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Abstract

The intensive and prolonged use of fossil fuels to power most human activities
has resulted in severe environmental and climatic consequences. In response to these
challenges, the past decade has witnessed increasing global efforts to identify and
implement sustainable alternatives with a lower environmental footprint. This has
led to a major shift toward renewable energy sources, with solar photovoltaic and
wind power emerging as the most widely adopted technologies.

The continuous development and cost reduction of PV and wind systems
have enabled their large-scale deployment in power generation. Nevertheless, one of
the key limitations of renewable energy sources lies in their inherent intermittency,
making them non-dispatchable sources. To mitigate this problem, efficient and
scalable energy storage systems are crucial. Such systems allow the temporary
storage of excess energy produced during peak generation periods and its subsequent
release during times of low production or high demand.

Among the various energy storage systems, hydrogen-based storage has gained
growing interest in recent years due to its versatility and potential for large-scale
integration. Hydrogen can function both as a long-term energy carrier and as a
clean fuel capable of decarbonising hard-to-abate sectors such as heavy industry and
transportation.

Among the various techniques for producing hydrogen, the one that best
matches renewable sources is electrolysis. General information on the production
process, the various technologies used, the structure of the plants and hydrogen
storage systems, as well as the challenges still to be faced, is provided to give as clear
a picture as possible of the current state of the art. Because of their characteristics,
the focus is then placed solely on Proton Exchange Membrane (PEM) electrolysers
and metal hydride storage systems.

An analysis of the literature on the types of electronic power converters used
or theorised for this application is also carried out. Of all the converter topologies
already considered, the one best suited to powering a PEM-type electrolyser is the
stacked interleaved buck, thanks to its ability to cancel the output current ripple
under any load condition. A modulation technique is therefore studied to maximise
the efficiency of the converter while ensuring the cancellation of current ripple on the
electrolyser. Finally, simulations and experimental tests are conducted to validate
the proposed solution.
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1
Introduction

Fossil fuels are currently the primary energy source behind most human
activities. However, their extensive use has led to several negative consequences,
including air pollution, stratospheric ozone depletion, and global warming, all of
which contribute to climate change [1]. To address these challenges, the past decade
has seen growing efforts from the scientific community, industry, and policymakers
to develop solutions with a lower environmental footprint, with a strong push
toward the adoption of Renewable Energy Sources (RES). As a result, energy
production from RES, particularly photovoltaic (PV) and wind power, has increased
significantly [2]. However, one of the main characteristics of these sources is their
intermittency, as their output is highly dependent on environmental conditions and
cannot be dispatched on demand. This makes it essential to implement energy
storage systems that can store excess energy when production exceeds demand and
release it when needed [3]. Various storage technologies are already available on
the market, ranging from pumped hydro storage to batteries and supercapacitors.
Among these, hydrogen has gained considerable attention in recent years due to its
dual role: it can serve both as an energy carrier for storing renewable energy and as
a clean fuel for decarbonizing hard-to-abate industrial sectors [4, 5].

Hydrogen can be produced in various ways, as will be explained in more detail
later in this thesis. Starting from electrical energy, the technique that best combines
with it is water electrolysis. Since 2020, the European Union has financed numerous
projects focused on the development of hydrogen production plants powered by RES,
with system capacities ranging from the MW scale up to several GW [6]. In
many cases, PV technology is the preferred renewable energy source, particularly
for projects located in southern European countries, where the availability of
sunlight hours is significantly higher [7]. Reflecting the growing scientific interest
in identifying optimal solutions for the development of this technology, Fig. 1.1
illustrates the trend in the number of publications over the past two decades focused
specifically on power electronic converters for hydrogen production from PV systems.
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4 1. Introduction

The data were collected using both general search engines, such as Google Scholar,
and more specialized academic databases, including ScienceDirect and IEEE Xplore.
The search was conducted using the keywords: “power converters photovoltaic
electrolyser.” As the figure shows, the number of publications has increased markedly
in recent years, indicating a strong and accelerating research focus in this area.
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Figure 1.1: Number of publications per year on converters for PV-electrolyser applications.

1.1 Research Problem

Given the considerable development potential of this sector, recent years
have seen extensive research into a variety of converter topologies, PV-electrolyser
coupling configurations, and control algorithms. About power electronic converters
for hydrogen production, numerous studies have been conducted, and several reviews
in the literature examine the state of the art, considering either AC sources [8–12]
or generic DC sources [8, 11, 13, 14]. In most of these works, however, the focus
is placed primarily on the load (namely, the electrolyser) while the energy source
is generally assumed to be ideal. This assumption is reasonable in grid-connected
applications, where the supply voltage can be considered stable and constant. In
contrast, coupling PV systems with electrolysers introduces specific challenges that
still require effective solutions.

The primary challenge lies in conversion efficiency, as the current state of the
art for hydrogen production from PV typically relies on separate converters for the
PV system and the electrolyser. In most cases, to maximize electrolyser output,
a grid connection is still employed. As a result, many existing plants use various
types of rectifiers to supply the electrolysers, while the PV system is connected to
the grid through inverters [15–18]. However, since PV systems and electrolysers are
inherently DC sources and loads, respectively, the intermediate AC conversion stage
is unnecessary and can reduce the overall system efficiency. A direct connection
between PV and electrolyser is also possible [19–23], but this configuration offers
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Figure 1.2: Possible system configurations for hydrogen production from renewable sources:
(a) current state of the art setup, and (b) potential future architectures.

no control over system operation. Consequently, both components may operate at
suboptimal points, particularly under partial shading conditions [24, 25]. For this
reason, this approach will not be considered in the present work.

Even when the grid is included to provide balancing services, conversion to
AC is not strictly required [26–28]. Fig. 1.2 presents a schematic comparison between
the current state of the art layout for hydrogen production from renewable sources
and a potential future configuration, in which the coupling could be done through a
common DC bus.

The second challenge lies in considering a real PV source as the electrolyser’s
power supply. With PV sources, the power supply can no longer be considered ideal,
but it is necessary to take into account that the input voltage and current can vary
suddenly. There are already studies that consider this aspect, but they all exclude
and fail to consider one final and fundamental aspect: the other components of the
overall system.

A third challenge to consider concerns the current ripple on the electrolyser.
As will be discussed in more detail in subsequent chapters, this phenomenon can
have a significant impact on the long-term performance and durability of electrolytic
cells. Excessive ripple in the current supplied to the stack can lead to a reduction in
both efficiency and lifetime of the electrolyser system. For this reason, it becomes
essential to identify and implement converter topologies or control strategies that
are capable of reducing current ripple to the lowest possible level, ideally achieving
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complete ripple cancellation.
The hydrogen management and storage systems are fundamental components

that can influence the overall behavior of the entire Power-to-Hydrogen (P2H)
system. Since the power generated by PV can vary dramatically in short intervals
of time, hydrogen production could also vary rapidly. This characteristic may not
be compatible with the characteristics of some storage systems, leading to problems
for the overall system.

1.2 Objectives

Based on the foregoing, the objective of this thesis is to identify a modular
converter topology that can effectively couple a PV source to an electrolyser.

The primary requirement is the complete elimination of current ripple on the
electrolyser. Once the topology has been chosen, the thesis will present a modulation
strategy designed to allow the converter to operate with the highest possible efficiency
while maintaining the fundamental requirement of ripple-free.

About the modularity of the chosen topology, it is intended not only to reduce
costs but also to ensure the scalability of the system, allowing for easier adaptation
to different power levels or system configurations. In addition, a modular approach
enables more flexible and efficient power flow management, which contributes to
improving both the long-term efficiency and the overall reliability of the system.

Finally, when addressing the control of the converter, attention will also be
given to the interaction with other system components, such as hydrogen storage
units. These subsystems can exhibit non-linear and dynamic behaviours that
may significantly affect the overall control strategy of the PV-electrolyser system.
Therefore, understanding and accounting for these interactions is essential to ensure
stable operation, optimal performance, and effective energy management across the
entire system.

1.3 Thesis Structure

After this initial introduction, the thesis is organized into five further
Chapters. In the second Chapter, an overview is provided of what hydrogen is, the
main production and storage methods and technologies, and the still open challenges
that limit its widespread distribution and use.

In the third Chapter, the characteristics of the converter for producing
hydrogen from photovoltaics are presented and a review of the literature of non
isolated and isolated topologies that have been studied for coupling photovoltaics
and electrolysers is reported.
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In the fourth Chapter, the thesis proposal is addressed, with an explanation of
the chosen topology and its modulation technique. From a theoretical point of view,
it will be discussed the topology considered, the possible techniques for improving
its efficiency, and those that allow the cancellation of current ripple. It will also
make some considerations on component design and possible solutions for managing
transients with the proposed modulation technique.

In the fifth Chapter, the results of the simulations carried out and the
experiments performed in the laboratory are reported.

Finally, in the sixth and last Chapter, the conclusions are given, with a
summary of what has been said previously and an analysis of what may be the
future studies and challenges.
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2
Power to Hydrogen System

As mentioned in the previous Chapter, hydrogen represents a promising option
for storing excess energy generated by RES. This is primarily due to its unique
chemical and physical properties, which make it an efficient energy carrier with
significant potential for integration into sustainable energy systems.

Hydrogen is the first element of the periodic table, and consequently, it is the
smallest and lightest of all elements. At ambient temperature and pressure, it exists
as a colorless and odorless gas. One of its key characteristics is its exceptionally high
energy density per unit mass, which makes it an attractive fuel for energy storage
and conversion applications. However, its energy density per unit volume is relatively
low when compared to conventional fuels, posing challenges in terms of storage and
transportation. Additionally, hydrogen’s high reactivity and wide flammability range
make it a potentially hazardous material, requiring stringent safety measures during
handling and storage.

Due to these chemical and physical characteristics, hydrogen cannot be
considered a primary energy source, as it is not naturally available in its pure
form on Earth. Instead, it must be produced from other hydrogen-containing
compounds, such as water, hydrocarbons, or biomass. The sustainability of hydrogen
production largely depends on the raw materials used and the processes employed
for its extraction.

Over time, various hydrogen production pathways have been categorized using
a color-based classification, such as grey, blue, and green hydrogen, to indicate the
environmental impact and carbon footprint associated with each process. However,
it is important to note that this color-based nomenclature is primarily a commercial
and communication tool rather than a scientifically rigorous classification. For this
reason, it will not be adopted in the context of the present thesis.

9
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2.1 Hydrogen Production

Currently, hydrogen is primarily utilized as a raw material in various industrial
processes and is predominantly produced from hydrocarbons [29, 30]. One of the
most established and widely adopted techniques for its production is the steam
reforming of natural gas, a process that has been industrially optimized over decades.
This method is characterized by high productivity and economic profitability, as
it enables the extraction of four hydrogen atoms from each methane molecule.
Additionally, it does not require the use of rare or expensive materials; the process
relies mainly on water and natural gas as feedstocks.

However, hydrogen production from fossil fuels results in significant emissions
of greenhouse gases, notably carbon dioxide, which contribute to global warming
and climate change. While techniques for carbon capture and storage have been
developed as a partial mitigation strategy, they represent only a temporary solution
that does not fully eliminate the environmental impact of the process.

For these reasons, hydrogen production from RES has become a rapidly
growing field of research and development. Several renewable pathways for
hydrogen production have been proposed [31, 32], including biomass pyrolysis,
photoelectrochemical water splitting, and biological methods involving genetically
modified microorganisms. However, most of these technologies currently suffer
from low efficiency and limited production rates, which constrain their practical
application on a large scale despite their environmental advantages and relatively
low operational costs.

At present, the most mature and widely adopted technique for sustainable
hydrogen production is water electrolysis powered by renewable sources, such as PV
or wind energy [31, 33]. In this process, electrical energy is used to decompose
water molecules into their constituent gases, hydrogen and oxygen, through an
electrochemical reaction. The chemical reaction is shown below [34].

H2O(l) −−→ H2(g) + 1
2 O2(g) (2.1)

This process is not spontaneous, as the calculation of Gibbs free energy under
standard conditions (T = 298 K, p = 1 bar) returns a positive result [35].

When the electrochemical cell operates in reversible conditions, that is, in
open-circuit conditions, the voltage E required for the reaction to occur can be
calculated as [36]:

E = −∆G

2F
, (2.2)

where ∆G is the Gibbs free energy change of the reaction, and depends on the
temperature and pressure of the reactant, and F is the Faraday constant. The Eq. 2.2
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refers to the generator convention, because the same cell operating in reverse, i.e. as
a fuel cell, can be a voltage generator. The minus sign in the previous equation must
therefore be interpreted as a voltage that needs to be supplied to the cell to drive
the electrolysis reaction. However, the expression in Eq. 2.2 is valid only under ideal
reversible conditions, meaning that it does not account for the practical non-idealities
inherent to real electrolytic cells. In practical operation, several voltage losses must
be considered to accurately determine the actual voltage required to sustain the
electrolysis process. These non-idealities can be categorized into three main types:
activation losses, ohmic losses, and diffusion losses [36].

Each of these losses depends on the current density flowing through the
electrolytic cell. Activation losses occur predominantly at low current densities and
are associated with the energy barrier that must be overcome for the electrochemical
reactions to initiate at the electrode surfaces. Ohmic losses, on the other hand,
are due to the resistive effects of the electrolyte and electrodes, and they typically
dominate in the normal operating region of the electrolyser. Finally, diffusion losses
arise when the current density approaches or exceeds the maximum rated value for
the cell. In this region, the mass transport of reactants (e.g., water molecules) to
the electrode surface becomes insufficient to sustain the electrochemical reaction
rate, leading to a rapid voltage increase and potential degradation of the cell. For
this reason, operation in the diffusion losses region is generally avoided, as it can
significantly shorten the lifetime of the electrolyser.

Taking these non-idealities into account, the actual voltage V that must be
applied to the cell can be expressed as:

V = E + Vact + Vohm + Vdiff , (2.3)

where Vact, Vohm, and Vdiff are respectively voltages representing activation losses,
ohmic losses, and diffusion losses. The static voltage-current characteristic that can
be derived from Eq. 2.3 of an electrolytic cell is called the polarisation curve. Since
this curve also depends on constructive parameters of the cell, such as its active
area (which is usually considered an industrial secret), the given data refer to the
current density-voltage curve. For example, in Fig. 2.1, the polarisation curve of a
commercial electrolyser stack is reported. The diffusion losses region is not reported,
as it exceeds the maximum rated power of the stack. In general, the voltage to be
applied to a single cell is in the order of volts. To obtain sufficiently high operating
voltages, several cells are electrically connected in series and hydraulically in parallel
to form a stack.

The molar flow rate of hydrogen produced by a stack ṄH2 can be easily
calculated using Faraday’s law [37]:

ṄH2 = Ncell
Iel

2F
ηF . (2.4)
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Figure 2.1: Polarisation curve of a representative commercial electrolyser.

In Eq. 2.4 Iel represents the current absorbed by the stack, composed of a generic
number of electrolytic cells Ncell, while ηF is Faraday’s efficiency. If the reaction is
ideal, according to Eq. 2.1, for each mole of water that reacts, there should be one
mole of hydrogen, and therefore Faraday’s efficiency would be equal to 1. In reality,
this does not occur due to various non-idealities in chemical reactions and therefore,
to obtain one mole of hydrogen output, it is necessary to supply more than one mole
of water (ηF < 1). Thus, knowing the polarisation curve of a stack, it is possible to
calculate, as a first approximation, the hydrogen produced depending on the voltage
applied to the stack.

Based on the above discussion, it can be concluded that electrolysers are
modular, low-voltage, and high-current loads. They are modular because their total
power capacity can be scaled by varying the number of individual cells connected in
series, allowing flexible system sizing according to the desired hydrogen production
rate. They are low-voltage devices, since the voltage required by each individual cell
is relatively small, typically around 1.6 to 2.0 V under nominal operating conditions,
so even with hundreds of cells connected in series, the total stack voltage generally
reaches only a few hundred volts. Finally, electrolysers are high-current loads, as
the total current drawn by the stack increases proportionally with the active surface
area of the electrodes and the overall system size.

