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ARTICLE INFO ABSTRACT

Keywords: The increasing penetration of renewable energy sources has intensified the need for efficient energy storage
Electrolyzer solutions to mitigate their intermittent nature. Among available options, hydrogen is a promising energy
Green hydrogen

carrier, with water electrolysis representing the most established pathway for sustainable production. Conven-
tionally, photovoltaic (PV) energy is processed through the AC grid before supplying electrolyzers, although
both systems inherently operate in DC. Direct PV-to-electrolyzer coupling can therefore improve efficiency
by reducing conversion stages and associated losses. This paper reviews the state of the art in power
electronic converters for direct coupling of PV sources and electrolyzers. The electrical characteristics of both
systems are first analysed to identify converter requirements. Subsequently, isolated and non-isolated converter
topologies are compared in terms of voltage conversion capability, electrolyzer current ripple, and component
count. Finally, emerging research directions are discussed, including modular converter architectures and the
opportunities enabled by advanced semiconductor technologies.
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Fig. 1. Number of publications per year about converters for PV-Electrolyzer
applications.

1. Introduction

The problem of climate-altering gas emissions and the consequent
climate change [1] have led to a significant increase in the production
of energy from renewable sources in recent years, particularly photo-
voltaic (PV) and wind power [2]. However, a primary characteristic
of these sources is that they are not programmable, but rather depend
heavily on ambient conditions. It is therefore necessary to find systems
for storing energy, so that it can be accumulated when produced in
excess and then used when needed [3]. There are already various
storage solutions on the market, from water pumping to batteries, but
one form that has gained particular interest in recent years is hydrogen.

Hydrogen is not a primary energy resource, as it is not found
freely in nature; however, due to its properties, it can be used as an
energy carrier or to decarbonize hard-to-abate industries [4,5]. It is
currently mainly used as a raw material in industrial processes, being
produced from hydrocarbons [6]. Hydrogen can be produced renew-
ably in various ways [7,8], but the most established technique is the
electrolysis of water [9]. In recent years, therefore, hydrogen produc-
tion by electrolysis has attracted the interest of both policymakers and
the scientific community. Since 2020, the European Union has funded
numerous projects for the construction of plants for the production
of hydrogen from renewable sources. Plants sizes range from MW,
up to GW [10]. In many cases, the renewable source used is PV,
especially for all those projects based in southern European countries,
where there is a greater availability of sunshine hours [11]. About the
scientific interest in finding optimal solutions for the development of
this technology, Fig. 1 shows the trend over the past twenty years in the
number of publications relating solely to power electronic converters
for the production of hydrogen from PV. The graph was created by
consulting generic search engines such as Google Scholar and more
specific databases, such as ScienceDirect and IEEExplore, using the
following as keywords for searching: "power converters photovoltaic
electrolyzer". As can be seen, the trend has increased significantly in
recent years.

The current state of the art for hydrogen production from PV
involves the use of separate converters for the PV part and the elec-
trolyzer. In particular, to maximize the production of the electrolyzer,

employ rectifiers of various types to feed the electrolyzers, while the PV
is connected to the grid via inverters [12-15]. But, since both PV and
electrolyzers are, respectively, DC sources and loads, the intermediate
step of converting to AC is superfluous and may cause a reduction in
overall system efficiency. It is also possible to directly connect PV and
electrolyzer [16-20], but no control over the system would be achieved.
This could lead to both components being operated in a sub-optimal
working point [21,22]. Even if the presence of the grid is considered
to provide balancing services, conversion to AC would not be strictly
necessary [23-25]. In Fig. 2, an outline comparison of the current state-
of-the-art plant layout for hydrogen production from renewable sources
and what could be a possible future configuration is given.

As this is therefore a sector with considerable potential for develop-
ment, numerous converter topologies, coupling configurations between
PV and electrolyzers, and control algorithms have been studied in
recent years. There are already reviews in the literature dealing with
the state of the art for electrolyzer converters, whether considering
an AC source [26-30] or a generic DC source [26,29,31,32]. In all
the cases just mentioned, however, the main focus is on the load (the
electrolyzer), while the source is considered ideal. The only review
that really considers coupling with PV is [33], which, however, only
focuses on converter efficiency. In this paper, the current status of
the converters’ development for the hydrogen production from PV is
reported, with particular reference to the most popular topologies, their
conversion ratio, current ripple, and control techniques.

The article is organized as follows: in Section 2 an overview of
the PV and electrolyzer component is reported, highlighting the con-
verter’s requirement, in Section 3 the current situation on non-isolated
topologies is discussed, while Section 4 deals with isolated topologies,
Section 5 provides a summary discussion and Section 6 a discussion of
possible future developments of this application.

2. Basics on PV-electrolyzer system

This Section deals with the main components of the system in
question: the electrolyzer and the photovoltaic generator. In particular,
their electrical characteristics will be described to point out which
features are sought in the converters associated with them.

2.1. Electrolyzer characteristics

In water electrolysis, electrical energy is used to split water into
hydrogen and oxygen. Under reversible conditions (open-circuit), the
required cell voltage E is given by [34]:

AG

E=-35. (€8]
where AG is the Gibbs free energy variation and F is the Faraday con-
stant. Since Eq. (1) only applies under ideal reversible conditions, real
electrolytic cells must also account for activation, ohmic, and diffusion
losses [34]. Activation losses dominate at low current densities, ohmic
losses in the normal operating region, while diffusion losses occur
beyond the rated current density and are generally avoided because
they accelerate electrolyzer degradation.
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Fig. 2. Possible configurations for hydrogen production plant from renewable energy sources: (a) current state-of-the-art, and (b) future possibilities.
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Fig. 3. Polarization curve of a generic commercial electrolyzer.

The actual cell voltage V is therefore:

V = E+Voer + Vorm + Vaier @
where V.., Vopm» and Vs represent the activation, ohmic, and diffusion

overvoltages, respectively.

