle of the new converter and provides some design guidelines.
Finally, theoretical background is experimentally verified.

Streszczenie. W artykule przedstawiono nowg zintegrowang przetwornice DC / DC dla magazynéw energii na bazie wodoru. W poréwnaniu do
tradycyjnych rozwigzan z oddzielnymi przetwornicami do elektrolizera i ogniwa paliwowego, proponowang topologie cechuje zmniejszona liczba
etapy konwersji energii. W celu poprawienia czasu reakcji bufora wodorowego akumulator zostat zintegrowany z interfejsem przetwornicy, bez
konieczno$ci stosowania dodatkowego obwodu fadowania/roztadowania. W artykule przedstawiono analize i oméwiono zasady dziatania nowego
przeksztattnika, i podano wybrane zalecenia projektowe. W koricowej czesci przedstawiono wyniki eksperymentalne, weryfikujgce zatozenia
teoretyczne (Wieloterminalowa przetwornica o sprzezeniu magnetycznym z zintegrowanym zasobnikiem energii)

Keywords: electrolyzer, fuel cell, hydrogen buffer, multiport converter.

Stowa kluczowe: elektrolizer, ogniwo paliwowe, bufor wodoru, przeksztattnik wieloportowy.

Introduction

In recent years, hydrogen-based long-term energy
storages implemented in a renewable energy system (RES)
have attracted much attention [1-4]. Essential elements of
such a hydrogen buffer (HB) are an electrolyzer (EL), a
hydrogen storage system and a fuel cell (FC). To achieve
proper voltage matching the main components of the HB
should be connected to the DC-bus of the RES via different
power electronic converters: the EL is interfaced by help of
a step-down DC/DC converter, while the FC is connected
by help of a step-up DC/DC converter. Moreover, the
battery should have a special charger circuit that integrates
it to the DC-bus of a DES. It finally leads to complex
multiconverter systems with a high number of energy
conversion stages, complex control and reduced efficiency.
The main trend in technology development here is to
reduce the power losses in the interface converters to
obtain the highest possible energy efficiency of the HB.

Recently a new integrated (multiport) DC/DC converter
for HB interfacing in the RES was proposed [5]. Thanks to
the implemented multiport converter concept (Fig. 1) the
number of energy conversion stages was significantly

reduced.

DC-BUS OF A RES

Integrated (multiport) DC/DC converter|<—>
[

* Compressor |

->| Electrolyzer W{ydmgg‘b-l Fuel cell |~
:reservoir: ;

HYDROGEN BUFFER /

\Oz‘ Air

Atmosphere

Battery |

Water Water + heat

Fig. 1. Typical structure of the distributed energy system with the
hydrogen buffer interfaced via multiport DC/DC converter

The resulting advantages of the proposed solution
include reduced component count, lower cost, and control
simplicity. Furthermore, the multiport converter technology
may best satisfy integrated power conversion, efficient
thermal management, compact packaging, and centralized
control requirements [6, 7]. These advantages can
potentially improve the overall cost, efficiency and flexibility
of the hydrogen buffers used in the RES.

This paper discusses a possibility for further
improvement of the hydrogen buffer with multiport DC/DC
converter proposed in [5] by integrating the battery into the
fuel cell side port. To decrease switching losses and
improve the overall performance of the converter the half-
bridge RES-side inverter was replaced with a three-level
neutral point clamped (3L-NPC) voltage source inverter.

Basics of hydrogen buffers

Hydrogen is one of the promising alternatives that can
be used as an energy carrier. 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 [8].

Hydrogen based energy storage system or HB includes
the following main stages: hydrogen production, hydrogen
storage and electricity production [15]. In the excess energy
periods the hydrogen generation system is connected to the
DC-bus of the RES. In this stage electrical energy from the
RES is converted into chemical energy by using water
electrolysis and this energy is stored in a tank. In order to
stabilize energy production during the absence of the
renewable energy when more power is needed, stored
hydrogen could be re-used. In this stage, hydrogen is
converted into electrical energy by using a FC. The FC
takes the hydrogen from the tanks to generate electricity,
plus water and heat as by-products. Combination of an
energy storage system and an RES allows controllable
power production.