There are different electrolyser technologies, differing in the ion-conducting
electrolyte materials, each with their own advantages and disadvantages. In general,
depending on the material used as electrolyte, they can be divided into two categories
based on the temperatures at which they can operate: low and high temperature.
In the low-temperature ones, there are:

1. Liquid Alkaline.

This is the most established of the various technologies and is therefore
cheap, reliable, and already available for large power sizes. However, it
employs corrosive liquid reagents, is not suitable for dynamic use, and has
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low efficiencies [38];

2. Proton Exchange Membrane (PEM).

This technology has grown a lot in the market in recent years, because it has
a better dynamic response than alkalines, does not use toxic elements, thus
allowing greater simplicity of the system, it can conduct high current densities,
allowing higher power for the same volume or being more compact for the same
power, and finally, it has an almost constant efficiency trend over the entire load
curve [39]. On the other hand, however, it requires expensive materials (rare
metals for the electrodes and special polymers for the electrolytic membrane),
which makes it more expensive than alkalines [40];

3. Anion Exchange Membrane (AEM).

This technology is still under development and combines the advantages and
disadvantages of the other two technologies already discussed. It allows for
dynamic use and is cheaper than PEM as it requires smaller quantities of rare
materials, but currently has issues related to the durability and performance
of the electrolitic membranes [41].

High-temperature ones, on the other hand, include solid oxide (SO) electrolysers.
This is a technology that is still in the development phase, requires greater
plant engineering complexity, and therefore has high costs. They also have long
ignition times, which makes intermittent use inconvenient [42, 43]. But SOs have
demonstrated significant potential for achieving high efficiency, since they can use
heath instead of electricity [44].

Fig. 2.2 shows an example of a commercial PEM electrolyser. The lower
compartment houses the stack, while the upper section contains part of the auxiliary
systems responsible for gas treatment and stack supply management. These auxiliary
systems ensure the proper conditioning of the gases produced and maintain the
required operating conditions for the electrolyser.

As reported by the International Energy Agency (IEA), the global installed
capacity for water electrolysis is expected to reach approximately 5 GW by the end
of 2025 [30]. According to IEA data, around 71% of the global operational capacity
utilizes alkaline electrolysis, while 20% relies on proton PEM electrolysis. This is
because, as already said, alkaline technology is the more mature and economical
option of the two [42]. In Europe, the distribution between these technologies is
more evenly balanced, with alkaline systems representing 44% and PEM systems at
53%. This is largely due to the commissioning of several large-scale PEM projects in
recent years related to the Next Generation EU. The interest in the use of PEM-type
electrolyzers can be attributed to their ability to respond more quickly to changes
in load demand than alkalines [45, 46]. This makes them more suitable for uses
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Figure 2.2: Example of a commercial electrolyser unit.

connected to RES, where production can vary rapidly. However, both alkaline and
PEM electrolysis are classified as mature technologies and have reached commercial
operation in relevant environments in line with IEA standards [47].

Unlike other storage systems, like batteries and supercapacitors, electrolysers
require a more complex system to manage the various reactants. Therefore, an
hydrogen production plant from electrolysis can be divided into four main parts:

1. The power unit.

Always present to control stack production, it consists of electronic power
converters that interface the power supply and load. There are various
topologies, depending on the type of power supply;

2. The stack.

It is the set of all electrolytic cells where the reaction takes place. Within a
plant, there may be several stacks connected in parallel to increase production;

3. The hydrogen storage system.

Where hydrogen is stored. Depending on the technologies used for storage,
some auxiliary systems may change. Hydrogen storage systems will be
discussed in more detail below;

4. The auxiliaries systems.
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Auxiliary systems include all systems necessary for the proper functioning of
the plant: water pumps, valves, gas purification filters, cooling fans, etc.
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Figure 2.3: Detailed schematic of the electrolyser BoP. The water circuit is shown in blue,
oxygen in green, and hydrogen in red.

Power supply, stacks, and auxiliary systems make up the Balance of Plant
(BoP) of an electrolyser. In Fig. 2.3, the BoP of the electrolyser used for the
experiments conducted during the PhD program is given as an example.

The system control is generally based on monitoring the pressure within the
hydrogen circuit: once an upper pressure threshold is defined, hydrogen production
is regulated to ensure operation within safe limits. Due to the system’s mass balance,
pressure will increase if the production rate exceeds the output flow rate, and decrease
in the opposite case. When the output flow rate is very low, below the stack’s
minimum production threshold, the system operates the stack discontinuously,
effectively performing pulse width modulation (PWM) on the hydrogen generation
process.

A noteworthy auxiliary subsystem present in PEM electrolysers, responsible
for a recurring operational phenomenon, is the short-circuit unit (SCU). It is often
directly integrated into the stack’s power supply circuitry. The SCU periodically
short-circuits the stack, driving the cell voltages close to zero in order to purge or
consume residual reactants and to accelerate safe activation or rejuvenation of the
cells. It prevents damage from hydrogen-air fronts and shortens conditioning time.
The operating period of the SCU and related gas purge valves is a parameter set by
the manufacturer and is generally constant, regardless of the stack’s usage time. In
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Fig. 2.4a, it is possible to appreciate the effect of this phenomenon on the hydrogen
flow rate directed to the storage system, which results in a fluctuation of the overall
trend and in a localized reduction of the flow rate every time the purging is carried
out.

2.2 Hydrogen Storage

As previously mentioned in reaction 2.1, hydrogen is typically produced in
its gaseous form. Given its low volumetric density, storing it in compact volumes
requires an additional processing step. There are three main methods for hydrogen
storage currently in use or under investigation: in compressed gaseous form, in liquid
form, and in solid form within chemical compounds.

Compressed hydrogen represents the most mature technology among these.
The most advanced systems available today use cylinders capable of withstanding
pressures of up to 800 bar [48]. However, such high pressures raise concerns regarding
safety and the potential risk of explosion. Moreover, hydrogen compression requires
specialised compressors, which not only constitute a significant additional investment
for the plant but also continuously consume energy during operation.

Alternatively, hydrogen can be stored in liquid form using cryogenic systems
operating at temperatures below −253 ◦C. This approach allows for even higher
storage densities per unit volume compared to compressed hydrogen. Nevertheless,
boil-off phenomena, caused by the evaporation of hydrogen within storage tanks,
must be carefully managed to prevent excessive pressure build-up. If uncontrolled,
this can result in unwanted hydrogen venting once the tank’s maximum pressure
limit is reached [49, 50]. In this case as well, the energy required for maintaining
cryogenic conditions is far from negligible.

The most recent approach under investigation for hydrogen storage involves
solid-state compounds. This can be achieved in two main ways: either by chemically
binding hydrogen to other elements to form more stable and manageable compounds,
or by employing special metallic alloys known as metal hydrides (MHs).

In the former case, hydrogen is combined through a chemical reaction to form
a new compound (such as ammonia), which is typically denser and more stable.
However, this process results in the loss of readily available pure hydrogen. To
retrieve the hydrogen, a reverse reaction must be carried out: a process that is
generally highly energy-intensive, given the stability of the newly formed compound.
Thus, rather than a true storage method, this approach can be more accurately
regarded as a technique for producing directly usable compounds.

Regarding storage in MHs, the ability of certain metal alloys to reversibly
bind hydrogen is exploited, allowing its release when necessary without requiring
significant energy input. Compared to the other storage methods discussed, MHs
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offer several important advantages in terms of both safety and performance. They
enable high volumetric energy densities, even higher than those of liquid hydrogen
[51], while operating at relatively low pressures.

A characteristic feature of these alloys is the occurrence of an exothermic
reaction during hydrogen absorption and an endothermic reaction during desorption
[52]. Consequently, the temperature of the storage vessel increases during refilling
and decreases during emptying. By thermally conditioning the storage system,
it is possible to make the reaction more efficient, thus increasing the mass of
hydrogen stored within the same volume of the container [53]. However, depending
on the MH compound employed, high operating temperatures may be required to
achieve efficient hydrogen release, which can be particularly energy-intensive [54, 55].
Naturally, thermal conditioning introduces additional energy consumption, which
can reduce the overall system efficiency compared to unconditioned operation [56].
Nevertheless, this additional energy demand remains considerably lower than that
of other storage technologies.

Another notable difference from compressed hydrogen storage lies in the
absorption dynamics. When the hydrogen supplied is not a limiting factor (so in the
case of unlimited power for the electrolyser), MHs inherently restrict the hydrogen
uptake rate according to the degree of cylinder filling and the operating temperature
[53, 57]. Furthermore, unlike compressed hydrogen storage, MHs continue to absorb
hydrogen even after reaching their maximum pressure limit. Fig. 2.4 shows, as an
example, the evolution of relevant physical quantities recorded during an MH filling
test conducted in air. In this case, the maximum pressure corresponds to the highest
value that the electrolyser can deliver. Since the electrolyser is connected to the
grid, there are no inherent limitations on hydrogen production. Nevertheless, as
shown, once the maximum pressure is reached, the cylinders progressively reduce
the absorbed flow rate. Finally, as illustrated in Fig. 2.4b, the filling state of MH
cylinders is not linearly correlated with pressure, unlike in the case of compressed
hydrogen storage. The fill rate with this technology is expressed as a percentage of
the gross weight of the storage system.

Given these advantages and the direct experience gained during this doctoral
work, MH-based storage is the technology considered in this thesis.

2.3 Related Challenges

There are still several challenges hindering the large-scale development of
hydrogen as an energy carrier. The most significant among these is undoubtedly the
cost: current technologies rely either on rare and expensive materials for production
or on complex and energy-intensive storage systems.

Regarding production, PEM technology is considered as a reference, since, as
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Figure 2.4: Trends of selected physical quantities during an MH cylinder filling test in
ambient air: (a) flow rate and pressure vs time, and (b) cylinder fill fraction as a function
of pressure.

previously discussed, it currently offers the most suitable characteristics for coupling
with PV sources. However, this technology remains economically unfavorable due to
the use of special materials required for the construction of electrolytic cells [58]. To
better amortize the initial investment, a possible strategy is to extend the operational
lifetime of the stack [59, 60]. Indeed, stack lifetime extension represents one of the
most critical and actively investigated research topics in this field [61].

2.3.1 Effects of current ripple on PEM cells lifetime

In the last decade, it has been verified that one of the main factors reducing
the lifetime of a PEM electrolytic cell is the presence of current ripple. This occurs
because fluctuations in the current cause corresponding variations in the reactant flow
rates, which can induce mechanical stress on the membrane. This phenomenon has
been observed both when the cell operates as an electrolyser and as a fuel cell [62–64].
These studies have demonstrated accelerated aging in fuel cells and electrolysers
subjected to current ripple, through characterization techniques such as polarization
curves and electrochemical impedance spectroscopy. Two parameters play a key role
in this degradation: the ripple frequency and its amplitude. Low-frequency ripple is
generally more harmful than high-frequency ripple, while increased amplitude always
has a negative impact [65].

Several works have investigated this phenomenon in greater detail. In [66],
the effects of current ripple were analyzed across a frequency range from 100 Hz to
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10 kHz. The experimental results obtained from impedance spectroscopy, reported in
Fig. 2.5, showed that low-frequency ripple (100 Hz) causes premature cell degradation
compared to higher-frequency operation. Similarly, [67] performed aging tests on
PEM fuel cells under high-frequency ripple (20 kHz), concluding that such conditions
do not significantly affect cell lifetime. Finally, in [65], the ripple impact was analyzed
in terms of both membrane durability and efficiency. Tests with low-frequency ripple
(50–400 Hz) showed a clear reduction in both membrane lifetime and performance.

Figure 2.5: Impedance curves on single PEM cells obtained after cycling for 100 h at
variable frequencies from [66].

2.3.2 Effects of current ripple on PEM cells efficiency

However, in addition to accelerating ageing, current ripple has also been
shown to reduce cell efficiency [68, 69]. In [70], the effects of current ripple on
electrolyser efficiency were experimentally investigated. The study found that ripple
at frequencies on the order of a few hundred Hz causes a noticeable efficiency
reduction, regardless of the waveform shape. Conversely, an increase in ripple
amplitude consistently leads to a deterioration in performance.

Similarly, [71] examined the effects of ripple over a frequency range from
10 kHz to 50 kHz, varying the ripple amplitude at each frequency. Their results,
reported in Fig. 2.6, showed a decrease in cell performance, evidenced by a reduction
in output voltage, for all frequencies as the ripple amplitude increased. This effect
was most pronounced at the lowest frequency tested (10 kHz).

A few studies have also attempted to model the ageing mechanisms induced
by ripple [72]; however, the current literature in this area primarily focuses on fuel
cells rather than electrolysers. Furthermore, it would be advisable to extend these
studies in order to determine whether the aforementioned phenomena are interrelated
or instead independent of one another [65].
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Figure 2.6: Fuel cell stack efficiency for: (a) 50 kHz ripple and (b) 10 kHz ripple from [71].

2.3.3 Hydrogen storage costs and safety

Despite significant advancements in electrolysis technologies, one of the major
barriers to the widespread adoption of hydrogen as an alternative fuel remains its
storage. As discussed previously, the current state of the art primarily relies on
compressed hydrogen storage, which raises major safety concerns. High-pressure
cylinders, often containing several hundred bar of highly reactive gas, require careful
handling and continuous monitoring, leading to increased operational complexity and
cost.

In the case of MH storage, the main limitations are currently related to the cost
and weight of the systems. The high cost stems from the fact that this technology
is relatively new and has not yet benefited from economies of scale. The second
limitation is associated with the intrinsic density of the metal alloys used, whose
weight is not negligible. Research is ongoing to develop lighter alloys capable of
competing with batteries in terms of gravimetric energy density, which would enable
the adoption of MH storage in the automotive sector. However, at present, its
application remains confined mainly to stationary systems, such as the one considered
in this thesis.
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Electrolyser Power Electronic
Converters

A direct coupling between a RES and an electrolyser, while cost-effective,
often results in both operating under suboptimal conditions [73–75]. Power electronic
converters, depending on their topology and control strategy, enable direct control of
the system, thereby optimising overall performance and hydrogen production [12, 13].

As discussed in the Introduction, the current state of the art for powering
electrolysers typically relies on both controlled and uncontrolled rectifiers. Several
review papers have already analysed the AC/DC converters used for such
applications [8–12]. However, this standard reliance on rectifiers is not optimal.
Although they are mature and relatively inexpensive technologies, they suffer from
issues related to harmonic distortion and reduced efficiency. Experimental tests
conducted on commercial electrolysers have demonstrated that the overall system
efficiency can be significantly limited by the converter, particularly when it is
inadequately sized or based on outdated designs [57].

Regarding the scientific literature, several comprehensive review papers have
been published in recent years on DC/DC converters for electrolyser applications [8,
11, 13, 14]. For stationary applications, the most desirable features are a high voltage
conversion ratio, high efficiency, reliability (particularly in the event of power switch
failures), and a low output current ripple to ensure optimal electrolyser performance.

Nonetheless, considerably fewer studies have addressed the coupling between
PV systems and electrolysers. In most cases, the electrolyser’s power source is
modelled as ideal.

Fig. 3.1 shows the main types of connections considered to date in the
literature concerning hydrogen production from PV. Each of these configurations
has its own advantages and disadvantages. The diagram proposed in Fig. 3.1a, for
example, does not allow separate control of the PV and the electrolyser. Therefore,
either MPPT is performed, disregarding the behaviour of the electrolyser, or only

21
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the electrolyser is controlled, considering the PV as an ideal source. The diagrams in
Fig. 3.1b and Fig. 3.1c, on the other hand, allow for greater control freedom, but also
greater system complexity, with the presence of multiple converters. In the following
thesis, only the converter that interfaces with the electrolyser will be considered.

The following sections summarise the main works in the literature that
have investigated converter solutions for coupling PV sources and electrolysers,
considering both non-isolated and isolated topologies.

Electrolyser

DC

DC

PV panels

(a)

ElectrolyserDC bus

DC

DC

DC

DC

PV panels

(b)

Grid

ElectrolyserDC bus

DC

DC

DC

DC

DC

AC

PV panels

(c)

Figure 3.1: Possible configurations for hydrogen production from photovoltaic source: (a)
PV panels connected to the electrolyser via a single converter, (b) PV panels connected to
the electrolyser via a DC bus, and (c) PV panels connected to the electrolyser via a DC
bus with the grid in parallel.

3.1 Non Isolated Converters

Non-isolated topologies refer to all converter configurations that lack galvanic
isolation between the power source and the load.