The static voltage—current characteristic derived from Eq. (2) is
known as the polarization curve. An example of a commercial elec-
trolyzer stack is shown in Fig. 3, where the diffusion-loss region is
omitted as it lies beyond the rated operating range. Since the voltage of
a single cell is typically only a few volts, multiple cells are connected
in series to form a stack, making electrolyzers low-voltage, high-current
loads.

Electrolyzer technologies differ mainly in the electrolyte material
and can be classified into low and high-temperature systems. Low-
temperature technologies include:

1. liquid alkaline, a mature and low-cost technology with high
reliability, but limited dynamic performance and relatively low
efficiency [35];

2. proton exchange membrane (PEM), characterized by high effi-
ciency, high current density, and good dynamic response, al-
though it relies on expensive rare materials [36];

3. anion exchange membrane (AEM), an emerging technology com-
bining some advantages of alkaline and PEM systems, but still
affected by durability and performance limitations [37].

High-temperature electrolyzers mainly consist of solid oxide (SO)
systems, which offer higher efficiencies but require greater system
complexity, have long start-up times, and remain costly due to their
lower technological maturity [38,39].

Among these technologies, alkaline and PEM electrolyzers are the
most widely adopted in PV-powered hydrogen production systems.
For PEM electrolyzers, current ripple has been shown to reduce both
conversion efficiency [40,41] and cell lifetime [42]. Consequently,
minimizing current ripple is essential to improve durability and reduce
system costs.

Rs

AN
I, @ \/ ?RP Vev

Fig. 4. Circuit diagram of the single diode model of a PV cell.

2.2. Photovoltaic characteristics

The electrical behaviour of a PV generator can be described using
either the single-diode or double-diode model [43]. Among these, the
single-diode model is the most widely adopted due to its simplicity and
ability to accurately represent PV characteristics. Its equivalent circuit
is shown in Fig. 4.

Due to the non-linear behaviour of the diode, the PV generator also
exhibits a non-linear voltage-current characteristic. By applying Kirch-
hoff’s Current Law to the equivalent circuit, the following expression
can be obtained [44,45]:

_ q(Vpy + Rglpy) | Vpv + Rslpy
Ipy = I, — 1o |exp —ar )T T ®

where I, is the photocurrent, ; is the diode reverse saturation current,
q is the electron charge, Ry and Rp are the series and parallel resis-
tances, A is the diode ideality factor, k is Boltzmann’s constant, and
T is the absolute temperature. Since Rg is typically very small and Rp
very large, their effects can often be neglected, leading to a simplified
form of Eq. (3):

qVpy Vov
Ipy = Np | I, — T, S )R 4
pv = tp [ ph ~ f0€XP <NSAkT> Ny )

) 3)

As shown by Egs. (3) and (4), the electrical characteristics of PV sys-
tems are strongly influenced by environmental conditions, particularly
temperature and solar irradiation. Fig. 5 illustrates, as an example, the
voltage—current and power characteristics of a generic PV panel under
different operating conditions. Variations in irradiation can signifi-
cantly affect both the output voltage and current, leading to substantial
changes in the available power. For this reason, converters interfacing
PV panels must implement a maximum power point tracking (MPPT)
algorithm to ensure optimal energy extraction [44-46].

Several MPPT algorithms have been developed, the most common
being Perturb and Observe (P&O), Incremental Conductance (IC), Slid-
ing Mode Control (SMC), and, more recently, Artificial Neural Networks
(ANNSs). The P&O method periodically perturbs the converter duty cycle
and observes the resulting power variation, causing operation to oscil-
late around the MPP. It is simple and computationally inexpensive, but
may fail under multiple-MPP conditions, such as partial shading. The IC
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Fig. 5. Electrical characteristics of a generic PV panel based on different ambi-
ent conditions: (a) changing the irradiation, and (b) changing the temperature.

method uses voltage and current measurements to determine the power
derivative and identify the MPP condition directly. It provides greater
accuracy than P&O, although at the expense of increased implementa-
tion complexity. SMC is a non-linear control technique that defines a
mathematical condition corresponding to MPP operation and forces the
converter to satisfy it through a switching control law. This approach
offers fast dynamic response and strong robustness to variations in
irradiance, temperature, and system parameters, but requires a more
sophisticated design. Finally, ANNs can be trained to estimate the MPP
by considering multiple variables, such as irradiance, temperature, and
seasonal effects. Although they require high-quality training data and
greater computational resources, they are particularly effective under
complex operating conditions and partial shading.

In recent years, the use of one converter per panel has become
increasingly common, enabling more accurate MPPT and mitigating
mismatch losses caused by partial shading [47,48]. Besides high ef-
ficiency and low cost, converters may also be required to regulate
a constant output voltage despite variations in the PV input voltage,
depending on the system application [45].

2.3. Converter characteristics

To summarize, considering that the electrolyzer is a low-voltage,
high-current load, while PV systems are generally designed to have high
voltages and low currents, the converters connected to the electrolyzer
must have a step-down characteristic. To preserve the stack, another
important feature is a high-frequency (in the order of tens of kHz)
current ripple with low amplitude or, better still, no ripple at all. Other
basic features sought in a stationary application are high efficiency, be
economical, have high reliability (in case of power switch failures), and
be able to perform MPPT. A further feature that may be required, but
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Fig. 6. Circuit scheme of a synchronous buck converter.

in stationary applications is not always necessary, is power density. In
addition, galvanic isolation may not always be required, but in the case
of grid integration, it may be necessary. Therefore, both isolated and
non-isolated topologies can be considered, depending on the system
requirements.

3. Non-isolated topologies

Non-isolated topologies are considered to be all those circuit topolo-
gies where there is no galvanic isolation between the power source and
the load.

The simplest possible connection scheme between PV and elec-
trolyzer (excluding the direct connection) is with a single converter.
Depending on the voltage characteristics of the source and load, this
could be a buck or boost converter. In most studies, a buck converter
is considered because, as already mentioned, the stack is a low-voltage
load. In some studies, the considered topology is not specified in de-
tail [49,50], but in the majority of studies employing a single converter,
an asynchronous buck is considered.