Water to hydrogen conversion efficiency is averaged at
65 % and FC conversion efficiency is 65-70 %, which yields
an overall efficiency of the HB at 20-40% [9-11]. Since the
FC has a slow response time and prefers to be operated
under constant power, a battery is often used as an
additional energy storage.
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Fig. 2. Power circuit layout of the multiport converter with integrated energy storage

Generalized operation principle of the multiport
converter with integrated energy storage

In the proposed multiport structure (Fig. 2) the EL and the
FC are magnetically coupled with the RES-side converter
by help of a multiwinding voltage matching transformer.
Thus, all the ports of the converter are galvanically isolated,
which could be a compulsory requirement for safety
reasons in RES applications. The proposed converter
consists of three ports: two unidirectional low-voltage ports
for the interconnection of the EL and the FC and one high-
voltage bidirectional port for the interconnection of the
hydrogen buffer with the main DC-bus of a RES. There are
two main operation modes of the integrated converter:
a) The EL operation mode. In this mode the surplus power
from the DC-bus of a RES is supplying the electrolyzer and
the multiport converter acts as a step-down converter.
b) The FC operation mode. In this mode electricity is
generated by the fuel cell to cover the power deficiency in
the DC-bus of the RES and the multiport converter acts as
a step-up converter. In the FC operation mode several
submodes could also be distinguished:

1) Battery assisted mode: the FC and the battery

provide both the power to the DC-bus to manage the

peak power demand.

2) Battery charging mode: FC power is higher than

the load demanded power, the battery being charged

from the FC.

3) Battery stand-by mode: the battery is fully charged

and the fuel cell provides full power only to the DC-bus.

4
A. Ez_ operation mode

In the EL operation mode the converter acts as a
traditional step-down isolated DC/DC converter with a 3L-
NPC voltage-source inverter (VSI), a step-down isolation
transformer and a current-doubler rectifier (Fig. 3).
Implementation of a three-level half-bridge inverter with the
PWM control algorithm presented in [12] allows all
transistors of the inverter to be operated under the 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. In addition, the
current doubler rectifier introduced with coupled inductors
offers loss reduction in the secondary side of the converter
in contrast to the traditional full-bridge rectifier due to the
twice reduced operation current of the rectifier diodes and
the secondary winding of the transformer.

=C5 UL

Fig.3. Power circuit configuration in the electrolyser (EL) mode

The EL voltage could be controlled by the duty cycle
variation of the transistors T17...T4. Neglecting losses in the
components, the voltage Ug, during the EL mode is

(1) UEL — UDC*BUS -D,

2-n
where Upc-sus is the DC-bus voltage of the main system
(input voltage of the converter), D is the duty cycle of the
inverter switches (77...T4) and nys is the turns ratio of the
isolation transformer windings 1 and 3:

(2) nl — UT/‘.I s

UTr,3
where Ur,s and U3 are the amplitude voltages of the
primary (high-voltage, DC-bus side) and tertiary (low-
voltage, EL side) windings of the isolation transformer,
respectively.

B. FC operation mode

In the FC operation mode the converter acts as a step-
up isolated DC/DC converter and the power flows from the
FC to the high-voltage DC-bus, thus performing the power
back-up function. The configuration of the power circuit in
FC mode is presented in Fig. 4.

The power flow from the FC to the DC-bus is controlled
by the quasi-impedance-source inverter (qZSl). This
inverter is operated with continuous input current [13],
which is a very important property since FC systems are
limited power sources and cannot handle rapid changes in
the current they produce. The integrated freewheeling
diodes TD1...TD4 of transistor modules T7...T4 together
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with capacitors C7 and C2 act as the voltage-doubler
rectifier. In the conditions of changing FC voltage the
amplitude voltage Ur,2 of the secondary winding of the
isolation transformer is kept constant by the variation of the
duration of a shoot-through switching state of the qZSI. The
shoot-through  switching state is the simultaneous
conduction of both switches of the same phase leg of the
qZSl. This switching state is forbidden for the traditional
voltage source converters because it could destroy the
inverter. In the qZSI, the shoot-through states are used to
store the magnetic energy in the DC-side inductors L7 and
L2 without short-circuiting the DC-capacitors C3 and C4.
This magnetic energy in turn provides the boost of the
voltage Ur.2> seen on the transformer secondary winding
during the active states of the qZSI [14].