The simplest possible configuration for coupling a PV system with an
electrolyser (excluding direct coupling) employs a single DC/DC converter, as in
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Fig. 3.1a. Depending on the voltage levels of the source and load, this converter
can be either a buck or a boost. In most studies, however, a buck converter is
selected since, as previously discussed, the electrolyser stack operates at relatively
low voltages. Some works do not specify the topology in detail [76, 77], yet in the
majority of single-converter studies, the chosen configuration is an asynchronous
buck.

3.1.1 Asynchronous and synchronous buck

In [78], a mathematical model of a 500 kW system is developed, using the
classical Perturb and Observe (P&O) algorithm to perform MPPT. Similarly, [79]
adopts the same control approach for a 7 kW case study. Other studies that employ
P&O for MPPT include [80] and [81], although these works focus on much smaller
power ratings. In [82], a small-scale prototype (2 W) is implemented, aimed at
providing a constant voltage to the load. In [83], a 5 kW electrolyser is analysed,
with the control again targeting a constant output voltage. The study in [84] focuses
less on mathematical modelling and more on converter control, employing a sliding
mode control (SMC) algorithm. In [85] and [86], the Incremental Conductance (IC)
method is used for MPPT in systems rated at 250 W and 1.5 kW, respectively. In
[87], a 7.8 kW electrolyser is integrated into a hybrid energy storage system. The PV
array is directly connected to the DC bus, and the system control combines a modified
invasive weed optimisation algorithm with P&O. Finally, [88] also investigates a
hybrid storage configuration, featuring a PV array directly connected to the DC bus
and an electrolyser rated at 50 kW.

In Fig. 3.2, the circuit diagram of a synchronous buck converter is shown. The
asynchronous version can be obtained by removing the lower switch and retaining
only the diode. This fundamental topology theoretically allows the average output
voltage Vout to be regulated between 0 and the supply voltage Vin, as expressed by:

Vout = DVin , (3.1)

where D is the duty cycle. However, the input current is inherently discontinuous,
while the output current is smoothed by the presence of the inductor. The
peak-to-peak output current ripple ∆iLpp can be determined as:

∆iout,pp = Vin

Lfsw
(1 − D)D . (3.2)

Eq. 3.2 highlights that the amplitude and frequency of the output current oscillations
depend on the switching frequency fsw and the selected inductance L. Except for
the extreme cases where no switching occurs (i.e., D = 0 or D = 1), the output
current always exhibits some level of ripple. Therefore, proper sizing of the reactive
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Vin

iin

Vout

iout

Figure 3.2: Circuit scheme of a synchronous buck converter.

components is essential to prevent harmful current fluctuations that could damage
the electrolyser.

Furthermore, when a synchronous converter is employed, at low load
conditions, the inductor current may become negative within a switching period
due to the presence of ripple. Although this does not necessarily pose a problem
for the electrolyser, since its electrical dynamics are significantly faster than its
mechanical ones, it can justify the preference for using asynchronous converters.
An additional advantage of asynchronous converters is their natural capability to
operate in boundary conduction mode (BCM), thereby reducing switching losses.

To partially overcome the limitations associated with the single buck
configuration, some studies have considered the use of two cascaded asynchronous
buck converters [89].

3.1.2 Asynchronous and synchronous boost

Conversely, cases where a boost converter is employed are rarer. In these few
instances, both asynchronous [90–94] and synchronous [95] boost topologies have
been analysed. In such configurations, the situation is essentially the mirror image
of the buck converter. Theoretically, the converter’s output voltage can range from
Vin to infinity, as expressed in:

Vout = Vin

1 − D
. (3.3)

In practice, however, conduction and switching losses limit this range, and the duty
cycle must be constrained to prevent excessive losses and ensure proper converter
operation. Furthermore, the current on the electrolyser side is discontinuous, while
on the PV side it is smoothed by the inductor. Although this behaviour is not
ideal for the electrolyser, since discontinuous current can accelerate degradation, it
is beneficial for the PV source, as it enables more accurate implementation of MPPT
control.
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3.1.3 Interleaved buck

A well-known approach to reducing current ripple on the electrolyser side is
the use of interleaved converter topologies. In [75], a 500 W synchronous interleaved
buck converter with six legs is analyzed, while in [96], an asynchronous three-leg
configuration is coupled to a 5.6 kW electrolyser. The circuit diagram of a generic
synchronous interleaved buck converter with N legs is shown in Fig. 3.3. In general,
these topologies exhibit the same input-output characteristics as the single-leg buck
converter described in Eq. 3.1, but they enable a reduction of the output current
ripple by a factor proportional to the number of legs employed. Under specific
operating conditions, it is even possible to achieve complete ripple cancellation by
appropriately phase-shifting the carriers of the gate signals.

iin

iout

VoutVin

Figure 3.3: Circuit scheme of a synchronous interleaved buck converter.

In the synchronous interleaved buck converter, the output current is shared among all
active legs. The phase of each leg current is uniformly shifted by an electrical angle of
360◦/N , while the upper and lower switches of each leg operate in a complementary
manner. As a result, the amplitude of the output current ripple can be reduced by
at least a factor of 1/N .

3.1.4 Quadratic buck

Another converter topology considered, similar to the standard buck already
discussed, is the quadratic buck [84]. This topology differs by incorporating an
additional circuit section at the input stage. The circuit diagram of this topology
is shown in Fig. 3.4. Such a configuration allows for a further reduction in output
voltage for the same duty cycle. In this case, the input-output voltage relationship
of the converter is:

Vout = D2Vin , (3.4)

This advantage, however, is achieved at the cost of employing additional reactive
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components, thereby increasing both cost and losses compared with the standard
buck. The equation describing the output current ripple of the converter in this case
is given by [97]:

∆iout,pp = Vin

L2fsw
(1 − D)D2 , (3.5)

where L2 represents the inductance at the converter output port. The converter
considered in this study is asynchronous and therefore benefits from operating in
BCM.

iin

Vin

Vout

ioutL1 L2

Figure 3.4: Circuit scheme of a quadratic buck converter.

3.1.5 Cùk

Other well-known topologies considered for coupling PV systems with
electrolysers are the Cùk and the Single-Ended Primary-Inductor Converter (SEPIC)
[98].

The Cùk converter offers improved current quality owing to the presence
of inductors on both the input and output sides. This configuration enables the
implementation of an accurate MPPT and ensures that the stack is supplied with
continuous current. Furthermore, thanks to the presence of the diode, it can operate
in BCM. The circuit diagram is presented in Fig. 3.5.

iin iout

Vout

Vin

L1 L2

Figure 3.5: Circuit scheme of the Cùk converter.
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The voltage input-output relationship for this converter is:

Vout = D

1 − D
Vin . (3.6)

From Eq. 3.6, it can be observed that this topology can operate either as a buck or
as a boost converter, depending on whether D is less than or greater than 0.5. In
an application such as the one considered, however, once the PV system has been
implemented and the stack selected (and therefore the voltage ranges defined), this
results in constraining the duty cycle within a specific range.

Regarding the current ripple, the ripple on the output current can be expressed
as:

∆iout,pp = Vin

L2fsw
D , (3.7)

where L2 is the inductance on the output side of the converter. By exploiting the
magnetic coupling between inductors, or by using other Cùk converter variants, it is
theoretically possible to achieve ripple-free operation on both the input and output
currents [99]. However, this comes at the expense of higher cost and greater design
complexity. Another drawback of this topology is the inversion of the output voltage
polarity.

3.1.6 SEPIC

The SEPIC converter exhibits characteristics similar to those of the Cùk
topology but avoids the drawback of output voltage inversion. Its input-output
voltage relationship is identical to that of the Cùk converter; therefore, the SEPIC
can also operate as both a buck and a boost converter. However, this comes at the
expense of output current quality, which becomes discontinuous since it is no longer
smoothed by an output inductor. The circuit diagram of the SEPIC converter is
shown in Fig. 3.6.

iin iout

Vout

Vin

Figure 3.6: Circuit scheme of the SEPIC converter.

Both the Cùk and SEPIC converters require a higher number of components
compared to the standard buck topology, as well as larger switch and diode ratings.
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This is because, when the switch and the diode are not conducting, they are subjected
to a voltage equal to Vin + Vout, while during conduction they must carry a current
equal to iin + iout.

In [98], several control algorithms for both converters are compared. The
P&O method is evaluated against a control strategy based on artificial neural
networks (ANNs), showing that the latter achieves higher accuracy, albeit with
greater computational complexity.

3.1.7 Stacked interleaved buck

Another topology considered for this type of application is the stacked
interleaved converter. In [100], a stacked interleaved synchronous buck converter
is proposed to supply a 400 W electrolyser. Its circuit diagram is shown in Fig. 3.7.

iin

iout

VoutVin

Figure 3.7: Circuit scheme of a stacked interleaved buck converter.

This converter resembles a synchronous interleaved buck with two legs but
differs in the presence of a capacitor in series with the inductor of one leg, referred to
as the cancellation leg. This configuration blocks the DC component of the current,
allowing only the ripple component to pass through. By operating the converter
so that the ripple current in the cancellation leg is in phase opposition to that of
the main leg, total cancellation of the output current ripple can be achieved for any
operating point. This aspect will be explored in greater depth later in the thesis. This
characteristic is highly beneficial for the stack, although the input current remains
discontinuous, as in the standard buck converter.

In [100], a dual closed-loop control strategy is implemented to regulate the
output voltage to a specified reference value.

3.2 Non Isolated Grid-Connected Configurations

In most studies, the system is assumed to operate in off-grid mode, where
all the energy produced by the PV source is directly supplied to the electrolyser,
as in Fig. 3.1a. Accordingly, the control strategy is primarily designed to maximise
energy transfer from the PV source to the electrolyser, thereby optimising hydrogen
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production. The few studies that consider a grid-connected configuration as the
one reported in Fig. 3.1c, typically involving a single converter for either the PV
or the electrolyser, address more complex system architectures in which additional
components such as fuel cells or batteries are integrated [86–88, 92, 93]. In most of
these cases, the PV array is directly connected to the DC bus, and the converter is
dedicated solely to powering the electrolyser, while MPPT is achieved by regulating
the DC bus voltage.

The second configuration most frequently discussed in the literature consists of
using one converter for the PV system and another for the electrolyser, as illustrated
in Fig. 3.1b and in Fig. 3.1c. In this case, a greater variety of topological combinations
is possible, as different converter types can be selected for each subsystem. Typically,
this configuration employs a converter with a boost characteristic on the PV side
and one with a buck characteristic on the electrolyser side [101–104].

In several studies, the specific topology adopted for one of the two converters
is not explicitly stated [105–110], as the research focus may be placed on the load,
the generation unit, or more generally on the energy management strategy of the
entire system. Nevertheless, the most commonly employed configurations remain the
asynchronous boost converter for the PV and the asynchronous buck converter for
the electrolyser [111–116].

In some particular cases, identical converter types are adopted for both the
PV and the electrolyser sides, such as generic boost converters [117], asynchronous
buck converters [118], or three-leg synchronous interleaved buck converters [119]. A
noteworthy example is presented in [120], where an asynchronous boost converter
is employed for the PV and a stacked interleaved buck converter is used for the
electrolyser.

The advantages and disadvantages of the various converter topologies have
already been discussed. The use of dedicated converters is mainly motivated by
the need to integrate them into more complex energy systems comprising not only
the PV and the electrolyser, but also additional elements such as loads and storage
units (e.g., batteries). In most cases, these microgrids are considered to operate in
off-grid conditions; however, grid-connected configurations are also investigated in
some studies.

The presence of dedicated converters enables independent management of
each subsystem. This allows, for instance, the electrolyser to operate at its
maximum efficiency point while the PV array follows its own MPPT. Such
decoupled operation would not be possible without auxiliary storage systems or grid
integration to compensate for instantaneous power mismatches between generation
and consumption.

Therefore, despite the introduction of multiple conversion stages, these
architectures offer greater flexibility and enable a more rational distribution of energy
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flows among the different subsystems. Control strategies adopted for the converters
can vary depending on the application or the study objectives, and no standardized
approach currently exists. Generally, the converter interfacing the PV array performs
MPPT, while the one supplying the electrolyser regulates the operation either to
maintain a fixed hydrogen production rate or to absorb excess energy from the
system.

3.2.1 Non isolated multi-port converter

A special case to be mentioned, which combines what has been said so far,
is the use of multi-port converters. These topologies allow several components to
be integrated via the same converter, such as PV, batteries, and electrolyser. At
present, only one paper proposes a specific non-isolated topology explicitly designed
for this type of application [121]. In this work, the authors introduce a non-isolated
three-port converter that integrates a PV system, a PEM electrolyser, and a generic
DC bus. The circuit diagram of the proposed topology is shown in Fig. 3.8. The
converter operates as a boost stage toward the DC bus and as a buck stage toward
the electrolyser stack. Its control strategy is based on satisfying the power demand
of the DC bus, to which a load or an additional storage system may be connected,
while directing only the surplus power, i.e., the portion not required by the DC bus,
to the electrolyser. In this way, the converter simultaneously performs MPPT and
activates the electrolyser power supply only when excess generation is available.

iin

Vin
iout,1

iout,2

Vout,1

Vout,2

Figure 3.8: Circuit scheme of the multi-port converter presented in [121].
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3.3 Isolated Converters

Isolated topologies include all converter configurations that incorporate some
form of galvanic isolation. This isolation is typically achieved through high-frequency
transformers, which allow a significant reduction in size and weight compared to
traditional low-frequency transformers. Such an advantage becomes particularly
relevant in high-power applications, such as large-scale electrolysers. In this category
of converters, the input-output voltage relationship depends on the transformer’s
turns ratio n. Consequently, these topologies offer greater flexibility in selecting
the conversion ratio, which is no longer strictly constrained by the duty cycle as in
non-isolated converters. As with non-isolated systems, some studies consider only
PV-electrolyser configurations, whereas others focus on microgrid applications. In
certain works, the exact topology is not explicitly detailed, but only referred to in
general as isolated converters [122, 123].

3.3.1 Dual active bridge

When considering systems composed solely of a PV source and an electrolyser
stack, one of the most commonly adopted isolated converter topologies is the Dual
Active Bridge (DAB) [124, 125]. The power ratings of the case studies presented in
the literature for DAB-based applications range from 80 kW in [125] to 2.9 MW in
[124].

iin iout

Vout

Vin

Figure 3.9: Circuit scheme of the DAB converter.

The DAB consists of two H-bridge converters separated by a high-frequency
transformer, as shown in Fig. 3.9. Power transfer between the bridges is controlled by
the relative phase shift between their switching signals. Depending on the direction
of this phase shift, power can flow in either direction, making the converter inherently
bidirectional, although this feature is not required for the application considered in
this study. The relationship between the input and output voltages of the DAB
depends on the duty cycles of both H-bridges and their relative phase shift [125]:

Vout = Vin

n
X , (3.8)
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where X is a parameter that depends on the switching frequency and on the duty
cycles of the two H-bridges. In [125], the influence of the three-phase shift modulation
scheme used to control the DAB on current ripple is also analysed. The study shows
that performing MPPT, which requires dynamic adjustments of the three phase-shift
ratios, causes oscillations in the equivalent impedance on the primary side of the
converter. As a result, the system exhibits reduced adaptability to photovoltaic
fluctuations when coupled with a PEM electrolyser, leading to an increase in output
current ripple.

3.3.2 Push-pull

Another isolated converter topology that has been investigated is the
full-bridge converter followed by a push-pull stage, as analysed in [126], where a
19 kW system is considered as a case study. The corresponding circuit diagram is
shown in Fig. 3.10.

iin iout

Vin
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Figure 3.10: Circuit scheme of a full bridge at primary and a push-pull at secondary.

This converter allows bidirectional power flow, although this feature is not
required in the present application. Moreover, it enables soft-switching operation
of all semiconductor devices across a wide range of input voltages and power levels.
In [126], unlike other cases previously discussed, the converter is not designed to
perform MPPT but rather to operate the electrolyser at a fixed operating point.
Consequently, this choice penalises the PV system, leading to suboptimal operating
conditions and reduced overall efficiency.