3.1. Asynchronous and synchronous buck

In [51], a mathematical model of the system is developed, consid-
ering a 500 kW plant and using a classic P&O algorithm as the control
strategy for MPPT. Similarly, in [52], the P&O algorithm is adopted
as the control method, but the case study focused on a 7 kW plant.
Other works that employ P&O as the control algorithm include [53,54],
although the power levels considered in these studies are much lower.
In [55], a small-scale setup (2 W) is implemented, aiming to provide a
constant voltage to the load. In [56], a 5 kW electrolyzer is analysed,
with the control once again designed to ensure a constant output volt-
age. In [57], rather than focusing primarily on mathematical modelling,
the emphasis is placed on converter control, specifically through the
adoption of a SMC algorithm. In [58,59], the IC method is applied for
MPPT, in systems rated at 250 W and 1.5 kW, respectively. In [60],
a 7.8 kW electrolyzer integrated into a system including additional
storage technologies is considered. In this case, the PV array is directly
connected to the DC bus, and the overall system control is based on a
modified invasive weed optimization combined with P&O. Finally, [61]
also investigates a hybrid storage system, with the PV array directly
connected to the DC bus and an electrolyzer rated at 50 kW.

In Fig. 6, the circuit diagram of a synchronous buck converter is
reported. The asynchronous version could be obtained by removing the
lower switch while preserving only the diode. This is a basic topology,
which theoretically allows the mean value of the output voltage V,,, to
be adjusted between 0 and the supply voltage V;,, as in:

Vou = DVin » (5)
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where D is the duty cycle. However, the input current is impulsive,
while the output current is levelled by the presence of the inductor.
The peak-to-peak output current ripple 4i;,, can be calculated as:

) Vin
fougp = L= (1= DID . (6)

SW

A

Eq. (6) shows that the amplitude and frequency of the oscillations on
the output current depend on the switching frequency f, and the
chosen inductance L. The correct dimensioning of reactive components
is therefore crucial to prevent damaging ripples on the electrolyzer.

Furthermore, if a synchronous converter is used, at low loads,
due to the ripple, the current may assume negative values within the
switching period. This is not necessarily a problem for the electrolyzer,
as electrical dynamics are faster than mechanical ones, but it could
be an explanation for preferring to consider asynchronous converters.
Another advantage of asynchronous converters is the possibility of
working naturally in boundary condition mode (BCM), thus being able
to reduce switching losses.

To partially circumvent the limitations of the single buck, cases
where two asynchronous buck converters are cascaded have also been
considered [62].

3.2. Asynchronous and synchronous boost

Rarer are the cases where a boost is considered as a converter.

In these rare cases, both asynchronous [63-67] and synchronous [68]
boosts topology are considered. In these cases, the situation is a mirror
image of the buck. Theoretically, the output voltage of the converter
can go from V;, to infinity, as in:
Vou = llj D’ @)
but in reality, this is not possible due to conduction losses in the
components. So generally, the duty cycle is limited to prevent excessive
losses and guarantee a correct operation of the converter. In addition,
the current on the electrolyzer side will be discontinuous, while on
the PV side it will be levelled by the inductor. This, however, is
not ideal for the electrolyzer, which could be prematurely damaged.
However, it is preferable for the PV as it can perform the MPPT more
precisely. In [65,66,68], the P&O algorithm was selected for MPPT
implementation, whereas the IC method was adopted in [67].

The use of a boost converter can be justified in PV systems where all
panels are connected in parallel. In such a configuration, the minimum
operating voltage of the electrolyzer stack may exceed the voltage of
a single PV panel. However, since the arrangement of the PV panels is
a design variable, this situation can generally be avoided by selecting
an appropriate panel configuration. Given that the electrolyzer stack is
typically the most expensive component of the system, it is preferable
to adapt the PV layout rather than subject the stack to potentially
unfavourable operating conditions.

3.3. Interleaved buck

A well-known option for reducing current ripple on the electrolyzer
side is the use of interleaved topologies. In [69], a 500 W synchronous
interleaved buck converter with 6 legs is considered, while in [70], an
asynchronous one with 3 legs is coupled to a 5.6 kW electrolyzer. The
circuit diagram of a generic synchronous interleaved buck converter
with N legs is shown in Fig. 7. In general, these topologies have
the same input-output characteristics as the buck converters already
mentioned (as in Eq. (5)), but allow a reduction of the ripple on the
output current by a factor proportional to the number of legs used. In
certain operating points, it is also possible to completely eliminate the
current ripple. This is achieved by a phase shift between the carriers of
the gate signals.

In the synchronous interleaved buck, the output current is shared
between all operating legs. The phase of each leg current is evenly
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Fig. 7. Circuit scheme of a synchronous interleaved buck converter.
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Fig. 8. Circuit scheme of a quadratic buck converter.

shifted by an electric angle equal to 360°/N. The upper and lower
switches of each leg operate in a complementary manner.

Eq. (8) expresses the peak-to-peak ripple pattern of the output cur-
rent iy, for any operating condition. It is basically a generalization
of Eq. (6), considering N legs instead of 1:

Vin -1 -1
S I ) G B ®

where p is the integer number obtained from:
p=ceil(ND) . 9

As already mentioned before, based on Egs. (8) and (9), with the
interleaved topology, there are N +1 duty cycles in which it is possible
to obtain a zero input current ripple.