Cl==

€2

Fig.4. Power circuit configuration in the fuel cell (FC) mode

Neglecting losses in the components, the voltage
Upcsus during the FC mode could be regulated by the
variation of a shoot-through duty cycle Ds:

2.U

3 G =—FC
UDC*B[/S nz i (1 _2. Dg)
where Urc is the fuel cell voltage, Ds is the shoot-through
duty cycle of the qZSI switches (73... T6). FC-side and
RES-side ports of the converter are magnetically coupled
through the isolation transformer’s secondary and primary
windings, respectively (Fig. 4) and the desired turns ratio of
the isolation transformer n; is
@ ny =2,

UTr,l
where Ur,s and Ur.» are the amplitude voltages of the
primary (high-voltage, DC-bus side) and secondary (low-
voltage, FC side) windings of the isolation transformer,
respectively.

To compensate the short-term peak power demands of
the DC-bus during the FC operation mode the power from
an additional energy storage device may be required. A
battery might be used in this case. Generally, to apply a
battery an additional charging circuit is required, leading to
increased complexity of the converter. However, by utilizing
the property of the qZSlI, the battery could be connected
without any additional circuits, as shown in Fig. 1. The
average voltage across the battery terminals equals the
average capacitor C4 voltage:

D
5 Uu.=U. =—75_.0UJ_..
( ) B c4 I—Z'DS FC

Hence, the state-of-charge (SOC) of the battery is
controlled by varying the shoot-through duty cycle Ds of the
qZSI switches. The battery current depends on the voltages
Ucs and Ug as well as on its internal resistance rg (Fig. 5):
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where Ug is the voltage rating of the battery. Hence, the
state of charge of the battery depends on the voltage:

@ Usoc =Up =Ucy -

Battery

=]

Usoc ud

in

+

Fig. 5. Simplified equivalent circuit of a battery

In order to keep the system in continuous conduction
mode (CCM) the current of the diode D7 should never
reach zero during the non-shoot-through state and the
following expression should be satisfied:

®) Iy <ip 5>
where ir2 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: Prc<Ppc-bus

The FC and the battery provide the power to the DC-bus;
the power equation is

©) Pec=Pocpust P =0,
where Prc is the power of the fuel cell, Ppc.sus is the power

flowing into the DC-bus and Pg is the power provided by the

battery. In this case i 1>i2
2. Battery charging mode: Pec>Ppc-bus

The FC supplies both the battery and the DC-bus in this
case i 1>i 2 and the power equation is

(10) Proc = Poc s =B =0.
3. Battery stand-by mode: Prc=Ppc-bus

The fuel cell provides full power to the DC-bus and the
battery is fully charged. In this case i s=i.2 and the power
equation is

(1) Pec = Pocps =0.

Experimental verification

To validate the proposed topology the experimental

setup with the power rating of 1.2 kW was assembled

(Fig. 6). Operating parameters and component values of the

experimental setup are listed in Table I.
| 2 |

& 7
R
Current doubler
rectifier ¥

Fig. 6. Experimental 1.2 kW setup of the proposed multiport
converter
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Table 1. Desired operating parameters of the experimental
converter
Parameter [ Value
General
DC-link voltage of the main system, Upc.sus 560 V
Rated voltage of the electrolyzer, Ug. 80 V
Light-load FC voltage, Urc max 70V
Full-load FC voltage, Urc min 46 V
Operating frequency of the isolation transformer, 15 kHz
f
Number of turns of the voltage matching
transformer, Nr.1/ N2/ N1.3 2416715
Capacitance of C1 and C2 60 uF
Capacitance of C3 and C4 180 uF
Inductance of L1 and L2 65 uH
Inductance of L3 and L4 1.2 mH
EL mode
Duty cycle of VSI switches, D [ 045
FC mode
Desired voltage amplitude of the intermediate 70V
DC-link, U;
Duty cycle of active states, Da 0.4
Duty cycle variation of shoot-through states, Ds 0..0.17
Battery (VARTA E9) 70 Ah/12V