3.4 Resonant Converters

Another major category of isolated converters is that of resonant converters.
In addition to the high-frequency transformer, these topologies incorporate a network
of reactive components arranged to form a resonant circuit operating at a specific
frequency. The voltage transfer ratio of such converters can generally be expressed
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as the product of three factors: the inverter bridge gain, the transformer turns ratio
n, and the resonant tank gain K [127]. The coefficient K depends on the converter’s
design parameters, including the values of the resonant components and the ratio
between the switching frequency and the resonant frequency.

Several studies have investigated isolated resonant topologies for coupling
photovoltaic systems with PEM electrolysers. In these cases, a common trend is the
use of multiple converters connected in series, even when the system consists solely
of a PV source and an electrolyser stack. This represents a significant distinction
from non-isolated topologies, in which multiple converters are typically employed
only in more complex systems, such as microgrids. These architectures are hereafter
referred to as multi-stage converters.

In [128], two different two-stage converter configurations are compared for
a 5.5 kW case study, differing in the topology adopted for the first stage. In one
configuration, the first stage implements a partial power processing topology, whereas
in the other, it consists of a two-leg asynchronous interleaved buck converter.

In both configurations, the second stage consists of an LLC resonant converter
implemented as a half-bridge on the primary side and a centre-tapped rectifier on
the secondary side. For both cases, a P&O MPPT algorithm is employed to control
the overall converter operation. The circuit diagrams of the two configurations are
shown in Fig. 3.11 and Fig. 3.12a, respectively.
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Figure 3.11: Multi-stage LLC resonant converter with partial power processing converter
followed by a half-bridge at primary and a center tapped at secondary.

However, the focus of the article is on the overall efficiency of the converter;
therefore, a comparison of the current quality on the stack side is not provided. It was
demonstrated that, under low-load conditions, the system including the partial power
processing stage achieves higher efficiency. This advantage, however, comes at the
cost of increased circuit complexity, as it requires a greater number of components,
including a second high-frequency transformer.

In [127], four different isolated two-stage topologies are compared for a 5 kW
case study. In all configurations, the first stage is an asynchronous interleaved buck
converter, while the second stage varies according to the specific topology considered.
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Figure 3.12: Different types of multi-stage LLC resonant converter with interleaved buck
converter as the first stage: (a) half-bridge at primary and center tapped at secondary, (b)
H-bridge at primary and diode rectifier at secondary, (c) H-bridge at primary and center
tapped at secondary, and (d) half-bridge at primary and diode rectifier at secondary.
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In the first configuration, an LLC resonant full bridge on the primary side
and a diode rectifier on the secondary are employed, as shown in Fig. 3.12b. In the
second configuration, the same full bridge is maintained on the primary side, but
a centre-tapped rectifier is used on the secondary, whose circuit diagram is shown
in Fig. 3.12c. The third configuration employs an LLC resonant half-bridge on the
primary side and a diode rectifier on the secondary (Fig. 3.12d). Finally, the fourth
configuration corresponds to the one previously discussed in [128] and is illustrated
in Fig. 3.12a.

In this study, the purpose of employing multi-stage converters is to use them as
single power modules within a multi-interleaved, multi-string PV system connected
to a single high-power electrolyser. The first stage acts as a pre-regulator and is
responsible for performing the MPPT, whereas the second stage ensures voltage
matching (in this application, voltage reduction) and provides galvanic isolation. As
in previous works, the focus of this paper is mainly on efficiency. It is shown that
configurations adopting a centre-tapped topology in the second conversion stage
exhibit superior performance from this point of view.

The input-output voltage relationship of the second stage in the various
resonant converters already discussed can be classified into two groups. When the
second stage employs an H-bridge, the inverter bridge gain is equal to 1, and the
voltage conversion ratio is given by

Vout = VinnK , (3.9)

while in the case where the second stage consists of a half bridge, the inverter bridge
gain is equal to 1/2, leading to the conversion ratio

Vout = 1
2VinnK . (3.10)

In [129], a topology similar to that shown in Fig. 3.12b is proposed for a 10 kW
electrolyser, with the difference that the converter stages are reversed: the resonant
H-bridge stage followed by the rectifier is connected to the PV source, whereas the
two-leg interleaved buck stage is connected to the electrolyser. In this case, the
interleaved converter adopts a synchronous configuration.

Conversely, in [130], a converter corresponding to the scheme in Fig. 3.12b is
investigated, but without the first stage, i.e., considering only the isolated resonant
converter. The focus of that work is the comparison of different resonant tank
configurations, demonstrating that among the various options, the LLC resonant
tank is the most suitable for a 250 W electrolyser application. This is attributed
to its ability to ensure lower switching losses and higher efficiency compared to the
other configurations.
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In [131], the multi-stage topology considered consists of an asynchronous
buck converter, which performs the MPPT using a P&O algorithm, followed by a
phase-shifted full-bridge converter with a centre-tapped secondary, used to interface
with a 10 kW stack. The circuit diagram of this topology is shown in Fig. 3.13.

ioutiin

Vin Vout

Figure 3.13: Multi-stage converter composed of a buck converter and a phase shift full
bridge.

Even for isolated converters, when considering more complex systems, there
may be cases where separate converters are employed for each component or
multi-port converter architectures are adopted. As with non-isolated topologies, in
microgrids where both the PV system and the electrolyser have dedicated converters,
the exact topology of one or both converters is not always specified. For example, in
[132], the converter topology responsible for performing the MPPT is not indicated,
while for the electrolyser a full-bridge converter is used on the primary side and a
double-current rectifier on the secondary.
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Figure 3.14: Multi-stage converter composed of a boost converter and an isolated full bridge.

In [133], an asynchronous boost converter is used for the PV, while for the
electrolyser the topology shown in Fig. 3.14 is considered. The case study involves
a 1.5 MW plant. The boost converter performs the MPPT using the IC algorithm,
while the isolated converter regulates the voltage applied to the stack. In this work,
no additional storage system is connected in parallel with the electrolyser, allowing
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the DC bus voltage to vary according to PV power fluctuations. This approach
protects the stack from abrupt power transients but requires an oversizing of the
capacitors on the DC bus to maintain stability.

3.4.1 Isolated multi-port converters

In [134], a 500 W multi-port topology specifically designed for the integration
of PV, battery, and electrolyser subsystems is proposed. The circuit diagram of this
topology is shown in Fig. 3.15a. On the primary side, an H-bridge operates both as
a synchronous interleaved buck converter for the battery and as an LCC resonant
converter for the stack. On the secondary side, an uncontrolled rectifier is employed.
The desired voltage on the port connected to the battery is obtained through the
duty cycle computed from the MPPT, while the voltage on the port connected to the
stack is regulated by controlling the switching frequency. The relationship between
the input voltage from the PV and the output voltage on the stack can be expressed
as:

Vout = Vin

n

64fswsin(Dπ)
K

, (3.11)

where K is a coefficient that depends on the converter design parameters, such as
the ratio of the resonant capacitances, but also on the ratio of switching frequency to
resonance frequency. This configuration allows the operation of the PV and the stack
to be controlled independently, enabling MPPT for the PV while the electrolyser
operates at a desired power level. The current ripple on the stack for this topology
is given by:

∆iout,pp = Vout

Loutfsw
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Since the output voltage is primarily controlled by the switching frequency, the ripple
of the current flowing through the stack depends less on the duty cycle.

In [135], the multi-port configuration is instead achieved through a specially
designed three-winding transformer. The converter is implemented using three
three-phase inverters, as shown in Fig. 3.15b. The battery on the third port is
included for illustration purposes, but this port could also be connected to the grid.
The three-phase inverter is a well-known, simple, and modular topology that can be
integrated into both off-grid and grid-connected systems, depending on the control
strategy. However, the use of a three-winding transformer generally increases design
complexity and cost compared to two-winding alternatives.
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Figure 3.15: Different types of isolated multi-port converter: (a) circuit scheme presented
in [134], and (b) circuit scheme with the three-winding transformer presented in [135].

3.5 Discussion on PV-Electrolyser Converters

Regarding the converter topology adopted for hydrogen production from
PV, the choice between an isolated and a non-isolated converter is not always
directly related to whether the system is grid-connected or standalone. Since
electrolysers generally operate at low voltages, the inclusion of transformers in
isolated converters allows achieving higher conversion ratios between input and
output voltages compared to non-isolated ones. This offers greater design flexibility
and enables better voltage matching between the PV generator and the electrolyser
stack. However, this benefit comes at the cost of increased converter complexity,
larger volume, and higher manufacturing cost, mainly due to the need for a
high-frequency transformer, which is a critical and often expensive component.

When focusing on systems composed solely of a PV array and an electrolyser
stack, in most cases, a single converter is preferred to minimize conversion losses
and system cost. Although certain studies, especially those dealing with isolated
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topologies, consider multi-stage converters, these configurations remain limited
because each additional stage introduces further conversion losses and reduces the
overall efficiency of the system. Nevertheless, multi-stage architectures can still be
advantageous when considered as modular power units within multiple interleaved or
multistring PV configurations connected to a single high-power electrolyser. In such
scenarios, each module can perform local MPPT, ensuring optimal energy extraction
from each PV string, while collectively providing stable operation for the stack.

In most single-converter configurations, the converter performs MPPT control
to maximize energy transfer from the PV system to the electrolyser, thereby
maximizing hydrogen production. This approach, however, leads to an intermittent
operating profile for the electrolyser, as it becomes directly dependent on PV power
fluctuations. Conversely, a few studies propose control strategies that prioritize the
protection and longevity of the electrolyser by ensuring constant power operation.
In these cases, the converter works to maintain a stable load on the stack, which
benefits its lifespan and efficiency, but at the expense of the PV operating below its
maximum power point. This results in reduced conversion efficiency and potential
overheating of the PV panels, which over time can accelerate degradation and reduce
their effective output capacity.

More complex configurations, such as hybrid or microgrid systems, have
also been widely studied. In most of these, dedicated converters are used for
both the PV array and the electrolyser, allowing for independent control of each
component. Typically, non-isolated topologies are preferred for such systems due
to their simplicity, lower cost, and high efficiency. However, in certain cases, only
one converter, either on the PV or electrolyser side, is used, with both connected
to a common DC bus whose voltage is regulated by the overall energy management
system. This configuration enables a higher degree of flexibility and a more intelligent
distribution of power flows. It allows the PV to always operate at its optimal point via
MPPT, while the electrolyser can function in a smoother, more continuous regime,
protected from abrupt power variations. The trade-off is an increase in system cost
and complexity, as these architectures often require additional components such as
energy storage systems (e.g., batteries or supercapacitors) to balance instantaneous
power mismatches.

For a broader evaluation of the cost and reliability of the different converter
topologies, a useful simplification is to consider the number of components used.
Although the reliability of a power converter depends on many factors, such as
component quality, thermal design, and control complexity, it is not always true
that a larger number of components reduces overall system reliability [136–138].
Similarly, cost does not scale linearly with the number of components, since
certain topologies, such as interleaved converters, allow current and thermal stresses
to be distributed among multiple phases, enabling the use of smaller and more



40 3. Electrolyser Power Electronic Converters

cost-effective components. Nevertheless, the total component count remains a useful
indicator of the relative complexity and potential cost of a given topology.

Table Tab. 3.1 summarizes the number of components required for each
converter topology discussed in this section. For interleaved topologies, the general
case with N legs is considered. When counting diodes, freewheeling diodes have
not been included, as they may either be integrated within the switching device
or omitted in certain designs. Additionally, the table provides an overview of the
control strategies adopted for each converter and the corresponding power range of
the application considered.
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Table 3.1: Main Characteristics of the Various Converters Considered

Topology Reference Transformer S/D/L/C Control Power Range

Asynchronous buck [78–88] No 1/1/1/1
P&O, IC, SMC,

Fixed Vout
2 W − 500 kW

Asynchronous boost [90–94] No 1/1/1/1 P&O 1 − 200 kW
Asynchronous interleaved buck [96] No N/N/N/1 SMC 5.6 kW
Synchronous interleaved buck [75] No 2N/0/N/1 500 W
Quadratic buck [84] No 1/3/2/2 SMC 330 W
Cùk [98] No 1/1/2/2 P&O, ANN
SEPIC [98] No 1/1/2/2 P&O, ANN
Synchronous stacked interleaved buck [100] No 4/0/2/2 Fixed Vout 400 W
Non-isolated multi-port [121] No 4/4/3/2
DAB [124, 125] Yes 8/0/0/1 80 kW − 2.9 MW
Full bridge/push-pull [126] Yes 8/0/2/1 Fixed Vout 19 kW
Multi-stage with partial power processing [128] Yes 6/6/4/4 P&O 5.5 kW
Multi-stage half-bridge/center tapped [127, 128] Yes 4/4/5/4 P&O 5 − 5.5 kW
Multi-stage H-bridge/center tapped [127] Yes 6/4/5/2 5 kW
Multi-stage H-bridge/diode rectifier [127] Yes 6/6/5/2 5 kW
Multi-stage half-bridge/diode rectifier [127] Yes 4/6/5/4 5 kW
Multi-stage with synchronous interleaved buck [129] Yes 8/4/3/4 10 kW
H-bridge/diode rectifier [130] Yes 4/4/2/2 250 W
Multi-stage phase shift full bridge [131] Yes 5/5/3/2 P&O 10 kW
Multi-stage asynchronous boost/isolated full bridge [133] Yes 5/3/3/2 IC 1.5 MW
Isolated multi-port [134] Yes 4/4/4/4 Fixed Vout 500 W
Isolated multi-port with 3 winding transformer [135] Yes 18/0/0/3

S = Switches; D = Diodes; L = Inductances; C = Capacitors
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As can be seen from Tab. 3.1, in many converter topologies, the number
of diodes and switches used depends primarily on whether the configuration is
asynchronous or synchronous. In asynchronous designs, each leg requires an
additional diode to provide the freewheeling path during the switch-off period, while
in synchronous converters, this function is performed directly by the controlled
switch. In general, for all topologies that employ interleaved configurations, the
number of total components (both active and passive) scales with the number of legs
used. This is an expected outcome, as increasing the number of legs enables current
ripple reduction and improved thermal distribution, but at the cost of higher circuit
complexity and control requirements.

The converter families that require the greatest number of reactive components
are the isolated resonant topologies. This is due to the inclusion of multiple inductors
and capacitors that form the resonant tank, which allows the converter to achieve
soft switching and higher efficiency at high frequencies. However, these same
components contribute to greater system bulk and cost. Even among non-isolated
topologies, some variants, such as the Cùk or SEPIC converters, employ a larger
number of reactive elements compared to simpler configurations like the buck
or boost converters. Nonetheless, the quantity of these additional components
remains considerably lower than in isolated resonant topologies. It can therefore
be reasonably concluded that isolated resonant converters, particularly those
involving complex transformer-coupled stages, are among the most expensive and
volumetrically demanding solutions for PV-powered hydrogen generation systems.
This higher cost and size are not only attributable to the transformer but also to the
additional resonant elements and the need for precise component matching.

Another observation that emerges from Tab. 3.1 concerns the control
techniques adopted. When explicitly specified, most converters rely on traditional
and well-established MPPT algorithms such as P&O or IC. These algorithms are
preferred because of their simplicity, robustness, and proven effectiveness in a wide
range of PV applications. However, a few studies have experimented with more
advanced or intelligent control strategies, such as those based on ANNs or fuzzy logic,
which have demonstrated improved tracking accuracy and dynamic performance.

Following this analysis, a comparative study of the output current ripple as a
function of the duty cycle is presented for all converter topologies for which analytical
expressions are available. For fairness in comparison, identical parameters, such as
switching frequency, input voltage, and inductance values, are used for all cases.
Topologies in which the load current is inherently discontinuous or not leveled (e.g.,
SEPIC) are excluded from this comparison, as they are considered less suitable for
directly supplying electrolysers due to the resulting performance degradation and
increased stress on the stack.

As previously discussed, and as illustrated in Fig. 3.16, several topologies
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exhibit operating points (specific duty cycle values) at which the output current
ripple theoretically cancels out. Among all analyzed configurations, the stacked
interleaved buck offers the best performance, achieving complete ripple cancellation
under appropriate phase-shift conditions between the power legs and cancellation
leg. The quadratic buck converter also shows superior performance compared to the
standard buck across the entire duty cycle range, and for lower duty cycles, it even
outperforms a six-leg interleaved buck. Regarding the Cùk converter, it should be
recalled that its duty cycle range is inherently limited by the design parameters and
chosen operating mode (either 0 − 0.5 when functioning as a buck or 0.5 − 1 when
acting as a boost) thus constraining its operating flexibility despite its favorable
ripple characteristics.
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Figure 3.16: Comparison of normalized output current ripple amplitude as a function of the
duty cycle.