3.4. Quadratic buck

Another converter topology considered, similar to the standard buck
already discussed, is the quadratic buck [57]. This topology differs in
the presence of an additional circuit portion on the input. The circuit
diagram of this topology is shown in Fig. 8. This provides an additional
reduction in output voltage with the same duty cycle. In this case, the
voltage input-output relationship of the converter is:

Vou = D°V;, (10)

However, this advantage is achieved, as already mentioned, by
using more reactive components, thus increasing costs and losses com-
pared to the standard buck. The equation describing the ripple of the
converter output current in this case is [71]:

. Vin 2
Alout,pp = szsw(l - D)D", an
where L, is the inductance on the output port of the converter. The

converter considered in this study is also an asynchronous one, so it
has the advantage of operating in BCM.
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3.5. Cik

Other known topologies considered in the connection of PV and
electrolyzer are the Citk and Single-Ended Primary-Inductor Converter
(SEPIC) [72], which are reported respectively in Fig. 9 and in Fig.
10. The Cuk converter features improved current quality due to the
presence of inductances on both the input and output. This makes it
possible to implement both a precise MPPT and to subject the stack to
continuous currents. Also, thanks to the diode, it can operate in BCM.
The circuit diagram is shown in Fig. 9.

The voltage input—output relationship for this converter is:

I/()ut = %Vm . (12)
From Eq. (12) it can be seen that this topology can act as both a buck
and a boost, depending on whether D is less than or more than 0.5.
In an application such as the one considered, however, once the PV
system has been realized and the stack selected (and thus when the
voltage ranges have been fixed), this implies limiting the duty cycle to
a precise range. About the current ripple in this case, the ripple on the
output current can be computed as:
V.

"_p 13)

Aiout,pp = L,f 5
sw

where L, is the inductance on the output port of the converter. By
exploiting the magnetic coupling between the inductors or using other
variants of the Cuk, theoretically it is possible to achieve ripple-free on
both output and input currents [73]. However, this increases the cost
and design complexity of the converter. A further problem with this
topology is the inversion of the polarity of the output voltage.

3.6. SEPIC

The SEPIC has characteristics similar to the Cuk but does not
have the problem of output voltage inversion. Its input—output voltage
characteristic is the same as the Cuik. Thus, SEPIC can also function as
both a buck and a boost. However, this is at the expense of the quality
of the output current, which becomes discontinuous as it is no longer
levelled by an inductor. Its circuit diagram is shown in Fig. 10.

Both the Clik and SEPIC require more components than the standard
buck, as well as a worst-case switch and diode sizing. This is because
when the switch and the diode are not conducting, they are subject to
Vin + Vou» and when conducting, they are subject to iy, + igy.

In [72], several control algorithms for both converters are com-
pared. The P&O method is evaluated against a control strategy based
on ANNs, showing that the latter achieves higher accuracy, albeit with
greater computational complexity.

3.7. Stacked interleaved buck

Another topology considered for this type of application is the
stacked interleaved. In [74], to power a 400 W electrolyzer, a stacked
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Fig. 11. Circuit scheme of a stacked interleaved buck converter.

interleaved synchronous buck is considered. Its circuit diagram is
shown in Fig. 11. This converter resembles a synchronous interleaved
buck with two legs, but differs in that it has a capacitor in series with
the inductor on one of the legs (called the cancellation leg). This allows
the continuous component of the current to be blocked and only the
ripple to pass through. By operating it in such a way that the ripple
on the cancellation leg is in phase opposition to that on the other leg,
total cancellation of the current ripple on the output can be achieved
for any operating point. This is an advantage for the stack, but the
input current remains discontinuous, as in the case of the buck. For the
converter control in [74], a dual closed-loop strategy is implemented,
aiming to achieve an output voltage equal to a given reference input.

3.8. Non isolated grid-connected configurations

In the majority of studies done, the system is considered to be off-
grid. In this way, all the energy produced by the PV flows directly to
the electrolyzer. The control logic studied, therefore, focuses solely on
the maximum transfer of energy from the source to the electrolyzer to
maximize hydrogen production. The few cases with only one converter
used for the PV or the electrolyzer in which a grid connection is men-
tioned or considered are those that involve greater plant engineering
complexity, i.e. where other components are also integrated, such as
fuel cells or batteries [59-61,65,66]. In these cases, the PV is connected
directly to the DC bus, and the converter is used to power only the
electrolyzer, as the MPPT is done by adjusting the DC bus voltage.

The second case most frequently considered in the various studies is
the one with one converter for the PV and one for the electrolyzer, as
shown in Fig. 2(b). In this case, there is greater variability in topologies,
as different combinations of converters are possible. Generally, in this
system configuration, a converter with a boost characteristic for the
PV and a buck characteristic for the electrolyzer is almost always
considered [75-78].

In some cases, the topology considered for one of the two converters
is not specified [79-84], because the focus could be more on the load,
or more on the generator, or more generally on the energy management
of the system. However, the most considered topologies remain the
asynchronous boost for the PV and the asynchronous buck for the
electrolyzer [85-90]. In some special cases, converters of the same
type are considered for both PV and electrolyzer: generic boost [91],
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Fig. 12. Circuit scheme of the multi-port converter presented in [95].

asynchronous buck [92], or 3-leg synchronous interleaved buck [93].
In one case [94], an asynchronous boost is considered for the PV, and
a stacked interleaved buck is considered for the electrolyzer.

The pros and cons of the various converter topologies have already
been discussed. The use of dedicated converters is mainly related to
the fact that they are considered in more complex systems consisting
of more than just PV and electrolyzer. Generally, microgrids with loads
and other storage systems, such as batteries, are considered. In most
cases, these microgrids are considered to work off-grid, but integration
with the grid is also considered in some cases. The use of dedicated
converters allows for disconnected management of the individual com-
ponents, thus allowing, for example, the electrolyzer to work at the
point of maximum efficiency while the PV follows its own MPPT. This
could not be possible without the use of various storage systems, such
as batteries or grid integration, to compensate for power differences.
Thus, despite the presence of multiple conversion stages, systems of
this type allow greater flexibility by distributing energy flows more
rationally. Converter control techniques may also vary depending on
the purposes of the studies or the applications considered; there is no
standard. In general, the converter connected to the PV performs some
type of MPPT, while the one connected to the electrolyzer operates
either to obtain a fixed production quota of hydrogen or to store excess
energy.