A. EL operation mode

First, the system was studied in the electrolyzer mode.
During the experiment no control of the output voltage was
performed and 3L-NPC VSI operated with the constant duty
cycle. The experimental voltage and current waveforms of
the RES- and EL-side ports are presented in Fig 7. The 3L-
NPC half-bridge inverter had the zero-voltage switching of
all transistors without any additional components (Figs. 8
and 9).
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Fig. 7. Experimental waveforms of the proposed converter in the EL
mode: input voltage and current of the RES-side port (a) and output
voltage of the EL-side port (b)
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Fig. 8. ZVS operation of outer transistors (T1 and T4) of the
proposed converter in the EL mode (duty cycle D=0.4)
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Fig. 9. ZVS operation of inner transistors (T2 and T3) of the
proposed converter in the EL mode (duty cycle D=0.4)

It was found that a sufficient condition for the 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. Finally, it was found that by help of the
proposed configuration the total losses in semiconductors in
the RES-side port could be decreased by at least 25% in
comparison with the topology presented in [5].

B. FC operation mode

During the fuel cell mode the converter was tested with
the minimal FC voltage, thus having terminal voltage of
46 V. To boost the FC voltage to the desired voltage level of
the intermediate DC-link (70 V) the shoot-through duty cycle
DS was set to 0.175. In active states the isolation
transformer was supplied with voltage pulses with a duty
cycle of 0.35. As is seen from Fig. 10, the qZSI ensures the
demanded gain of the FC voltage (Ugrc,min =46V and
U;s =70V, as expected).
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Fig. 10. Experimental waveforms of the proposed converter in the
FC mode at the minimal FC voltage: intermediate DC-link voltage,
voltage of the secondary winding of the voltage matching
transformer and fuel cell current
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Further, different possibilities of the FC operation mode
were tested. It was assumed that the available FC power
cannot meet the increase in the load. The system without
the battery (Fig. 11a) 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 (Fig. 11b).

Assuming an initial output power P of 1kW, the
transformer current during this test can be calculated by
(12) lT”:M:MJ(A).

' FC

Hence, the battery current should not exceed this value
in order to keep the system in CCM. Using Eq. (5) we can
obtain the initial voltage across the battery (Ucs=12.4 V).
Since the battery was fully charged, its initial current was
close to zero.

After the load change to 1.2 kW, the battery current
increased to 10 A. Having the battery internal resistance of
40 mQ, we obtain:

(13) Uqy=Up—(ig-15)=11.6(1).

Assuming the intermediate DC-link voltage variation due
to the battery within 1 V, the output voltage variation is

(14) Mot _g).
Tr,2
which is acceptable within the required range of 5%.

The 3L-NPC half-bridge topology operating in the
rectifier mode provided 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 DC-bus of a RES (Fig. 11b), while the
maximal voltage across IGBT modules was approximately
one-half of the output voltage (Fig. 12).
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Fig. 11. Experimental waveforms of the proposed converter in the
FC mode at the minimal FC voltage and limited current when the
load increases: without the battery (a); with the battery (b)
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Fig. 12. Experimental waveforms of the proposed converter in the
FC operating mode at the minimal FC voltage: freewheeling diode
TD1 and TD2 voltage and current

Fig. 13 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 i s>ii2 and when the battery supplies the load
iL1>i 2. Since the battery voltage remains relatively constant
during the operation, the intermediate DC-link voltage of the
gZSl is stable.
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Fig. 13. Intermediate DC-link voltage, current of the inductors L1
and L2 and battery current during the operation with limited current
when the load increases

Conclusions

The proposed novel integrated multiport DC/DC
converter for hydrogen-based energy storages is capable of
ensuring stabilized supply voltage for the electrolyzer as
well as providing the regulated voltage on the DC-bus
despite the variation of the fuel cell voltage with the load.
During the hydrogen production mode (electrolyzer mode)
the converter acts as a VSI-based step-down DC/DC
converter while in the power back-up (fuel cell) mode the
converter operates as a qZSl-based step-up DC/DC
converter. The battery integrated to the FC-side port will
help to balance the power difference between the FC and
the load and finally improve the dynamic response of the
hydrogen buffer.

In the research it was found that a 3L-NPC topology with
a dedicated control algorithm in a RES-side port allows
losses in the semiconductors to be reduced by at least
25%. The integration of a battery in a FC-side port require
no additional charging circuit. At the same time stabilized
output voltage during short-term high power demands is
provided when the available FC power cannot meet the
increase in the load.
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