Therefore, based on the considerations discussed so far, it can be concluded
that the stacked interleaved buck converter represents the most suitable topology for
supplying a PEM-type electrolyser, as it enables the achievement of zero output
current ripple over the entire load range. This characteristic is a fundamental
requirement for the reliable operation and long-term durability of a PEM-type
electrolyser, and the additional cost with respect to a conventional interleaved
buck converter can be justified by the resulting performance benefits. Conventional
buck and boost converters are unable to satisfy this requirement, while standard
interleaved configurations can only achieve ripple-free operation at specific operating
points. As will be shown later, their effectiveness is therefore strongly dependent on
the number of active legs and on the voltage constraints of the system. Similarly,
quadratic buck, Ćuk, and SEPIC converters do not inherently provide operating
conditions with zero output current ripple. In the case of the Ćuk topology, ripple
cancellation may be achieved only through the implementation of specially designed
magnetic circuits, whose increased complexity can lead to a significant rise in cost
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and design effort. Finally, isolated and resonant converter topologies generally entail
higher costs compared to non-isolated solutions, making them less attractive from an
economic perspective. Nevertheless, in specific applications or at particular voltage
levels, they may represent the only viable option and therefore cannot be entirely
disregarded.
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As discussed in Chapter 3, current ripple significantly accelerates the
degradation of PEM cells. Consequently, numerous studies in the literature have
proposed converter topologies and control strategies aimed at mitigating this issue,
with a comprehensive review provided in [139]. However, in most cases, these
approaches achieve ripple reduction or complete ripple cancellation only at specific
operating points [140]. With the topology considered in [141], for example, ripple
cancellation is achieved only for specific duty cycles, while in [142] cancellation is
achieved only on D = 0.5. Some converter topologies are capable of eliminating
ripple across the entire operating range [143], provided that certain design constraints
are satisfied; nonetheless, they often suffer from limited modularity and reduced
efficiency. For example, in [144], current ripple is cancelled only if the inductors
comply with certain design parameters. Also, the topology proposed in [145] aims to
use coupled inductors to cancel current ripple, but this condition only occurs if these
inductors comply with a specific design. Another example is the topology proposed
in [146], which allows current ripple to be cancelled under any operating conditions,
but has an average experimental efficiency of less than 92%.

In contrast, interleaved topologies inherently offer advantages in terms of
modularity and efficiency [147]. Although the interleaved buck architecture naturally
reduces output current ripple due to its phase-shifted operation, achieving complete
ripple elimination across all operating conditions remains a major challenge in
the design of converters for PEM electrolysers. For electrolyser applications, the
suppression of output current ripple is crucial, as it directly influences the system’s
long-term reliability and efficiency, preventing premature degradation and extending
the operational lifetime of the hydrogen production system.

Therefore, based on what has already been seen in the previous Chapters,
it has been chosen to focus on the study of the synchronous stacked interleaved

45
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Figure 4.1: General circuit schematic of a synchronous stacked interleaved buck converter
with N legs, with the cancellation leg highlighted in red.

buck converter (SSIB), a modular topology capable of achieving complete current
ripple cancellation across all operating points. Its modular nature also enables the
application of efficiency-improving strategies, such as phase shedding. A schematic
of this topology is presented in Fig. 4.1.

As previously mentioned and now generalized, the SSIB can be regarded as a
synchronous interleaved buck (SIB) converter with an additional leg (highlighted in
red). This additional leg, referred to as the cancellation leg, differs from the others
by including a capacitor in series with the inductor. Its detailed operating principle
will be discussed in the following section.

An example of such a converter used as a buck was described in [148]. The
simplest configuration was considered in that case, with only one power leg. A
generalisation of this type of converter to the case where there are N power legs
was well described in [149]. Other articles have also considered and discussed this
converter topology, perhaps considering the cancellation leg as an external circuit
[150] or making modifications to it [151]. All these works consider as a source an
ideal power source. As already mentioned in the previous Chapter, in [100] it was
analyzed in conjunction with a PV system but only using a single power leg. Finally,
in [152] this topology was analyzed as a boost converter.

In this work, a modulation strategy for the SSIB is proposed to achieve
a ripple-free current on the electrolyser while minimizing the number of active
components. This is accomplished through phase shedding to maximize converter
efficiency and by selectively enabling or disabling parts of the SSIB architecture.
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4.1 Interleaved Buck Converters

For an N -leg SIB converter, the current in each leg is phase-shifted by an
electrical angle of 360◦/N , ensuring that the total current is evenly distributed among
all active legs. As discussed in the previous Chapter, this configuration leads to a
reduction in the output current ripple by at least a factor of 1/N .

The peak-to-peak ripple of the output current, ∆iout,pp, for a buck converter
under any operating condition is given by [153]:

∆iout,pp = Vin

Lfsw

[
1 − N

(
D − p − 1

N

)] (
D − p − 1

N

)
, (4.1)

where Vin is the input voltage, fsw is the switching frequency, L is the inductance
per leg of the converter, D is the duty cycle, and p is a natural index ranging from
0 to N , defined as:

p = ceil(ND) . (4.2)

Consequently, there are N + 1 operating points at which ∆iout,pp becomes
zero. In other words, an SIB converter exhibits N + 1 ripple-free operating points.
Specifically, as can be seen in Fig. 4.2a, the naturally ripple-free points are those
where D = i/N , where i = 1, ..., N .

Even in cases where the overall output current appears ripple-free, the
individual converter legs still experience a non-zero current ripple. This is an intrinsic
characteristic of interleaved topologies, where the cancellation occurs due to the
phase-shifted contributions of each leg rather than the elimination of ripple at the
leg level. The peak-to-peak ripple for each leg is the same already seen in the
previous Chapter for the single buck. From Eq. 3.2 and as can be seen in Fig. 4.2b,
it is evident that a leg current ripple exists for any duty cycle strictly between 0 and
1, i.e., whenever switching occurs. The number of legs is totally irrelevant in this
case; in fact, the various cases shown in the graph Fig. 4.2b overlap perfectly. Only
in the extreme cases of D = 0 or D = 1, corresponding to a leg being fully off or fully
on, does the ripple vanish entirely. This highlights the importance of interleaving
multiple legs to achieve ripple cancellation at the output while accepting that the
ripple within each individual leg remains an unavoidable phenomenon.

4.2 Ripple Cancellation Via Software

To achieve ripple cancellation, the SIB converter can be operated exclusively
at the duty cycles corresponding to the ripple-free points. This approach allows the
use of only the essential components, as the cancellation leg becomes unnecessary.
Such a technique has already been explored in [153] and in [154].
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Figure 4.2: Current ripple amplitude in an interleaved buck converter as a function of duty
cycle for different numbers of legs: (a) output current, and (b) single leg current.

It is reasonable to assume that the input voltage of a PV generator can vary
within certain limits, as some PV panels may be shaded. These limits obviously
depend on the series-parallel arrangement of the panels and are a degree of freedom
when designing the system. The voltage applied to the electrolyser, as defined by its
polarisation curve, can also be adjusted to regulate the rate of hydrogen production.
Once the electrolyser type, size, and polarisation curve are known, the PV generator
can be appropriately sized. In this context, the PV system is considered to possess
a higher degree of design flexibility compared to the electrolyser stack, since PV
panels can be configured in multiple series-parallel arrangements. In contrast, the
construction parameters of the electrolyser stack are typically fixed by design and
manufacturing constraints. After determining the voltage levels of both the PV
system and the electrolyser, it becomes possible to calculate the minimum number
of legs, Nmin, that the converter must include to ensure ripple-free operation:

Nmin = ceil
(

Vin,min

Vout,min

)
. (4.3)

The tighter the voltage variation limits, both at the input and at the output, the
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higher the number of legs required [154, 155]. Fig. 4.3 shows the input-output
relationship of a 12-leg SIB converter, considering different input voltage ranges,
highlighted by the red dotted vertical lines. The output voltage range is considered
constant as the same stack is used. As can be seen from the areas highlighted in
red, more stringent input voltage limits lead to the formation of zones where the
load cannot operate ripple-free, as there are no duty cycles that naturally cancel
out the ripple. Therefore, if the input voltage must remain within strict limits for
various reasons, there may be operating points where the output current will not be
ripple-free.
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Figure 4.3: Comparison between different input voltage limits (the dashed lines refer to
tighter limits) with the same number of legs N = 12.

Another aspect to consider is that the number of possible ripple-free operating
points is directly proportional to the number of legs N . Thus, as already mentioned,
achieving greater flexibility and a higher number of ripple-free operating points would
require increasing the number of legs [154]. Fig. 4.4 shows a comparison between
two possible configurations: one with N = 6 and one with N = 12. The comparison
is made with the same voltage range, both at the input and output. As can be
observed from Fig. 4.4, when identical voltage limits are imposed on both the input
and the output sides, changing the number of converter legs leads to a different
set of ripple-free duty cycles. When the number of legs is reduced, situations may
arise in which, for a given input voltage value, no duty cycle exists that guarantees
ripple-free operation at the output. For instance, as shown in Fig. 4.4b, for every
value of the input voltage there exists at least one ripple-free duty cycle that allows
an output voltage within the prescribed limits to be obtained. Conversely, this
condition is no longer satisfied for all input voltage values in the case illustrated in
Fig. 4.4a. A similar consideration can be made when analysing the system from
the load perspective. For a given desired output voltage, there may exist multiple
duty cycles, and therefore multiple admissible input voltages, that result in the same
output condition, as clearly illustrated in Fig. 4.4b. In contrast, in the case depicted
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Figure 4.4: Voltage input-output relations with different number of legs: (a) 6 legs, and (b)
12 legs.

in Fig. 4.4a, there exists a region of output voltage values for which no ripple-free duty
cycle is available at all. These observations highlight how the achievable ripple-free
operating range is strongly dependent on the number of converter legs, as well as on
the imposed voltage limits, and underline the importance of an appropriate selection
of the converter modularity during the design stage.

With this technique, the converter therefore operates at a constant duty cycle.
Of course, the preferred duty cycle is the one that minimizes the inductor current
ripple as well as voltage stress on the system components. If it required a specific
output voltage Vout, the optimal duty cycle can be determined as:

D =
floor

(
NVout
Vin,min

)
N

. (4.4)

Obviously, with this technique, any variation in the input voltage will cause a
corresponding change in the output voltage.
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4.3 Ripple Cancellation Via Hardware

If the converter’s output voltage must remain constant despite variations in
the input voltage, operating at a fixed duty cycle is no longer feasible. Furthermore, if
the number of legs used were to be varied in order to improve efficiency, one could end
up operating in areas where there are no duty cycles that allow ripple-free operation.
This is because, as already mentioned, reducing the number of legs used also reduces
the number of possible ripple-free points. An exceptional case to consider would
be that of a converter with a single leg, in which ripple-free operation would be
impossible to achieve. This is because with only one leg, interleaving is completely
lost, while for a number of legs less than Nmin, load conditions are created in which
there are no duty cycles (from Eq. 4.4) that allow the output voltage to fall within
the desired limits. In these cases, therefore, it is necessary to use another method to
cancel the current ripple: the cancellation leg.

With the cancellation leg active, the converter operates such that Qcanc

conducts simultaneously with one of the switches Qi (i = 1, ..., N), and likewise,
Qcanc conducts in sync with Qi. This arrangement allows the cancellation leg to
exhibit a behavior opposite to the Thevenin equivalent of a single power leg. The
capacitor connected in series with the inductor blocks the DC component of the
current, permitting only the AC component to flow.

4.3.1 Output current ripple cancellation

Referring to the SSIB Thevenin equivalent circuit shown in Fig. 4.5, the input
voltage of the equivalent power leg is denoted as vp, while that of the cancellation leg
is represented by vc. The equivalent power leg switches at a frequency fN = 1/TN =
Nfsw and has an equivalent duty cycle defined as:

DN = N

(
D − p − 1

N

)
. (4.5)

Applying Kirchhoff’s Voltage Law to the Thevenin equivalent circuit, the following
relationship can be established:

Vout + Vcanc,0 + L
diLcanc

dt
− vc = 0 , (4.6)

Vout + L
dip

dt
− vp = 0 , (4.7)

where Vcanc,0 denotes the initial voltage across the capacitor Ccanc, and ip represents
the current flowing through the equivalent power leg. Over a time interval of DN/fN,
the main voltages are defined as follows: vc = 0, vp = Vin, and Vout + Vcanc,0 =
Vin(1 − DN). Since the inductor voltages remain constant during this interval, both
iLcanc and ip vary linearly.
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Figure 4.5: Thevenin equivalent circuit of an SSIB.

Consequently, the derivative di/dt can be expressed as ∆i/∆T , where ∆T in
this case equals DN/fN. From this, the residual ripple ∆ip and the ripple in the
cancellation leg ∆iLcanc can be expressed as:

∆ip = Vin

LfN
DN(1 − DN) , (4.8)

∆iLcanc = − Vin

LfN
DN(1 − DN) . (4.9)

Thus, the sum of the current in the cancellation leg and the current in the other legs
leads to a complete ripple cancellation of the output current; in fact, ∆ip +∆iLcanc =
0. Specifically, it can be seen that replacing Eq. 4.5 in Eq. 4.8 returns to Eq. 4.1.
Fig. 4.6 shows the waveforms of the currents in the cancellation leg and the overall
waveform of the SSIB power legs. With this topology, the current ripple is zero for
any load condition.

iout
∆iout,pp

TN

ip

iLcanc

Figure 4.6: Current waveform of the SSIB.

4.3.2 Input voltage ripple considerations

Regarding the voltage ripple at the input of the converter, caused by the
discontinuity of the input current, it can be evaluated starting from the current
flowing through the input filter capacitor. The input current iin(t) can be considered
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as the sum of two components: a DC component iin and an AC component iin,AC.
For simplicity, it can be assumed that the entire AC component flows through the
capacitor, thus:

iC = iin,AC = iin(t) − iin . (4.10)

Taking into account a time interval equal to one equivalent switching period
TN, the input current iin(t) corresponds to the current flowing through the inductor of
the power leg, ip, during the interval DNTN, and to the current through the inductor
of the cancellation leg, iLcanc, for the remaining time (1 − DN)TN. As previously
assumed, the currents in the various legs vary linearly over time.

Therefore, the charge balance for the input filter capacitor is given by:

∆Q =
∫ TN

0
iCdt . (4.11)

This can be separated into the two considered time intervals, yielding:

∆Q =
∫ DNTN

0
iCdt +

∫ TN

DNTN

iCdt , (4.12)

∆Q =
∫ DNTN

0
(iin(t) − iin)dt +

∫ TN

DNTN

(iin(t) − iin)dt . (4.13)

From the fundamental relation of the ideal buck converter, one can derive the
relationship between the average input and output currents:

iin = DNiout . (4.14)

Combining Eq. 4.14 with Eq. 4.13 and taking into account the considerations made
earlier, the following expression is obtained:

∆Q =
∫ DNTN

0
(ip − DNiout)dt +

∫ TN

DNTN

(iLcanc − DNiout)dt . (4.15)

From Fig. 4.6 it is possible to note that ip = iout ± ∆iout,pp and iLcanc = ±∆iout,pp.
By substituting the corresponding equations as a function of time into Eq. 4.15 and
solving the integrals, the following expression is obtained:

∆Q = iout(1 − DN)DNTN . (4.16)

From Eq. 4.16, the voltage ripple can be derived as follows:

∆Vin,pp = ∆Q

C
, (4.17)

∆Vin,pp = iout

NCfsw
(1 − DN)DN , (4.18)
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∆Vin,pp = iout

Cfsw

[
1 − N

(
D − p − 1

N

)] (
D − p − 1

N

)
. (4.19)

This corresponds exactly to that of the voltage ripple of the interleaved buck [156].
As with the output current, there are specific duty cycles for the input voltage that
cancel out the input voltage ripple. Specifically, there are also N + 1 points where
the input voltage ripple is zero. When comparing Eq. 4.1 and Eq. 4.19, it is worth
noting that the term that depends on the duty cycle is the same, so the ripple-free
points are the same for both the input voltage and the output current. Based on
these considerations, it can be observed that the SIB and SSIB topologies are not
suitable for implementing ripple correlation control (RCC) as proposed in [157–159]
to perform MPPT from a PV source. This limitation arises because, depending
on operating conditions, these converters may operate at points where the input
voltage ripple naturally vanishes. As a result, the control algorithm would be unable
to detect or exploit the correlation between ripple variations and PV power changes,
which is the fundamental principle behind RCC-based MPPT methods. Therefore,
for these converter topologies, it would be more appropriate to adopt alternative
MPPT techniques, such as the P&O method, which does not rely on the presence of
input ripple to identify the maximum power point.