3.9. 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 electrolyzer.

At the moment, there is only one paper that proposes a specific
non-isolated topology designed for this kind of application [95]. In
this article, the authors propose a non-isolated three-port converter
integrating a PV system, a PEM electrolyzer, and a generic DC bus.
The circuit diagram of this topology is shown in Fig. 12. The converter
operates as a boost towards the DC bus and as a buck towards the
stack. The converter’s control logic is based on meeting the power
demand of the DC bus, to which a load or another storage system
may be connected, and transferring only the excess power that would
not be absorbed by the DC bus to the electrolyzer. In this manner,
the converter operates to perform MPPT and activates the stack power
supply only when excess power is present.

4. Isolated topologies

Isolated topologies include all those topologies with some type
of galvanic isolation inside. Galvanic isolation is usually realized by
means of high-frequency transformers, which make it possible to reduce
volumes compared to low-frequency transformers. This is particularly
important in high-power applications such as large electrolyzers. In this
category of converters, the voltage input—output relationship of each
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converter will depend on the number of windings » of the transformer
used. In general, there is therefore greater flexibility in the choice of
conversion ratios, and it is not limited by the duty cycle as in non-
isolated topologies. Again, there may be studies in which a system
consisting only of PV and electrolyzer is considered, and others in
which a microgrid is considered. In some studies, the exact topology
is not specified, but they refer to isolated topologies [96,97].

4.1. Dual active bridge

When considering a system consisting only of PV and stack, a well-
known isolated converter topology that is considered is the dual active
bridge (DAB) [98,99]. The power of the case studies considered for the
application of DAB ranges from 2.9 MW in [98] to 80 kW in [99]. The
DAB consists of two H-bridges separated by a transformer, as shown in
Fig. 13. Power transfer is achieved by the relative phase shift between
the two H-bridges. Depending on the relative phase shift between the
two, the power flow can be in one direction or the other. It is therefore
a bidirectional converter, although this feature is not useful for the
application under consideration. The relationship between input and
output in a DAB converter therefore depends on the duty cycles of both
H-bridges (D, and D,) and the relative duty cycle between the two (D)
as reported in [99]:

. sin [’5[(1 - DI)J sin (27rfswt - §D|) ' (14)
sin [%(l - Dz)] sin [27rfswt -z (Dl + Dy - %)]

In [99], the effect that the three-phase shift modulation used to control
the DAB has on current ripple is also analysed. It is shown that
to perform the MPPT, which involves dynamic changes in the three
shift ratios, results in oscillations in the equivalent impedance on the
primary side of the DAB converter. This leads to poor adaptability
to photovoltaic fluctuations when connected to the PEM electrolyzer,
causing an increase in the output current ripple.

4.2. Push—pull

Another isolated converter topology considered is the full bridge
followed by a push—pull topology, as studied in [100], with a case
study of a 19 kW system. The scheme described is illustrated in Fig. 14.
This converter offers bidirectional power flow, but in this application,
it is unwanted. Additionally, it features soft switching operation for
all semiconductor components over a wide range of input power and
voltage. In [100], unlike other cases already discussed, the converter
is not designed to perform MPPT, but only to operate the electrolyzer
at a fixed operating point. Thus, it works to the detriment of the PV,
which will lead to it working less efficiently.
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Fig. 15. Multi-stage LLC resonant converter with partial power processing
converter followed by a half-bridge at primary and a centre tapped at sec-
ondary.

4.3. Resonant converters

Another macro category of isolated converters is the resonant con-
verters. Along with the high-frequency transformer, these topologies
also feature a stage of reactive components connected in a way that
creates a resonant system at a precise frequency. The input-output
relationship of these topologies can be seen as the product of three con-
tributions: the inverter bridge gain, the transformer conversion ratio #,
and the resonant tank gain K [101]. K is a coefficient that depends on
converter design parameters, such as the various resonant components
and the ratio of switching frequency to resonance frequency.

Several studies have considered isolated resonant topologies for
connecting PV and electrolyzers. Particularly in these cases, there is
a tendency to consider several converters connected in series, even for
systems consisting only of PV and a stack. This is a substantial differ-
ence from non-isolated topologies, where the use of multiple converters
is only considered for more complex systems, such as microgrids. These
architectures will be referred to as multi-stage converters. In [102], two
different two-stage converter topologies are compared for a 5.5 kW case
study, where the difference lies in the topology of the first stage. In one
case, the first stage is a topology designed for partial power processing.
While in the other, the first stage is a 2-leg asynchronous interleaved
buck. In both cases, as a second stage, an LLC resonant half-bridge at
primary and a centre-tapped at secondary is considered. Also, for both
cases, a P&O MPPT algorithm is considered to control the converter.
The circuit diagrams of the two cases considered are shown respectively
in Fig. 15 and Fig. 16(a).

However, the focus of the article is on the overall efficiency of
the converter, so a comparison of the current quality on the stack
is lacking. It has been shown that at low loads the system with the
partial power processing stage has a higher efficiency. This advantage,
however, is achieved at the expense of more components, including a
second high-frequency transformer.

In [101] instead, four different isolated two-stage topologies are
compared for a 5 kW case study. The first stage considered is always
an asynchronous interleaved buck; what changes is the second stage.
In the first case, an LLC resonant H-bridge on the primary side and a
diode rectifier on the secondary is considered as the isolated converter,
as shown in Fig. 16(b). In the second case, it is considered the same
H-bridge at primary and a centre-tapped at secondary, the diagram of
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which is shown in Fig. 16(c). The third case involves an LLC resonant
half bridge at the primary and a diode rectifier at the secondary (Fig.
16(d)). The last case is the same as the second one already dealt with
in [102] and reported in Fig. 16(a).