4.3.3 Hardware design consideration

In this configuration, the converter comprises N power legs for energy transfer
and one additional auxiliary leg dedicated exclusively to ripple cancellation, resulting
in a total of N + 1 legs. However, the inclusion of this extra leg inevitably increases
the component count, leading to higher system complexity and potentially reduced
reliability. Therefore, some considerations regarding the converter design can be
made in order to improve its position in comparison with other already established
topologies.

From the previous discussion, it follows that the cancellation leg differs
fundamentally from the power legs in both its operating frequency and current
conduction profile. Specifically, the cancellation leg must operate at a switching
frequency that is N times higher than that of the power legs and is designed to
handle only the ripple current rather than the main load current. This significantly
reduces the average current stress on its components, thereby allowing for the use
of different semiconductor technologies or smaller device ratings compared to those
employed in the power legs.

This flexibility opens the door to various hybrid configurations aimed at
optimizing performance and cost. For example, the power legs could be implemented
using IGBTs, which are generally more cost-effective for handling high current levels
at moderate switching frequencies. Conversely, the cancellation leg, which requires
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high-frequency operation but carries only low ripple currents, could employ Si or
SiC MOSFETs. Alternatively, an even more advanced approach might utilize SiC
MOSFETs in the power stage and GaN HEMTs in the cancellation leg, combining
the high efficiency and fast switching of GaN devices with the robustness and
maturity of SiC technology. Such hybrid implementations can lead to optimized
cost-performance trade-offs, reducing overall converter losses while minimizing the
cost increase associated with high-performance devices.

A crucial design consideration in this topology is the capacitor used in the
cancellation leg. Since the voltage across this leg is alternating, the capacitor must
be non-polarized to prevent dielectric breakdown or component failure. The use of
a polarized capacitor in this position would inevitably result in rapid degradation or
destruction of the component due to voltage reversal.

Finally, it is essential to account for the power leg current ripple in the thermal
and electrical design of both the semiconductors and inductors. Although the output
current ripple may ideally be reduced to zero through interleaving or the use of a
cancellation leg, the ripple within each individual leg is never completely eliminated,
except in the special cases where the duty cycle is either D = 0 or D = 1.

For this reason, the inductances of the individual legs play a crucial role in
the overall design. Their values cannot be considered negligible, as they directly
influence both the peak current amplitude and the magnetic flux variation within
the core. If the inductance is too low, excessive ripple current may cause magnetic
saturation in the inductor cores, leading to severe distortion in the current waveform,
increased losses, and potential thermal runaway. Conversely, selecting inductors with
excessively high inductance values would unnecessarily increase the volume, cost, and
weight of the converter while also reducing its dynamic response.

Therefore, an appropriate trade-off must be achieved between electrical and
magnetic design constraints. The inductors should be dimensioned to prevent core
saturation under maximum load conditions while keeping thermal and conduction
losses within acceptable limits. This ensures not only stable and efficient converter
operation but also long-term reliability of the magnetic components under real
operating conditions.

4.4 Efficiency-Enhancing Technique For Modular
DC/DC Converters

4.4.1 Phase shedding

Until now, the number of legs has been considered fixed and equal to that
chosen for the design. However, as already mentioned, at partial loads, in order
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to improve the efficiency of the converter, only a limited number of these could be
operated, thus performing the aforementioned phase shedding.

To understand why the efficiency of an interleaved converter tends to improve
at partial loads when only a small number of legs are used, it is first necessary to
understand how the efficiency of a generic converter can be calculated. During my
PhD activities, I have mainly worked with two methods: one analytical and one
based on the interpolation of experimental data.

In the analytical method, the efficiency of a power converter can be determined
as the ratio between the output power Pout and the input power Pin. This approach
provides a clear, component-level understanding of how losses within the converter
affect its overall performance. Assuming that all power-processing legs of the
converter are identical, the total losses can be divided into two main categories:
those occurring in the inductors PL and those associated with the switching devices
Psw. Hence, considering N identical legs, the total output power can be expressed
as:

Pout = Pin − NPL − Psw . (4.20)

The losses in the inductors are generally composed of copper losses and core losses,
as expressed by:

PL = PFe + PCu . (4.21)

The losses in the magnetic core, PFe, are primarily due to hysteresis and eddy current
effects. For simplicity, they can be estimated using the empirical Steinmetz equation
[160]:

PFe = mFekfm
swB̂n , (4.22)

where B̂ is the peak magnetic flux density in the inductor core, mFe is the mass
of the magnetic core, and k, m, and n are Steinmetz coefficients that depend on
the material properties of the core. Since B̂ is proportional to the peak current
flowing through the inductor, once the inductor geometry and switching frequency
are fixed, PFe can be scaled directly as a function of the current amplitude. This
approximation simplifies the analysis without significantly compromising accuracy
for most practical designs.

The copper losses, on the other hand, result from the Joule effect in the
winding conductors and are expressed as:

PCu = i2
L,rmsRL , (4.23)
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where iL,rms is the RMS current through the inductor and RL is the equivalent series
resistance of its winding. These losses increase quadratically with current, making
them particularly relevant at high load conditions.

The losses in the switching devices, Psw, can be further decomposed into
three components: conduction losses PΩ, commutation (or switching) losses Pcom,
and auxiliary losses Paux, as defined by:

Psw = PΩ + Pcom + Paux . (4.24)

The auxiliary power Paux corresponds to the energy required by the gate driver
circuits of the switches. It can be reasonably approximated as constant and
independent of the current flowing through the device. Therefore, for N converter
legs (each with two switches), the total auxiliary power consumption becomes:

Paux = 2PauxN , (4.25)

where Paux is the driver power consumption per individual switch.
Within each leg, the lower switch conducts for a fraction of the switching

period equal to the duty cycle D, while for the remaining portion of the cycle (1−D),
the corresponding upper diode conducts. The total conduction losses can therefore
be written as:

PΩ = i2
L,rmsRsw,onD + (iL,rmsVd + i2

L,rmsRd)(1 − D) , (4.26)

where Rsw,on is the on-state resistance of the switch, Vd is the diode forward voltage
drop, and Rd is the diode on-state resistance. This formulation highlights how both
the duty cycle and current levels influence the conduction losses of the converter.

Finally, commutation losses Pcom are mainly associated with the switching
transitions (turn-on and turn-off events) of the semiconductor devices. These can be
estimated from the manufacturer’s datasheet by considering the energy dissipated
during each switching event and the switching frequency. Although they typically
represent a smaller fraction of total losses at low switching frequencies, they become
increasingly significant as the frequency rises.

Indeed, the energy values Eon and Eoff provided in semiconductor datasheets
are typically measured under specific test conditions, corresponding to a reference
current irate and voltage. These values generally scale linearly with the actual current
flowing through the switch, while the voltage dependency is often less significant
and can be neglected in a first-order approximation. Thus, by assuming a linear
dependence on the current and keeping the voltage constant, the commutation
losses can be estimated by rescaling the reference energy values according to the
real operating current. Consequently, the total switching losses can be expressed as:
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Pcom = fsw(Eon + Eoff) iL,rms

irate
, (4.27)

where Eon and Eoff represent the energy dissipated during turn-on and turn-off
transitions, respectively. This simplified formulation allows for a reasonably accurate
estimation of commutation losses, provided that the converter operates near the test
conditions specified in the datasheet.

The analytical method described so far offers a valuable tool for predicting
the converter’s efficiency already at the design stage, as it directly links the
electrical and magnetic parameters of the components to overall losses. However,
this approach requires detailed knowledge of every relevant construction parameter,
including parasitic elements and thermal characteristics. Moreover, the greater
the number of simplifications or assumptions made (such as linear dependencies or
neglecting temperature effects), the greater the deviation between the estimated and
actual efficiency values. Hence, while highly informative during preliminary design
and optimization, this method should ideally be complemented by experimental
validation.

An alternative and often more practical approach to estimating converter
efficiency relies on experimental measurements. In this case, the efficiency curve is
derived from measured input and output power data under different load conditions,
and the results are interpolated to obtain a continuous efficiency profile. This
empirical technique was first formalized in [147] and is particularly advantageous
for evaluating modular or interleaved converters, where direct analytical modeling
becomes cumbersome.

The underlying concept is that converter losses can be decomposed into three
principal components: a constant term (associated with fixed power consumption,
such as driver circuits and control electronics), a term of linear proportionality
(representing switching losses), and a term of quadratic proportionality (representing
conduction or ohmic losses). Based on this reasoning, the efficiency of a single-leg
converter can be expressed as:

ηconv = 1
1 + k0

Pout
+ k1 + k2Pout

, (4.28)

where k0 is the coefficient that quantifies the fixed losses, k1 represents the linear
component, and k2 accounts for conduction losses, which scale quadratically with
the current or power.

When losses are very small compared to the overall power of the converter,
i.e., when the converter efficiency is very high, it is possible to simplify Eq. 4.28 to:

ηconv ≈ 1 −
(

k0

Pout
+ k1 + k2Pout

)
. (4.29)
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When multiple converter legs are connected in parallel, as in interleaved
architectures, the loss distribution changes. Specifically, since each leg processes
only a fraction of the total current, the equivalent conduction resistance, and thus
the losses associated with the quadratic term, decrease. However, the number of
driver circuits increases, leading to higher fixed losses. Accordingly, the efficiency
expression for an N -leg interleaved converter becomes:

ηconv ≈ 1 −
(

Nk0

Pout
+ k1 + k2Pout

N

)
. (4.30)

This model provides a highly practical and versatile tool for estimating efficiency,
even in the absence of detailed component-level data. By performing a limited set
of experimental measurements on a converter with a given number of legs, one can
extract the coefficients k0, k1, and k2 through curve fitting. Once these coefficients
are determined, it becomes possible to extrapolate the efficiency performance for
converters with different configurations or power ratings by means of a second-order
polynomial interpolation. This method thus offers an effective bridge between
empirical validation and theoretical modeling, enabling both accurate efficiency
prediction and scalable converter design.

It is therefore clear that reducing the number of active legs can lead to an
improvement in converter efficiency, particularly under partial-load conditions. This
is because, as previously discussed, fewer active legs reduce the number of gate driver
circuits and associated fixed losses, which become proportionally more significant at
low output powers.

4.4.2 Operation in boundary condition mode

However, there exists another effective strategy to enhance converter
efficiency: operating in BCM. In this mode, the converter is controlled so that the
switches commutate when the current flowing through them reaches zero, effectively
eliminating switching losses in ideal conditions.

Unlike what has been considered up to now, where the switching frequency
is constant and independent of load conditions, in BCM the switching frequency
dynamically adapts to the load current. This variable-frequency operation allows
each switching transition to occur at zero current, minimizing the energy dissipated
during turn-on and turn-off events. The switching frequency in BCM can be
expressed as a function of the load current, input voltage, and duty cycle, as follows:

fsw = NVin

2ioutL
(1 − D)D . (4.31)

From (4.31), it can be observed that the switching frequency is inversely proportional
to the load current: as the output current increases, the switching frequency
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decreases, and vice versa. This relationship ensures that the inductor current reaches
zero at the end of each switching period, satisfying the boundary condition that
defines BCM operation.

While BCM operation theoretically eliminates switching losses, it introduces
several practical design considerations. At high load currents, the corresponding
reduction in switching frequency increases the current ripple and the RMS current
in the inductor and switches. This, in turn, leads to higher conduction losses and
can increase thermal stress on the components. Conversely, at low load currents,
the switching frequency tends to rise significantly, potentially exceeding the safe
operating limits of the semiconductor devices or the control circuitry. Therefore,
in practical implementations, the switching frequency must be constrained within
defined upper and lower limits to ensure reliable operation.

In summary, operating a converter in BCM provides a valuable trade-off
between minimizing switching losses and maintaining acceptable conduction losses.
However, its effectiveness depends on careful design of both the magnetic components
and the control strategy, ensuring that the converter operates efficiently across the
entire load range without exceeding component limitations.

4.5 Proposed Cancellation Methodology

The modulation technique proposed in this thesis aims to combine the
advantages of both the cancellation leg and ripple-free modulation techniques. The
considered topology is the SSIB, with the number and type of legs varying according
to the power handled by the converter. It is assumed that the input voltage Vin

may fluctuate within a predefined range established as a design parameter, since on
the input, the presence of PV is assumed. Under normal operating conditions, the
converter functions as an interleaved buck, with the cancellation leg deactivated.

The system architecture considered assumes the presence of a DC bus between
the PV source and the electrolyser. If this DC bus is not present and the PV
array is directly connected to the stack through the SSIB converter, one of the two
components would inevitably operate inefficiently. In particular, the electrolyser
stack would be exposed to excessively fast power fluctuations, or, conversely, the
PV system would be unable to perform MPPT when the hydrogen storage cannot
accommodate additional hydrogen production. An auxiliary energy storage system,
such as a battery bank or a grid connection, could be integrated into the DC bus to
ensure continuous hydrogen generation; however, these additional components are
not considered in the present discussion.

It is therefore assumed that a higher-level energy management control operates
above the converter’s modulation layer, managing the overall energy flow within the
entire P2H system. A generic schematic of a possible control architecture for the
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Figure 4.7: Possible control diagram for the plant and all its possible subsystems.

entire hydrogen production plant, together with the control of the various specific
subsystems, is shown in Fig. 4.7. The focus of this thesis, however, is limited
exclusively to the control subsystem associated with the electrolyser. The energy
management system is responsible, in particular, for regulating the storage system,
which in turn dictates the hydrogen production rate. In this thesis, the worst-case
scenario is considered (namely, the use of MH storage), whose hydrogen adsorption
characteristic is nonlinear with respect to pressure.

When the hydrogen storage system allows for maximum input flow, the
electrolyser can be controlled to operate at any desired point along its characteristic
curve, offering complete flexibility in prioritizing either stack efficiency, hydrogen
production rate, or adaptation to PV generation. Conversely, when the storage flow
rate is constrained, the operating point of the electrolyser becomes correspondingly
limited. In systems equipped with a DC bus, however, the PV panels can continue
performing MPPT independently, as any surplus energy can be directed to auxiliary
storage systems or other loads.

Once the electrolyser’s production threshold has been defined, the
corresponding required output power Pout can be determined. Based on this value,
the appropriate number of converter legs N is selected, and phase shedding is applied
to maximise efficiency. Using the power characteristics and the stack polarisation
curve, the voltage that must be applied to the electrolyser to achieve the desired
power absorption can then be calculated.

Knowing the number of active legs N and the output voltage Vout, the duty
cycle required to achieve ripple-free operation can be computed using Eq. 4.4. If
a duty cycle D ̸= 0 exists, it is verified through the conventional input-output
relationship of the buck converter that the resulting output voltage corresponds
to the desired value for the given input voltage.

If this condition is not satisfied, two alternative actions are possible: adjust the
DC bus voltage, thereby modifying Vin to obtain the desired Vout while maintaining
the previously calculated duty cycle; or activate the cancellation leg, recalculating
the duty cycle so that, for the given input voltage, the desired output voltage is
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Figure 4.8: Generic block diagram of the proposed logic.

The first solution depends on the external energy management system, which
must act on other converters to vary the DC bus voltage. In contrast, in the second
case, the duty cycle is recalculated so that, for the given input voltage, the output
voltage corresponds to the desired one. This approach minimises the number of
components conducting in each cycle while ensuring the primary requirement of
maintaining a ripple-free output current. A schematic representation of the described
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control logic is shown in Fig. 4.8, in which the different control levels have also been
highlighted, together with the specific tasks and responsibilities that each of them
should address. This allocation of responsibilities is designed to clearly separate the
plant-level energy management system from the individual electrolyser converter,
thereby decoupling the electrolyser converter from the specific context in which it
is integrated. As a result, the only input parameter required by the control system
of the electrolyser converter is the power it is required to absorb. In this way,
regardless of the particular application or system configuration in which the converter
is deployed, the electrolyser stack can always be supplied under ripple-free operating
conditions.