In this study, the objective behind the use of multi-stage converters
is to be employed as a single power module of a multiple interleaved
multistring PV system connected to a single high-power electrolyzer.
The first stage acts as a pre-regulator and always performs the MPPT,
while the second stage performs voltage matching (in this application
voltage reduction) and provides galvanic isolation. Also in this paper,
the focus is mainly on efficiency, and it is verified that centre-tapped
topologies in the second conversion stage perform better in this respect.

The input—output voltage relation of the second stage considered in
the various resonant converters already considered can be divided into
two different groups: where there is an H-bridge, the inverter bridge
gain is equal to 1, so the conversion ratio is

Vour = VianK , (15)

while in the case the second stage is made with a half bridge, the
inverter bridge gain is equal to 1/2, so the conversion ratio is
V. lV

out = 2 in

nk . (16)

In [103], a topology similar to that seen in Fig. 16(b) is used for a 10 kW
electrolyzer, except that the stages are reversed: the resonant H-bridge
stage and the subsequent rectifier are connected to the PV, while the
2-leg interleaved buck is connected to the electrolyzer. The difference
lies in the use of a synchronous topology for the interleaved.

In contrast, in [104] a converter is considered as in Fig. 16(b),
but removing the first stage, so considering only the isolated resonant
converter. The focus of the work is the comparison of different resonant
tank configurations, showing that of all the various configurations,
the LLC resonant tank is the one best suited for a 250 W electrolyzer
application. This is because it guarantees lower switching losses and
higher efficiency compared to the other configuration.

In [105], the multi-stage topology considered consists of an asyn-
chronous buck to perform the MPPT with a P&O algorithm, followed
by a phase shift full bridge centre tapped to connect to a 10 kW stack.
The circuit diagram of this topology is shown in Fig. 17.

Even for isolated converters, when considering more complex sys-
tems, there may be cases where separate converters are used for each
component or multi-port converters are employed. As with non-isolated
topologies, in microgrids in which both PV and electrolyzer have
dedicated converters, the topologies of both converters are not always
shown. For example, as in [106], the converter topology responsible
for performing the MPPT is not specified, while a full bridge is used
for the electrolyzer at the primary and a double current rectifier at the
secondary.

In [107], an asynchronous boost is used as a converter for the PV,
while for the electrolyzer, the topology shown in Fig. 18 is considered.
As a case study, a 1.5 MW plant is used for simulations. The task of
the boost is always to perform the MPPT (in this case, using the IC
algorithm), while the isolated converter regulates the voltage on the
stack. In the specifics of this work, an extra storage system is not
considered in parallel with the electrolyzers, so the DC bus voltage is
free to vary as a result of PV power variations. This certainly preserves
the stack, as it does not subject it to immediate and sudden power
variations, but it does require an oversizing of the capacitors connected
to the DC bus.

4.4. Isolated multi-port converters

In [108], a 500 W multi-port topology specifically designed for the
integration of PV, batteries, and electrolyzer is proposed. Its circuit
diagram is shown in Fig. 19(a). On the primary side of the circuit is an
H-bridge, which acts as a synchronous interleaved buck to the battery
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Fig. 17. Multi-stage converter composed of a buck converter and a phase shift
full bridge.
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Fig. 18. Multi-stage converter composed of a boost converter and an isolated
full bridge.

and as an LCC resonant converter to the stack. On the secondary side,
on the other hand, there is an uncontrolled rectifier. The desired voltage
on the port to which the battery is connected is obtained by the duty
cycle computed from the MPPT, while that on the port to which the
stack is connected is obtained by controlling the switching frequency.
The relationship between the input voltage given by the PV and the
output voltage on the stack can be written as:
Vi, 64 fy,sin(Dr)

e A
where K is a coefficient that depends on converter design parameters,
such as the ratio of the resonant capacitances, but also on the ratio of
switching frequency to resonance frequency. This allows the operation
of the PV and the stack to be controlled separately, thus being able to
do the MPPT while the electrolyzer operates at a desired power. The
current ripple on the stack with this topology is:

. _ You g1 .2 1 .2
Aigypp = Tofon {E [cos(arcsm;) - l] + - (arcsm; )} . (18)
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Since the output voltage is mainly controlled by the switching fre-
quency, the ripple of the current flowing through the stack in this case
will depend less on the duty cycle.

In [109] instead, the multi-port configuration is achieved through
a specially designed three-winding transformer. The converter is then
realized through the use of three three-phase inverters, as can be
seen in Fig. 19(b). The battery on the third port has been included
for illustration purposes, but theoretically, it could also be the grid.
The three-phase inverter is a well-known, elementary, and modular
topology. Depending on the type of control, it could also be integrated
into both off-grid and grid-connected systems. However, the design of
a three-winding transformer may result in higher costs compared to
two-winding transformers.

5. Discussion

For a more general discussion of the costs of the various topologies
and their reliability, reference will be made to the number of compo-
nents used. This is a simplification, since the reliability of a system
depends on numerous factors, and it is not always the case that a
greater number of components leads to a reduction in reliability [110—
112]. Cost is also a simplification as some topologies, such as inter-
leaved, allow the use of smaller components as the overall power can
be spread evenly. Thus, the cost may not necessarily be proportional
to the number of components. But the number of components can still
provide a good estimate of the complexity of the single topology.

Table 1 therefore shows the number of components required for
each topology treated. For interleaved topologies, the general case
with N legs is always considered. When counting the components, all
those listed in the circuit diagrams provided in the various studies
under consideration are taken into account; therefore, where present
and listed, components used as filters are also included. The only
exception concerns the counting of diodes, where free-floating diodes
and MOSFET’s body diode have not been taken into account, as they
may not be desired or may be directly integrated with the switch.

In addition, the Table shows the control techniques adopted for the
different converter topologies, the power ranges considered for PV—
electrolyzer applications, the reported converter efficiencies, and the
type of validation performed, distinguishing between simulation-based
and experimental studies.

In particular, the four-point efficiency is considered when evaluat-
ing converter performance. This metric is selected in order to assess
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Table 1
Main characteristics of the various converters considered in this study.
Topology Reference Transformer S/D/L/C Control Power range Efficiency Study type
Asynchronous buck [51-61] No 1/1/1/1 P&O, IC, SMC,Fixed Vot 2 W-500 kW N/A Simulation and test with electrolyzer
Asynchronous boost [63-67] No 1/1/1/1 P&O, IC 1-200 kW N/A Simulation and test without electrolyzer
Asynchronous interleaved buck [70] No N/N/N/1 SMC 5.6 kW N/A Simulation
Synchronous interleaved buck [69] No 2N/0/N/1 N/A 500 W N/A Simulation
Quadratic buck [57] No 1/3/2/2 SMC 330 W N/A Simulation
Cuk [72] No 1/1/2/2 P&O, ANN N/A N/A Simulation
SEPIC [72] No 1/1/2/2 P&0O, ANN N/A N/A Simulation
Synchronous stacked interleaved buck [74] No 4/0/2/2 Fixed Voyur 400 W N/A Simulation
Non-isolated multi-port [95] No 4/4/3/2 N/A N/A N/A Simulation
DAB [98,99]1 Yes 8/0/0/1 N/A 80 kW -29 MW 98.90% Simulation
Full bridge/Push-pull [100] Yes 8/0/2/1 Fixed Vo 19 kW N/A Simulation and test without electrolyzer
Multi-stage with partial power processing [102] Yes 6/6/4/4 P&O 5.5 kW 98.26% Simulation and test without electrolyzer
Multi-stage half-bridge/centre tapped [101,102] Yes 4/4/5/4 P&O 5-55 kW 99.23% Simulation and test without electrolyzer
Multi-stage H-bridge/centre tapped [101] Yes 6/4/5/2 N/A 5 kW 98.90% Simulation
Multi-stage H-bridge/diode rectifier [101] Yes 6/6/5/2 N/A 5 kW 98.32% Simulation
Multi-stage half-bridge/diode rectifier [101] Yes 4/6/5/4 N/A 5 kW 98.45% Simulation
Multi-stage with synchronous interleaved buck [103] Yes 8/4/3/4 N/A 10 kW 93.81% Simulation and test with electrolyzer
H-bridge/diode rectifier [104] Yes 4/4/2/2 N/A 250 W 89.88% Simulation
Multi-stage phase shift full bridge [105] Yes 5/5/3/2 P&O 10 kW 86.75% Simulation and test with electrolyzer
Multi-stage asynchronous boost/isolated full bridge [107] Yes 5/3/3/2 IC 1.5 MW N/A Simulation
Isolated multi-port [108] Yes 4/4/4/4 Fixed Voyt 500 W 89.25% Simulation and test without electrolyzer
Isolated multi-port with 3 winding transformer [109] Yes 18/0/0/3 N/A N/A N/A Simulation and test without electrolyzer
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Fig. 19. Different types of isolated multi-port converter: (a) circuit scheme
presented in [108], and (b) circuit scheme with the three-winding transformer
presented in [109].

the efficiency of the converters across their entire intended operating
power range. In some cases, however, it is not possible to determine this
parameter, either because the efficiency is reported as a function of the
converter operating time or because the relevant data are not provided.
Where the available data points are insufficient for its calculation, the
missing values are estimated through interpolation.

As can be seen from Table 1, for many topologies, the number of
diodes to be used depends solely on whether or not an asynchronous
topology is chosen. In general, for all those topologies in which an
interleaved converter is present, the number of components depends
on the number of legs. The topologies requiring a greater number of
reactive components are the isolated resonant ones, where these are
used to realize the resonant tank. Even among non-isolated topologies,
some require extra reactive components, but these are still fewer in
quantity than those required in isolated resonant topologies. Thus, it is
realistic to assume that the isolated resonant topologies considered so
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ified, the gate signal generation systems primarily used in this type of
application are based on well-known and established MPPT algorithms,
such as P&O and IC. There are a few cases in which more complex
algorithms, such as ANNs, are used.

Below is a comparison of the current ripple versus the duty cycle
for the various topologies for which a formula was found, and for
each of them, to obtain a normalized comparison, the same switch-
ing frequency, input voltage, and inductance values are considered.
Topologies in which the current on the load is not levelled are not
taken into account in this comparison, as they are considered the worst
case regardless. As discussed above and as can be seen in Fig. 20, some
topologies offer duty cycles in which the ripple cancels out. The best
case here is the stacked interleaved buck. The quadratic buck performs
better than the standard buck over the entire duty cycle range, and
for low duty cycles even better than the 6-leg interleaved buck. As
for the Cuk, on the other hand, it must be remembered that once the
components and voltage levels have been chosen, its duty cycle range
is limited to either 0 — 0.5 or 0.5 — 1, depending on whether it is used
as a buck or a boost.

The interleaved buck converter offers an excellent compromise be-
tween ripple reduction, component count, and suitability for large-scale
PV-hydrogen systems. Its modular structure makes it readily scalable
to high-power applications, while increasing the number of phases
inherently reduces the current ripple seen by the electrolyzer stack.
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Compared with the stacked interleaved buck, it requires fewer com-
ponents, resulting in higher efficiency and a simpler control scheme.
Although it cannot inherently guarantee ripple-free operation over
the entire operating range, it can be designed to operate at ripple-
free points, partially overcoming this limitation while retaining its
advantages in terms of simplicity and efficiency. Furthermore, the
interleaved buck converter is suitable for a very wide range of ap-
plications, thanks to its simplicity and scalability. It can be used in
high-voltage applications thanks to configurations such as series-input,
parallel-output.

The suitability of each converter topology depends primarily on the
required voltage conversion ratio, system power level, and isolation
requirements. Non-isolated topologies are generally preferred when the
PV array and electrolyzer stack operate at compatible voltage levels, as
they offer lower cost and reduced complexity. Consequently, they are
the most widely adopted solutions in both standalone PV-electrolyzer
systems and larger microgrid architectures.