4.5.1 Leg number regulation and transient handling

Sudden variation in the number of active legs, the carrier phase-shift angle,
or the Ccanc voltage step leads to electric transients. When one of these events
occurs, both the power branches and the cancellation leg temporarily experience an
incorrect duty cycle value, which may induce a second-order underdamped oscillation
and result in potentially dangerous current peaks.

To address this issue, whenever the number of active legs changes (either
through activation or deactivation), all switches are turned off, allowing the inductor
currents to decay to zero. Immediately afterwards, the correct number of legs is
sequentially reactivated to establish the new current distribution and carrier phase
shift according to the updated configuration, virtually eliminating second-order
transient effects.

During the brief interval in which the converter is shut down, it is possible
to combine the action of another fundamental component of PEM cells’ system:
the already mentioned SCU. The SCU periodically short-circuits the electrolyser for
approximately 100 milliseconds, aiding in the humidification of the proton exchange
membranes [161–163]. The time required for leg reconfiguration is significantly
shorter than the SCU operating period. In fact, leg reconfiguration can be
synchronised to occur simultaneously with the SCU action.

The system can therefore encounter three types of events:

1. Cancellation capacitor voltage regulation: To effectively cancel residual
ripple, it is necessary that the capacitor Ccanc experiences a voltage of Vin(1 −
DN) − Vout. It should be noted that DN depends on N , as defined in Eq. 4.5.
During steady-state operation, when no abrupt voltage change occurs, this
voltage is naturally regulated by the cancellation leg. However, whenever the
number of active legs is modified, the voltage changes abruptly, triggering
transients. To mitigate this, the voltage should be gradually adjusted by acting
on the cancellation leg duty cycle while the power legs remain active. This
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ensures that the cancellation capacitor reaches the correct voltage value before
the switch shutdown (i.e., event number 2). During this adjustment period,
the ripple-free characteristic is temporarily lost, but harmful transients are
prevented.

2. Switch shutdown: To initiate leg reconfiguration, all gate signals are set to
zero, turning off the switches. Immediately afterwards, the inductor currents
begin to decrease (flowing through the antiparallel diodes of the switches) until
they reach zero. So the voltage on the x-th leg inductor, from Kirchhoff’s
Voltage Law, will be VLx = −Vout. From the fundamental equation of the
inductor, we can therefore deduce that:

diLx

dt
= −Vout

L
. (4.32)

As previously mentioned, it is considered the variation of the linear current
over time. In the worst-case scenario (namely when the inductor current is at
its upper peak), the system requires a resetting time approximately equal to:

tres = L

Vout

(
iLx + Vin

2Lfsw
(1 − D)D

)
, (4.33)

where iLx is the average current of the x-th leg.

It should also be noted that when both cancellation leg switches are turned off,
the voltage across Ccanc remains constant at the value set during event 1.

3. Sequential switch turn-on: To re-establish normal current flow with the
new leg configuration, each leg’s upper switch is sequentially turned on with
a time delay of Tsw/N (corresponding to the interleaving phase shift). The
switches remain in this configuration for a duration of (ILxL)/Vin(1 − D),
sufficient to reach the steady-state average current. Once this time has elapsed,
regular PWM operation resumes. The cancellation leg is activated once the last
active leg reaches its steady-state value. In the worst-case scenario, ripple-free
operation is restored in approximately (ILxL)/Vin(1 − D) + (N − 1)/(fswN).

In summary, the transition from N = N ′ to N = N ′′ can be achieved through
the following procedure: first, regulate the voltage of the cancellation capacitor to
Vcanc,0(N ′′) (event 1); second, shut down the N ′ active legs and the cancellation leg
(event 2); finally, sequentially turn on the N ′′ new legs (event 3).
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Results and Discussion

The previous Chapters covered all the theory relating to PV hydrogen
production systems, and in particular the type of converter considered. This Chapter,
on the other hand, presents a case study to support the proposals made in this thesis
and the experimental results of the tests conducted in the laboratory in recent years.

5.1 Simulation Results

In this section, a numerical example is presented to validate the operation of
the proposed converter architecture and its corresponding control strategy. The case
study focuses on the PEM electrolyser available in our laboratory, which serves as a
representative system for small-scale hydrogen production powered by photovoltaic
sources. The electrolyser has a nominal power output of 2.5 kW and can reach a
maximum power output of 3 kW under full-load conditions.

The polarization curve and the corresponding power characteristic used for
the analysis are reported in Fig. 5.1. These curves are obtained from experimental
measurements carried out during steady-state operation of the electrolyser. As a
result, the regions associated with activation losses (typically observed at very low
current densities) and diffusion losses (which occur when the current density exceeds
the rated operating limit) are not included in the plots, as both represent undesirable
and potentially damaging operating conditions for the stack.

This thesis does not address the optimal sizing of the overall system; therefore,
parameters such as the number of PV panels, their specific type, or their arrangement
into strings will not be considered in detail. A reasonable and realistic assumption,
consistent with current commercial PV system architectures, is that all panels are
connected to a common DC bus through individual power optimizers. Each panel
is thus equipped with its own DC/DC converter, responsible for performing MPPT
locally. The voltage of the common DC bus will consequently vary depending on
external conditions, such as partial shading or mismatch among panels.

65
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Figure 5.1: Polarization curve (in red) and power curve (in blue) of the considered
electrolyser.

In grid-connected systems, the DC bus voltage is typically regulated by an
inverter, which maintains it within specific limits, usually in the range of a few
hundred volts. In this case study, however, the presence of the inverter connected
to the DC bus in parallel to the stack is not considered in the following simulations.
Nevertheless, since the DC bus voltage represents a degree of freedom in the system,
it can be selected so that it remains within the standard voltage range commonly
used for PV inverters.

Considering the size of the electrolyser under study (3 kW), it is assumed
that the system is connected to a low-voltage single-phase grid. Accordingly, the
DC bus voltage range is set between 280 and 420 V, corresponding to a nominal
voltage of approximately 350 V ± 20%. This choice ensures that, if the system were
to be integrated with the grid, the DC bus voltage would be compatible with typical
PV inverter operation. Moreover, the upper limit of 420 V allows the use of 800 V
rated semiconductor switches at a utilization factor of about 40–50%, providing a
significant safety margin for both voltage stress and thermal considerations.

It should be noted that these limits are conservative, as many commercial
PV inverters can tolerate wider voltage ranges. For example, the Huawei
SUN2000-3KTL-M1 inverter supports an operating voltage range of 140 to 980 V,
offering greater flexibility in system design and operation.

Once the voltage limits have been defined, it is possible to determine the
minimum number of legs required for ripple-free operation using Eq. 4.3. In this
specific case, the minimum number of legs is found to be 9, leading to the selection
of a converter configuration consisting of 9 power legs and one cancellation leg.

Employing nine power legs offers several advantages. Firstly, it enables the
implementation of phase shedding, which can be exploited to improve the converter’s
efficiency under partial load conditions. Secondly, this configuration enhances the
system’s fault tolerance, allowing continued operation even in the event of power
derating caused by the failure of one or more legs. Moreover, choosing a number of
legs that is a multiple of three provides an additional benefit in terms of modularity,
as the same hardware modules could also be employed in three-phase inverter
applications, thereby increasing design flexibility and reducing overall system costs.
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The use of 9 legs in this configuration implies that each leg is required to
carry a maximum mean current of approximately 8 A, which allows for the use of
smaller and more cost-effective components. The peak current flowing through the
individual switch will be higher and will depend on the design of the inductor.

In this regard, for the inductor design, it is assumed that the peak-to-peak
current ripple in each inductor, ∆iL,pp, is limited to 20% of the maximum average
current under the worst-case operating condition, i.e., when D = 0.5, as discussed
in the previous Chapter and illustrated in Fig. 4.2b. This represents a conservative
design choice, ensuring that, under partial-load conditions, the current ripple remains
lower for the same inductance value. The only case in which higher peak currents
could occur is if the converter is operated in BCM mode, thereby reducing the
frequency.

About the switching frequency, a maximum value of fsw = 10 kHz is
considered, and the design of the inductors is carried out based on this value. For the
efficiency evaluation in BCM operation, it is assumed that the switching frequency
could vary dynamically between a minimum of 1 kHz and the aforementioned
maximum of 10 kHz. In this case, soft-switching is achieved without the use of
external snubber circuits, relying solely on the adopted modulation technique. More
specifically, the switching frequency fsw is dynamically adjusted so that the minimum
value of the leg current coincides with zero. Moreover, setting the upper frequency
limit to 10 kHz guarantees that, even in the worst case, the switching frequency of
the cancellation leg remains below 150 kHz, which complies with standard limits
imposed by electromagnetic compatibility regulations [164].

Despite the considerations made in the previous Chapter regarding the
selection of different semiconductor technologies for each leg, for the sake of
simplicity, in this analysis a single switch model is assumed for all converter legs.
Specifically, the Fairchild FCPF400N80Z MOSFET is selected as the reference
device.

The efficiency is evaluated using the analytical approaches previously
discussed. Three operating cases are considered: the SIB topology with phase
shedding, the SSIB topology with phase shedding, and the SSIB topology combining
phase shedding with BCM operation. For the efficiency calculation, only the losses
in inductors, switches, diodes, and auxiliary circuits are included, while capacitor
losses are neglected.

The parameters of the selected MOSFET are taken from the manufacturer’s
datasheet, considering the worst-case operating condition corresponding to a junction
temperature of 100 ◦C, to obtain conservative estimates. The losses in the inductor
core, PFe, are computed by assuming a generic ferrite material, with parameters
derived from [160]. For the winding resistance and the ferrite core mass, the reference
model considered is the TDK B82746S6702A040. All relevant parameters used for
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the efficiency calculations are summarized in Tab. 5.1.

Table 5.1: Efficiency Calculation Parameters

Parameter Value Unit

Leg inductance, L 6.5 mH

Inductor resistance, RL 18 mΩ

Ferrite mass, mFe 175 g

Steinmetz mass coefficient, k 1.983 · 10−3

Steinmetz frequency coefficient, m 1.36

Steinmetz magnetic coefficient, n 2.86

Switch resistance, Rsw 34 mΩ

Diode resistance, Rd 109 mΩ

Diode forward voltage, Vd 1.2 V

Turn on losses, Eon 23.6 · 10−6 J

Turn off losses, Eoff 39.5 · 10−6 J

Auxiliaries losses, Paux 1 W

The results of the analytical efficiency calculation are presented in Fig. 5.2,
while Fig. 5.3 provides a direct comparison among the three analysed cases. As
can be observed, the SIB topology exhibits slightly higher efficiency than the SSIB,
primarily due to its lower component count. It should also be noted that, in this
analysis, capacitor losses have been neglected, and the SSIB includes an additional
capacitor, which would further increase its total losses in a more detailed evaluation.

In contrast, the BCM configuration consistently achieves higher efficiency
across the operating range. This indicates that the limitation lies not in the intrinsic
performance of the BCM itself, but rather in the choice of switching frequency
used for the other two configurations. Specifically, the adopted frequency saturation
mechanism imposes a lower frequency limit at high load conditions, when the current
increases. Since, in the selected switch model, switching losses represent a significant
portion of the total losses, this constraint directly impacts overall efficiency.

Nevertheless, as the purpose of this example is purely qualitative, the
switching frequency values reported in Tab. 5.1 are retained. A further reduction
of the switching frequency would require redesigning the inductors and selecting
alternative components, which would in turn alter the efficiency estimation. Such
an optimisation process lies beyond the scope of this thesis.
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Figure 5.2: Efficiency curves varying the number of legs from N = 1 to N = 12 and their
upper envelope, considering on top the SIB, in the middle the SSIB, and at the bottom the
SSIB with BCM.
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Figure 5.3: Comparison between phase shedding and phase shedding with BCM.

To enable a fair comparison among the three configurations, the four-point
efficiency η4point is introduced, defined as:

η4point = 1
4(η25% + η50% + η75% + η100%) , (5.1)

where η25%, η50%, η75%, and η100% correspond to the converter efficiency at 25%,
50%, 75%, and 100% of the nominal load, respectively.

The calculated four-point efficiencies for the SIB, SSIB, and SSIB operating
in BCM mode are 96%, 95.9%, and 96.3%, respectively. These results indicate
that deactivating the cancellation leg is beneficial when current ripple elimination is
already achieved through duty cycle modulation, as it allows for a slight improvement
in overall efficiency and a reduction in component stress.

Furthermore, the BCM case is not considered in the subsequent analysis, as
its improved performance is primarily the result of the lower switching frequency
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imposed. Another reason for this exclusion concerns converter control: dynamically
varying both the switching frequency and the number or type of active legs introduces
instability when the system operates in open loop, as in the present case. For these
reasons, operation in BCM will not be examined further in the simulations, although
it may represent an interesting subject for future research.

Before conducting the experimental tests, the phase-shedding control logic
of the SSIB is simulated in PLECS, focusing exclusively on the electrolyser and
its associated converter. In this simulation, the source is modeled as a controlled
voltage source, while a ramp-shaped power demand is applied to the electrolyser to
emulate a request from the plant’s energy management system. The electrolyser is
modelled using a lookup table containing the polarisation curve data from Fig. 5.1.
The power ramp duration is 5 s, starting from 0 and reaching maximum power. The
ramp duration is chosen arbitrarily and is not a standard operating condition for an
electrolyser. Load variation requests of this type could only occur at start-up, when
the system needs to be pressurised.

To implement the algorithm proposed in Fig. 4.8 and select the number of
active power legs, it can be performed either through a block of C code or by
implementing state machines in which the analytically derived efficiency curves
are embedded. If experimental data are available, they can be integrated in the
same way to refine the decision logic. The first approach, based on C code, offers
greater flexibility and adaptability to various operating conditions but requires more
complex implementation. Conversely, the state machine approach is simpler to
realize and easier to maintain, though it is inherently less flexible and may require
reconfiguration if system parameters change.

Since the number of active legs and their corresponding phase shifts must vary
dynamically according to the power demand, it is essential that the carrier signals
adapt in real time. For this reason, the carriers for the power legs are generated by
mathematically synthesizing the triangular waveforms rather than using predefined
PLECS blocks. This approach is chosen because PLECS does not natively provide
a block capable of dynamically adjusting the phase shift between multiple carriers,
a crucial requirement to maintain the correct interleaving and ensure ripple-free
operation under varying load conditions.

A key requirement for the correct operation of the SSIB is maintaining carrier
synchronism, since the switching frequency of the cancellation leg depends on the
number of active power legs N . If separate carriers are used for the cancellation leg
and the power legs, synchronism may be lost during the activation or deactivation of
additional legs. As the number of active power legs varies, the carrier frequency of
the cancellation leg changes accordingly, potentially introducing an undesired phase
shift relative to the other carriers. This loss of phase alignment compromises the
converter’s ability to effectively cancel current ripple.
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To prevent this issue, the gate signal of the cancellation leg scanc(t) is generated
according to the following relation:

scanc(t) =
N∑

i=1
si(t) − floor(ND) − Noff , (5.2)

where si(t) represents the gate signal of the i-th power leg, and Noff denotes the
number of inactive converter legs.

Fig. 5.4 shows the waveforms of the currents in the converter when N = 4.
At this operating point, there are no duty cycles that allow ripple-free operation, so
the use of the cancellation leg is essential. As demonstrated in the previous Chapter
and as can be seen in Fig. 5.4b, the current on the load is ideal and ripple-free.
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Figure 5.4: Current waveforms in case N = 4 and the cancellation leg working: (a) currents
on the inductors, (b) current on the load.

Fig. 5.5 shows the current trends in the power legs during the power ramp.
As can be seen, as the load varies, phase shedding of the unnecessary legs occurs.
It should be noted that in Fig. 5.5, no transient control technique has been
implemented, so that each time the number of legs changes, with the insertion of a
new one, a transient occurs which, as mentioned in the previous Chapter, leads to
unwanted current peaks.
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Figure 5.5: Power legs current trends.
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Figure 5.6: Power legs, cancellation, and input currents under active leg number
rearrangement from N ′ = 2 to N ′′ = 3: (a) white lines are the moving average of power
legs and cancellation currents, (b) a detailed view of the currents during the leg transition.