Isolated topologies become advantageous when a large voltage
conversion ratio is required or when galvanic isolation is mandated by
safety, regulatory, or system-integration constraints. The presence of a
high-frequency transformer provides greater design flexibility and fa-
cilitates the interfacing of low-voltage, high-current electrolyzers with
higher-voltage PV systems. However, this benefit comes at the expense
of increased component count, cost, and control complexity.

With regard to power range, single-stage converters are generally
preferred for low- and medium-power applications because they max-
imize overall conversion efficiency. Multi-stage and isolated solutions
are more commonly considered in high-power installations, particularly
when implemented as modular power-processing units within inter-
leaved multi-string PV systems supplying a single large electrolyzer
stack.

The challenges still facing the various types of converter certainly
relate to testing on real systems, as most of the converters considered
in this review have only been simulated or tested without an actual
electrolyzer. The Cuik should be tested by trying out the design in which
the magnetic circuit cancels the output ripple. Converters such as the H-
bridge/diode rectifier and the multi-stage phase-shift full bridge require
an improvement in efficiency, as they are currently below standard.

Beyond efficiency and dynamic performance considerations, the
impact of power electronic converters on PEM electrolyzer durability
deserves particular attention. Converter-induced current ripple and
transient operating conditions may generate additional electrochemical
and thermal stresses within the electrolyzer as reported in [113,114].
Depending on their amplitude and frequency content, these perturba-
tions can affect catalyst degradation, membrane ageing, and overall
system reliability [40-42]. Although several studies have reported that
properly designed converters can limit these effects through suitable
filtering and control strategies [115-117], the long-term relationship
between converter operation and electrolyzer degradation remains an
active research topic. Further investigations are therefore required
to establish quantitative links between converter characteristics, cur-
rent ripple, and electrolyzer lifetime under realistic renewable energy
operating conditions.

It should be noted that, despite the growing interest in PEM elec-
trolyzer durability under dynamic operating conditions, experimental
investigations specifically addressing membrane degradation induced
by converter-generated current ripple remain scarce. To date, the work
of Parache et al. [42,113] constitutes one of the few dedicated stud-
ies on this topic, highlighting degradation effects mainly associated
with increased high-frequency resistance and titanium porous trans-
port layer deterioration rather than explicitly identifying membrane
degradation mechanisms.
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6. Future trends in PV-hydrogen system
6.1. Topology improvement

A first option for future improvement is the development of more
partial power processing topologies for PV—electrolyzer applications.
This allows more efficient management of the power produced, avoid-
ing unnecessary dissipation in semiconductor devices. At present, what
has already been studied [102] involves the use of two-stage converters.
These two-stage topologies make use of a high-frequency transformer,
whereas another recent study [118] has proposed a non-isolated par-
tial power processing converter topology. One of the key issues that
remain unresolved for many partial power processing topologies is the
harmonic distortion imposed on the load. However, if this limitation
will be overcome through the development of new and innovative
topological designs, very high conversion efficiencies could potentially
be achieved without compromising the lifetime of the load.

6.2. Modularity

The second aspect on which there could be future improvement is
the use of multi-stack architectures or modular converters. The use of
multi-stack system architectures has already been studied in applica-
tions where the renewable source is wind power [119,120]. Similarly,
this concept could be extended to PV systems. Some studies have
begun to investigate multi-stack systems connected to PV generation
plants [115,116]. These architectures allow power to be distributed
over several stacks, which enables the distribution of utilization and,
consequently, stress. This also allows for studying strategies to improve
the reliability of the system over the long term.

In addition to multi-stack architectures, another option could also
be modular converter architectures, both series and parallel. There
are already studies for these applications: in [121], a modular multi-
level converter type r single-phase (z-MMC 1ph) was studied, while
in [122], a modular multilevel converter is used to perform the MPPT,
as each converter module is associated with a single PV panel, but the
connection to the electrolyzer was not specified. These architectures
would therefore also allow better utilization of the PV, as the problems
of partial shading that occur in classical architectures with a single
converter could be overcome.

6.3. New semiconductor technology

The last aspect to be considered for possible future developments
is new semiconductor technologies, such as SiC, GaN, and diamond
semiconductors. At present, the costs for some of these technologies are
still very high. This does not make them attractive for applications with
already high costs, such as those of a PEM stack. However, they could
be of interest for this application in the future. The new materials used
for semiconductors provide better conductivity, reducing conduction
losses, better heat dissipation, and allow higher switching frequencies
than classic silicon technology. The latter feature saves on the size of
passive filters or transformers, helping reduce volume and costs. On the
other hand, however, problems related to electromagnetic interference
and related compatibility issues with other devices must be considered.

7. Conclusions

This article reviews the main converter topologies employed for
coupling photovoltaic systems with electrolyzers for hydrogen produc-
tion. The electrical characteristics of both PV generators and elec-
trolyzer loads are first discussed in order to provide a comprehensive
understanding of the system requirements and, consequently, of the
fundamental features that the power converters must exhibit.

A wide range of converter topologies, both isolated and non-isolated,
has been examined to offer a clear overview of the state of the art and
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of the solutions that have already been explored in the literature. With
regard to non-isolated configurations, there is a strong reliance on well-
established topologies such as buck and boost converters. In contrast,
isolated solutions exhibit a significantly broader variety, largely due to
the adoption of multi-stage architectures that allow greater flexibility
in voltage adaptation and system integration.

The control strategies employed for system operation are also
largely based on well-known algorithms, such as Perturb and Observe
and Incremental Conductance. Nevertheless, despite the maturity of
these approaches, the application of power electronics to PV-powered
hydrogen production remains a rapidly evolving field.

In particular, there is still substantial potential for further develop-
ment in areas such as non-isolated multiport topologies, the adoption
of advanced semiconductor technologies, and the implementation of
highly modular system architectures. These aspects represent promising
directions for future research aimed at improving efficiency, scalability,
and overall system performance.
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