To validate the results related to ripple-free operation, phase shedding, and
transient handling, Fig. 5.6 reports the time-domain waveforms of the power-leg
currents, the cancellation-leg current, and the total input current, considering a
transition in the number of active legs from N ′ = 2 to N ′′ = 3. As shown in the
Fig. 5.6a, the electrolyser current iout is initially ripple-free thanks to the action of
the cancellation leg, whose compensating behaviour is visible in the waveform of
iLcanc.

At t = 268 ms, the voltage of the cancellation capacitor Ccanc begins
its controlled adjustment in anticipation of the leg-number increase (event 1 in
Subsection 4.5.1). During this interval, as expected, iout temporarily loses its
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ripple-free condition. Moreover, the cancellation current iLcanc exhibits a non-zero
moving average, indicating an exchange of energy with the cancellation capacitor.

When the capacitor voltage regulation is completed (at t = 366.7 ms), the
system undergoes events 2 and 3 in rapid succession. As highlighted in Fig. 5.6b, all
currents are forced to zero in approximately 50 µs. After roughly 70 µs, the power
legs are reactivated sequentially, and the steady-state current is restored in less than
100 µs without any noticeable transient. At t = 367.2 ms, the cancellation leg is
enabled again, reinstating ripple-free operation of iout.

It is worth noting that the system remains in a shutdown state for less than
1 ms, a duration significantly shorter than the typical times associated with SCU
operation [163]. The same sequence of events can be replicated for any pair of
operating points N ′ and N ′′.

5.2 Experimental Results

To evaluate the impact of the cancellation leg on current ripple, as well as its
effectiveness when the converter already operates under ripple-free duty conditions,
a series of experimental tests were carried out. In these tests, the converter is
implemented with seven power legs and a single dedicated cancellation leg.

The laboratory setup is divided into two main sections: the power section,
which includes the converter under test, and the control and acquisition section. A
photograph of the complete setup is shown in Fig. 5.7.

The power section consists of a TDK-Lambda GEN 750W/1500W series power
supply, two capacitors connected in parallel to form the input filter, and four PCBs
connected in parallel that constitute the converter under test. Each PCB integrates
an IGBT-based H-bridge along with its corresponding gate driver circuitry. The
setup also includes the inductors associated with the power legs and two capacitors
connected in series to realise the capacitance of the cancellation leg.

Since the experiments were conducted in multiple sessions with different
objectives, the load configuration varied accordingly. To verify the basic operation of
the converter and analyse current waveforms, two resistors connected in series were
used. For efficiency analysis and accurate converter characterisation, an electronic
load ITECH IT6600C was employed, allowing control of the absorbed power at a
fixed applied voltage.

The component parameters and operating quantities are summarised in
Tab. 5.2.
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Figure 5.7: View of the whole experimental setup.

Table 5.2: Experimental System Parameters

Parameter Components Count Value Unit

DC link capacitance, CDC 2 1 mF

Leg inductance,Li 8 1.73 mH

Leg resistance,Ri 8 0.73 Ω

Cancellation capacitance, Ccanc 2 100 µF

Load resistor, Rload 2 10 Ω

Input voltage, Vin ND 70 V

Switching frequency, fsw ND 1 kHz

The control and acquisition section includes three RIGOL DS1054Z
oscilloscopes for voltage and current waveform monitoring, eight LEM LA 55-P
current sensors, a Pico Technology TA041 voltage probe, the RT Box-1 real-time
control platform for converter operation, a ZES Zimmer LMG671 precision
wattmeter, and a personal computer for supervision and data processing.

To implement phase shedding, it is essential to directly control the gate signals
of the individual switches; otherwise, a leg would remain permanently active or
inactive, preventing proper deactivation. With this experimental setup, dynamic
phase shedding could not be implemented because the single leg is controlled by a
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single signal, which is divided between the gates of the individual switches by means
of auxiliary circuits on the single board, making it impossible to switch off both
switches. The tests are therefore conducted for three fixed configurations with 7, 5,
and 3 power legs. For each configuration, three common duty cycles are tested:
D = 1/N , D = 1/2, and D = (N − 0.5)/N . The first condition corresponds
to the ripple-free operating point for all configurations, the second represents an
intermediate condition common to all three configurations, and the third corresponds
to the operating point with the maximum ripple amplitude for every respective
configuration.

The generation of the carrier and modulation signals is performed within the
PLECS environment, while the gate signals are generated by the RT-Box, which
transmits the corresponding digital signals to the converter boards. To emphasise
the effect of the cancellation leg, the maximum switching frequency of the power
legs is set to 1 kHz. This choice intentionally increases the current ripple for a given
inductance, thereby highlighting the ripple-cancellation capability of the additional
leg.

For each test, the converter operation is evaluated both with and without
the activation of the cancellation leg. Data acquisition is synchronised with the
activation of the cancellation leg. The experimental results are shown in Fig. 5.8,
where the individual leg currents and the total output current are reported, while in
Fig. 5.9 is reported the detail with N = 3 and D = (N − 0.5)/N . The instant when
the cancellation leg is switched on serves as the time reference, while the grey-shaded
region indicates the interval during which it is disabled.

From the results, it can be observed that for all tests conducted at D = 1/N ,
the activation of the cancellation leg has minimal or negligible effect, as the converter
already operates under naturally ripple-free conditions. In these cases, the use of the
cancellation leg is therefore unnecessary. Conversely, for the other duty cycles, the
activation of the cancellation leg consistently improves the output current waveform,
effectively cancelling the ripple. This improvement is particularly evident in the
configuration with N = 3, where the reduced number of legs results in inherently
higher ripple amplitude.

The case highlighted in Fig. 5.9 is chosen because it is emblematic of the
worst-case scenario tested: the number of power legs is lower, with the duty
cycle resulting in maximum ripple at a high power level. It can be seen that the
experimental result is in line with that obtained from the simulations. It can also be
seen that the non-idealities of the circuit cause an imbalance in the currents, which in
turn causes a recirculation current in the cancellation leg even when it is not active.

A further phenomenon visible in the experimental waveforms is the transient
that occurs when the cancellation leg is enabled. During this brief interval, the
current through the cancellation leg may exceed that of the power legs, but the
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Figure 5.8: Experimental results of the leg and load currents: the left column corresponds
to cases with N = 7, the centre to N = 5, and the right to N = 3. From top to bottom,
the rows show the results for duty cycles of d = 1/N , d = 1/2, and d = (N − 0.5)/N ,
respectively. The grey-shaded area represents the time interval before the activation of the
cancellation leg.

transient decays very rapidly, typically within a few milliseconds.
It should also be noted that the proposed technique for managing transients

could not be implemented for the same reason that dynamic phase shedding could
not be implemented.

This transient introduces an important design consideration when the
converter operates in open loop, specifically concerning the sizing of the switches
in the cancellation leg. In principle, smaller switches could be used for this leg, since
under steady-state conditions, when it remains continuously active and the number
of power legs is constant, the current flowing through it primarily carries the ripple
component. However, in dynamic scenarios where the insertion and deactivation
of the cancellation leg occur more frequently, it is advisable to size the switches to
withstand possible current overloads during these transient events. The magnitude
and repetition rate of such transients may accelerate component ageing; hence, this
aspect must be carefully evaluated during the design phase.

These considerations are particularly relevant under open-loop operation. In
more realistic closed-loop configurations, or when employing modulation techniques
specifically designed for transient management, such as the one discussed in Chapter
4, the amplitude of the current transients can be effectively limited. This allows
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Figure 5.9: Detail of the current in the inductors and on the output when N = 3 and
D = (N − 0.5)/N .

the use of smaller and potentially more cost-effective switches for the cancellation
leg, without compromising reliability. It should also be noted that the switching
frequency of the cancellation leg varies according to the number of power legs in
operation.

Finally, an experimental efficiency assessment is conducted to validate the
results of the analytical efficiency analysis. For this purpose, the number of power
legs considered is limited to 5, and the switching frequency is fixed at 3 kHz. For
the BCM case, the switching frequency is instead varied between 1 and 10 kHz. In
the latter configuration, the number of legs is limited to 4, due to the maximum
switching frequency constraints imposed by the devices used in the cancellation leg.

Efficiency measurements are carried out for each of the previously analysed
converter topologies, SIB, SSIB, and SSIB operating in BCM mode, and the results
are subsequently interpolated according to the method proposed in [147] and already
discussed in Chapter 4.

The results obtained for each configuration are presented in Fig. 5.10,
while their comparison is shown in Fig. 5.11. The experimental trends are in
close agreement with the analytical predictions, confirming that the activation
of the cancellation leg is beneficial only when strictly necessary. The main
deviation between the experimental and analytical analyses is observed in the BCM
configuration, which exhibits a slightly higher efficiency than the SIB at output
power levels below 100 W. This behaviour is primarily attributed to the specific
characteristics and non-idealities of the low-power prototype used during testing.
This is probably because the resistance of the inductors used is greater than that
considered in the analytical calculation, and thus at low frequencies (and therefore
at higher rms values) conduction losses increase more significantly. Furthermore, the
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Figure 5.11: Comparison between the upper envelope of the experimental efficiency curves.

switches considered in the analytical case are different from those mounted on the
boards used.

The advantages of phase shedding are also clearly demonstrated: at high
output power levels, converters operating with a larger number of active legs achieve
superior performance, whereas at partial loads, higher efficiency is obtained by
deactivating part of the converter legs.

The experimentally measured four-point efficiencies are 93.9%, 93.7%, and
92.7% for the SIB, SSIB, and SSIB operating in BCM mode, respectively. This
result does not match exactly with what was found in the analytical analysis, for
the reasons already mentioned regarding the operation in BCM. However, as regards
the comparison between SIB and SSIB, the experimental results are consistent with
what was already found in the analytical analysis.
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5.3 Discussion

This thesis provides an overview of the current state of the art in hydrogen
production, with a particular emphasis on PV systems as the primary energy source.
Among the various converter topologies investigated for this type of application,
the SSIB converter is selected. Compared to the SIB topology, this configuration
differs through the addition of an extra leg with a series-connected capacitor. The
control strategy does not introduce additional complexity, since the control of the
cancellation leg can be derived directly from the gate signals of the other legs.
Moreover, if desired, the converter can also be operated as a conventional SIB simply
by disabling the cancellation leg. As with SIB converters, the modular nature of the
topology enables potential cost reductions in both manufacturing and maintenance,
while also allowing the implementation of advanced control techniques such as phase
shedding to enhance conversion efficiency.

Considering that, in a hydrogen production plant based on water electrolysis,
the highest costs are associated with the electrolyser stack and the hydrogen storage
system, the additional cost of an extra leg and a capacitor inside the converter can be
justified by another key feature of this topology: its ability to completely eliminate
the output current ripple under any operating condition. This characteristic is
particularly crucial for systems employing PEM electrolysers, as it can prevent
premature membrane degradation and avoid the associated reduction in conversion
efficiency, thereby contributing to improved system lifetime and overall performance.

The experimental results confirm the findings discussed in the theoretical
section: ripple cancellation naturally occurs for all duty cycles corresponding to
i/N (i = 1, ..., N). At these operating points, the activation of the cancellation leg is
unnecessary, as it would reduce converter efficiency without providing any additional
benefit. This behaviour has also been verified experimentally.

For all other duty cycle values, a trade-off must be made between higher
converter efficiency, at the expense of the electrolyser’s lifetime, and complete
current ripple cancellation, at the expense of conversion efficiency. The experiments
also highlighted the presence of current transients during the insertion of the
cancellation leg when no transient control is implemented. Simulations demonstrated
that employing the proposed modulation technique for transient management can
significantly mitigate current peaks, although this comes at the cost of temporarily
losing ripple-free operation during the transient period.
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6
Conclusion

This thesis represents the outcome of three years of research in the field
of power converters for both Power-to-Gas and Gas-to-Power systems, that is, for
hydrogen production and utilisation. This topic has gained significant attention in
recent years, largely due to increased funding and strategic interest in the hydrogen
sector.

This thesis focuses specifically on a converter topology known as the
synchronous stacked interleaved buck. Although this converter is particularly
well-suited for supplying PEM electrolysers, it has not yet been adopted in
commercial systems. I hope that the results and insights presented in this work
will contribute to changing that in the near future.

One of the key features of this converter is its ability to eliminate current
ripple under any load conditions. This makes it ideal for powering PEM stacks,
which could suffer from reduced conversion efficiency and useful life when subjected
to current ripple. It is also a modular converter, which could implement techniques
to improve efficiency at partial loads. A modulation technique has therefore been
proposed that can combine current ripple cancellation with efficiency maximisation.

Experimental tests have shown that the use of the cancellation leg leads to
the cancellation of ripple in all cases where it is not already naturally cancelled by
the duty cycle. The use of this extra leg is therefore not necessary if the converter
operates at naturally ripple-free points. Furthermore, experimental tests have shown
that converter phase shedding improves performance at partial loads. The four-point
efficiencies obtained show that, with the prototype used, in the case of interleaved
buck alone, almost 94% can be achieved. In contrast, the other cases with the
cancellation leg enabled lead to lower efficiencies, 93.7% and 92.7% respectively for
stacked phase shedding alone and for stacked phase shedding with BCM.

Despite notable progress, there remains considerable scope for improvement,
particularly concerning the materials employed in both electrolyser stacks and
storage systems. From the perspective of power electronics, many of the challenges
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encountered in this field can be addressed by leveraging solutions and design
principles already established in other industrial sectors. Electrically, the greatest
potential for advancement lies in optimising overall system architecture, intending to
improve the efficiency of energy conversion and management throughout the process.

Regarding the use of a single power converter, a first possible direction
for future improvement lies in the development of more advanced partial power
processing topologies for PV-electrolyser applications. Such topologies enable more
efficient management of the generated power by reducing unnecessary dissipation
in semiconductor devices. As already seen in the previous Chapters, current studies
mainly focus on two-stage converter configurations, partly due to the fact that partial
power processing introduces non-negligible harmonic distortion on the load. If this
issue can be mitigated in future designs, a significant increase in system efficiency
could be achieved without compromising the lifetime of the electrolyser stack.

A second promising area for improvement concerns the implementation of
multi-stack architectures or modular converters. Multi-stack system configurations
have already been investigated in renewable applications involving wind sources,
and the same concept could be extended to PV-based systems. These architectures
enable power distribution among several stacks, thereby reducing operational stress
on individual units and enhancing system reliability over the long term.

In addition to multi-stack arrangements, modular converter architectures
(either connected in series or parallel) represent another avenue for advancement.
Some recent studies have already explored these solutions: in [165], a modular
multilevel converter of type π single-phase (π-MMC 1ph) was presented, while in
[166], a modular multilevel converter was employed to perform MPPT, with each
converter module associated with a single PV panel, although the connection to
the electrolyser was not specified. Such modular configurations can enhance PV
utilisation by mitigating issues related to partial shading, which are typical of
conventional architectures employing a single converter.

Finally, another potential field for future development concerns the adoption
of new semiconductor materials, such as SiC, GaN, and diamond-based devices.
Currently, the high cost of these technologies limits their attractiveness for
applications that already involve significant investment, such as PEM electrolysers.
Nevertheless, they may become highly relevant in the future. These materials
exhibit superior electrical conductivity, lower conduction losses, improved thermal
performance, and allow for higher switching frequencies compared to conventional
silicon devices. The latter feature, in particular, can reduce the size of passive
filters and transformers, contributing to lower system volume and potentially reduced
costs. However, increased switching frequencies also introduce challenges related
to electromagnetic interference and electromagnetic compatibility, which must be
carefully addressed in system design.
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Each Chapter of the thesis is based on work already published or submitted to
conferences or journals. Chapter 2 is the result of collaboration with the mechanical
engineering group at the University of Bologna, which led to a conference publication
[52] and two journal publications [53, 56]. Some considerations in Chapter 3 were
developed based on experimental tests carried out with the mechanics group [57].
The literature review was conducted during my period abroad at the University of
Le Havre, France, and has now been submitted for publication and is currently under
review. Chapters 4 and 5, on the other hand, are based on work already presented
at conferences [155] or published in journals [152].
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